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Forord

I alla tider har det varit onskvért att kunna méta hur mycket ett material &r belastat. Detta kan
enkelt goras i1 provutrustningar men ute i falt eller i monterat skick ar det oftast véldigt svért,
for att inte sdga omojligt, att konstatera hur mycket ett material ar belastat. I stort sett alla
industrigrenar har belastade strukturelement i form av sténger. Stédngerna dr ofta kritiska for
produktens anvindning och méanniskor riskerar ofta att komma till skada om deras lastbdrande
forméga dr reducerad. Formen pé dessa kritiska stdnger skiljer mellan olika industrigrenar.
Inom t.ex. bilindustrin 4r det belastade stianger i form av atdragna skruvar i kritiska
skruvforband framst i motorer och hjulupphiangningar medan det i tunnel- och gruvindustrin
ar stinger i form av bergbultar som haller berget pé plats som é&r kritiska. Alla omraden har
med sina varierande miljder egna krav pa hanterbarhet och olika informationsbehov av den
belastade stangen men dock gemensamt for alla dr behovet av att kunna méta
belastningsgraden i dessa stinger for att sékerstdlla kvalitet samt sékerhet. Bergbult gjuts ofta
in 1 berget spanningsfritt men vid eventuella framtida pakénningar av bulten skulle den ténkta
métmetoden kunna konstatera om berget ar i rorelse eller inte. For vdg- och jarnvédgstunnlar ar
detta av stort intresse eftersom dessa anldggningar dimensioneras for 120 érs drift.

I det hér forskningsprojektet har en ultraljudsbaserad mitmetod utvecklats som ska kunna
overvaka aldrandet hos redan installerade stinger vilket kommer mojliggora ett battre och mer
vélanpassat underhall samt optimera anvidndandet av t.ex. bergrum. Metoden utnyttjar det
faktum att hastigheten hos olika typer av ultraljudsvdgor forandrar sig olika beroende pa
lasten 1 materialet vdgorna fortplantar sig i. Mdtmetoden samt hardvara utvecklades och
forfinades genom kontrollerade métningar i labbet dar bergbultar av olika material spandes
fast 1 en métrigg och undersoktes med ultraljud vid olika laster. Resultaten fran
labbmaétningarna visade att mdtmetoden har stor potential for att vervaka och undersdka
belastade strukturelement. Projektet avslutades med ett faltforsok dér ett tjugotal berg-
monterade bultar undersoktes. Métningarna visade att bade metod och hardvara har tillracklig
stabilitet for att tillforlitliga métningar ska kunna utforas.

Medverkande i projektet har varit Peter Lundin/Swerea KIMAB och Johan Carlson/LTU som
utforare. Erik Persson/Atlas Copco, Kjell Windelhed/AF Infrastructure AB, Tommy
Elison/BESAB, Erik Swedberg/LKAB, Anders Asp/Pretec samt Per Tengborg/BeFo
medverkande i arbets- och referensgruppen och bidrog med virdefulla insatser.

Detta projekt ér stodprojekt till ett Formasprojekt (samma titel) som beviljades 2012 under
utlysningen Geoinfra. Medlemskonsortiet i detta och i Formasprojektet &r Swerea KIMAB

(forskningsutdvare), Luled tekniska universitet, LTU (forskningsutdvare), Atlas Copco, AF,
Pretec, BESAB, Lunds universitet och LKAB. Formas och BeFo finansierar projekten.

Stockholm

Per Tengborg
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Sammanfattning

I alla tider har det varit onskvért att kunna méita hur mycket ett material dr belastat. Detta kan
enkelt goras i provutrustningar men ute pa faltet eller i monterat skick ar det oftast véldigt svart,
for att inte sdga omdjligt, att konstatera hur mycket ett material ar belastat. I stort sett alla
industrigrenar har belastade strukturelement i form av stdnger. Stdngerna &r ofta kritiska for
produktens anvéndning och ménniskor riskerar ofta att komma till skada om deras lastbérande
forméga ar reducerad. Formen pa dessa kritiska stdnger skiljer mellan olika industrigrenar. Alla
omrdden har med sina varierande miljder egna krav péd hanterbarhet och olika
informationsbehov av den belastade stangen men gemensamt for alla dr dock behovet av att
kunna maéta belastningsgraden i dessa stinger for att sékerstélla kvalitet samt sikerhet. Bergbult
gjuts ofta in 1 berget spanningsfritt men vid eventuella framtida pakdnningar av bulten skulle
den studerade matmetoden kunna konstatera om berget &r i rorelse eller inte. For vdag- och
jarnvagstunnlar dr detta av stort intresse eftersom dessa anldggningar dimensioneras for 120 érs
drift. En utvecklad métmetod skulle dven kunna anvéndas for att Gvervaka aldrandet hos redan
installerade stinger. Detta skulle t.ex. mojliggora ett battre och mer vilanpassat underhall.
Syftet med projektet har varit att utveckla och utvirdera en metod for att méta spanningen i
belastade stinger, fraimst for att dvervaka dragspinningen i valdigt kritiska stdnger som en del
av det periodiska underhallet.

Den ultraljudsmetod som anvénts i detta projekt har sitt ursprung i tva fenomen: Hookes lag
och den akustoelastiska effekten. Hookes lag sdger att bultens forlingning &r direkt
proportionell mot kraften i bulten. Detta &r sant sé ldnge tdjningen sker i det elastiska omradet.
Den akustoelastiska effekten sdger att vaghastigheten (longitudinell (VL) och transversell
(VT)) ér kopplade till materialets elastiska egenskaper och tdjning genom de akustoelastiska
koefficienterna AL och AT. Om Hookes lag kombineras med den akustoelastiska effekten far
man, med nagra antaganden, en 16sning for time-of-flight (TOF) under t6jning av materialet.
Om man anvénder hastigheten for en av ultraljudsvagorna har man en differentiell metod som
kraver att TOF miits i varje bult fore och efter att bulten dras 4t alternativt att man vet den exakta
langden av bulten efter atdragandet. Detta gor att en-vagsmetoden inte &r applicerbar for
undersokning av redan monterade bultar, till exempel bergbultar. 1 detta projekt har
mojligheterna att anvénda tva-vagsmetoden undersokts vilket undanrdjer kravet pa vetskap om
bultens ldngd. Tva-vagsmetoden anvinder kvoten mellan TOF pé de tvé olika vagtyperna. Detta
mojliggdr en skattning av atdragningskraften i redan monterade bultar. Dock krivs en viss
kalibrering da bultar fran olika batcher beter sig olika samt att man behdver ha koll pa
temperaturen i bulten. Det finns en del utmaningar med att bestimma TOF i en ultraljudsvag
som har firdats en lang vég (t.ex. i en bergbult). Utseendet pa ultraljudsresponsen dndrar sig
nagot med utbredningsvig (ex. lang bult ger lang gangvig). Utseendet péd eko nr.1 kommer
saledes att se lite annorlunda ut &n pa eko nr. 2. Detta beror pa dispersion dér olika frekvenser
ror sig med olika hastighet genom materialet. Métningarna som gjordes i detta projekt visade
dock att dispersionen var vildigt svag och en jimforelse mellan analysmetoderna ren
korskorrelation och korskorrelation av en demodulerad version av ekot i ultraljudet kunde
goras. Den senare metoden visade sig korrelera bést med uppmatta krafter i bulten men den
enklare rena korskorrelationen fungerar helt ok i enklare fall.

Resultaten frdn métningarna i labbet visade att det dr mojligt att, genom att mita
ultraljudshastighet for tvé vagtyper, berdkna klamkraften i en (berg)bult utan att ha kinnedom
om bultens langd. Den uppmatta klamkraften visar pa en linjar koppling om den plottas som
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funktion av TOF-kvoten vilket var véntat. Métningarna som utfordes i Citybanan pa bultar med
okénd lingd och klamkraft visar vdldigt konsistenta resultat. Léngden pé var enskild bult kunde
berdknas och stimde bra dverens med specifikationerna pa respektive bult. Klamkraften kunde
inte berdknas absolut da man skulle behdva kalibrera mot varje bults respektive batch men det
man kunde se var att varje bult satt med samma klamkraft i berget. Detta resultat var ocksa
forvéntat dé bultarna sitter vildigt ndra varandra och det inte ska vara nagra skillnader inbordes
mellan bultarna med avseende pa kldmkraft.

Detta projekt har visat att kvoten pd TOF for olika vigmoder (longitudinell- och transversell)
varierar linjart med avseende pa klamkraft i en bult pa bultar upp till 6.6m. Tva olika metoder
for att skatta kvoten pd TOF har utvdrderats och anvdnds en korskorrelation baserad pa
demodulerade ultraljudsekon ger anpassningen av en rét linje ett R"2-vérde pa 0.979.

Nyckelord: bergbultar, tunnel, infrastruktur, oforstérande provning, ofp, ultraljud,
ultraljudsmétning, piezo
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Summary

Rods and bolts are commonly used as structural elements in a variety of applications. In the
automotive and aviation industry they are used in engines and suspensions and in the energy
industries they are used in reactor tanks, generator turbines etc. In infrastructural constructions,
load bearing rods and bolts are used e.g. in railings and bridges. Concerning underground
constructions, rock bolts are used to secure the stability of tunnels. To use a sufficient number
of bolts with appropriate specifications and to mount them correctly is therefore of great
importance not only for safety but also for economic reasons. Accurate methods for
characterizing and monitoring the condition of rock bolts and other structural elements would,
in addition to increasing the safety, also enable an optimized use of the bolts as well as the
whole structure.

This report presents results from laboratory and a field measurement using a combined
longitudinal (L) and transversal (T) wave ultrasonic technique for measuring the tightening
force applied to a rock bolt. The time-of-flights (TOF) of either wave mode can be used to
estimate the tightening of the bolt, given that the TOF or exact length of the bolt, prior to
tightening, is known. In this project we show that by using two wave modes, some of this
calibration can be avoided, and that the result depends essentially only on the ratio of TOFs for
the two wave modes. Since wave propagation over long distances in rock bolts can be assumed
to be dispersive, the main challenge is therefore to accurately estimate the TOF of the two wave
modes, by either taking the dispersion into account or by a method which is not too sensitive to
limited dispersive effects.

There are different challenges that occur when TOF is to be determined with an ultrasonic wave
that has travelled through a long (rock) bolt. The shape of the pulses changes slightly with
propagation distance (long bolt -> longer distance). This poses challenges when trying to too
estimate TOF between the first end second echo since the dispersion implies the TOF is
frequency dependent. The effect is, however, not very prominent and therefore a comparison
between a standard cross-correlation technique for TOF estimation to the performance of using
the signal envelopes can be made. The results show that the signal envelope method correlates
better with the result but the standard cross-correlation method (which is easier) can be
sufficient enough in some easier cases.

The laboratory measurements were performed on different kinds of rock bolts; carbon steel
(with- and without epoxy) and stainless steel. The bolts mounted inside Citybanan in Stockholm
(field test) are carbon steel bolts without epoxy. The bolts in the laboratory were mounted in a
rig, were 1.1m bolts could be used, designed to withstand large strain. In the initial
measurements a nut (M12) was screwed onto a thread of the bolt with a torque wrench (150-
800Nm). In later measurements the rig was modified in order to fit an automatic torque wrench
with more control of real applied torque (degrees, force, etc.). This is commercial equipment
from Atlas Copco which was one of the partners in the project.

The results from the measurements in laboratory shows that it is possible to, by measuring
ultrasonic velocity of two different wave modes, calculate the clamping force in a (rock) bolt).
The torque, which is correlated to the clamping force, shows a linear dependence if plotted as
a function of TOF-ratio which is as suspected. The measurements made in Citybanan on bolts
with unknown length and clamping force showed very consistent results. The length could be
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calculated, it differed between 2 meter to 3 meter, and the clamping force was equal in all
mounted bolts. The bolts are mounted very close to each other so no large deviation between
the bolts was expected and the results from the ultrasonic measurements verified that.

The project has shown that the ratio of the TOFs between transversal- and longitudinal waves
varies linearly with the torque (clamping force) applied in a (rock) bolt over a measurement
distance equivalent to a bolt length up to 6.6 meters. Two different methods for estimating the
TOF ratio were evaluated and the envelope based cross-correlation technique showed that,
despite presence of some dispersion, the straight line model could be adopted with an R*2 value
0f 0.979.

Keywords: rock bolts, tunnels, infrastructure, non-destructive testing, ndt, ultrasound,
ultrasonic testing, piezo
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1 Inledning

Hosten 2012 startades forskningsprojektet Utvdirdering av belastade strukturelement med
inriktning att ta fram en ny metod for att oforstorande kunna undersdka klamkraften i en
monterad bergbult. Genom detta sé skulle man kunna sikerstilla bultens status och kunna
upptécka eventuella riskomraden i till exempelvis tunnlar.

Projektets mal var att utveckla en metod for att méita spanningen i belastade stdnger,
fraimst for att dvervaka dragspdnningen i vildigt kritiska stdnger som en del av det
periodiska underhallet. Metoden kommer ocksa kunna anvdndas for att verifiera
produktionsmetoder och optimera montering av bergbultar. Under projektets gang visade
det sig att dven bultens ldngd kunde mitas med stor noggrannhet samt att indikationer
fran defekter kan observeras i signalen. Syftet med en sadan hér teknik skulle med andra
ord vara tva saker: att kunna sékerstilla att berget inte genomgatt fordndringar sedan
montering av bultar och att rasrisk skulle vara forestdende samt att kunna
effektivisera/optimera monteringen av bultar och siledes inte behdva montera fler dn
nddviandigt.

I dagsldget finns det ingen kommersiell utrustning som oforstérande kan mata klamkraft
i bergbultar. For att oforstérande undersdka ingjutningskvaliteten hos en ingjuten bult
finns en tillginglig utrustning, Boltometern. Aven Boltometern anviinder sig av ultraljud,
men av typen Guided Waves. Guided Waves ér forhdllandevis lagfrekventa och ror sig
mestadels pa ytan av objektet man undersoker. Den metod som anvints i detta projekt
bygger pa en annan ultraljudsbaserad metod dér man i stéllet for Guided Waves anvinder
mer hogfrekventa ultraljudsvagor som ror sig genom bulken pé (inuti) objektet. For att
kunna méta klamkraft, utan kunskap om objektets egenskaper som t.ex. lingd, med
ultraljud behdver man anvédnda tva vagmoder: longitudinell- och transversell. Da
kombinationen av dessa vagor anvéinds bendmns det ofta Tva-vagsteknik och har har just
denna teknik i kombination med hogfrekvent ultraljud anvinds.
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2 Bakgrund

Skruvforband, stag och bultar ar vildigt vanliga strukturelement i varierande
applikationer. I till exempel fordons- och flygindustrin anvinds dessa i motorer och i
fjadringar samt i energiindustrin anvinds de exempelvis i reaktortankar och turbiner. I
infrastruktursektorn anvinds bultar for att béra last och anvinds till exempel i broar.
Angéende underjordiska konstruktioner, till exempel tunnlar, anvénds bergbultar for att
sdkerstilla stabiliteten i berget. Att anvinda ett tillrdckligt antal bultar som har tillrackligt
bra egenskaper och sedan montera dem korrekt dr darfor av stor vikt inte bara
sdkerhetsmédssigt utan dven av ekonomiska orsaker. Noggranna metoder for att
karakterisera och dvervaka tillstandet i en bergbult och andra strukturelement skulle, i
tillagg till att 6ka sdkerheten, ocksd mdjliggora ett optimerat anvindande av bultar och
hela strukturen dér de sitter. Exempelvis skulle livstiden pé en tunnel kunna bli anpassad
efter strukturens faktiska fysiska tillstand i stéllet for, som brukligt &r, avgoras pa
antaganden.

Det finns ingen utrustning tillginglig kommersiellt idag som anvéander ultraljud med tva
vagmoder (Bi-wave) for att bestimma klamkraften i bultar. Det finns ddremot nagra andra
ultraljudsmetoder som anvinds for att forsoka bestimma tillstdndet i bultar. Ett
instrument & GRANIT™ som #r utvecklat av universitetet i Aberdeen. GRANIT™
anviander en accelerometer for att mita frekvensresponsen i en bult efter det att man har
inducerat en puls i bulten med hjélp av en "lufthammare”. Frekvensresponsen kommer
vara olika mellan bultar med olika kldmkraft. Uppsamlad data analyseras inte pa plats (i
filt) utan skickas och analyseras hos GRANIT™ vilket gér metoden tidskrivande.
Frekvensresponsen ér ocksé kénslig for ingjutning vilket medfor att denna metod inte
lampar sig sa bra for t.ex. bergbultar. En annan utrustning for undersékning av bergbultar
som anvénder sig av ultraljud &r Boltometern. Metoden som anvénds bygger pa Guided
Waves vilket dr ultraljud med mycket lagre frekvenser &dn vad som brukligt anvénds for
att undersoka bulken pa ett objekt. Guided Waves fdardas mestadels pa ytan och
Boltometern ar framtagen for att kontrollera ingjutningskvalitéten pé bultarna. Detta
skiljer sig signifikant frdn metoden som anvénts i detta projekt dar ultraljudet har en
mycket hogre frekvens och firdas mestadels i bulten och ingjutningskvaliteten blir
saledes troligtvis osynlig.

I traditionella ultraljudsundersékningar &r ultraljudsproben antingen handhallen eller
monterad pd motoriserade steg. Proben genererar en ultraljudssignal som propagerar
genom objektet och interagerar med materialet. Det finns olika tekniker for att generera
ultraljud, nagra exempel &r piezoelektrisk prob, EMAT-prob eller med hjilp utav en
laserpuls. Den vanligaste samt i ndgon mén den enklaste d4r med hjdlp av en piezoelektrisk
prob som dock krdver ndgon form utav kopplingsmedium vilket kan omdjliggéra
maitningar i vissa situationer. EMAT édr en elektromagnetisk prob som inte kraver
kopplingsmedium men den metoden har vildigt svért att generera olika typer av vagor
samt &r betydligt svagare dn piezo-metoden vilket forsvarar méitningar pd langa/tjocka
objekt. Att inducera ultraljud med en laserpuls har ménga fordelar da tekniken ar helt
kontaktfri men dessa system dr mycket mer kostsamma, komplicerade att anvianda och &r
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den ”svagaste” av de ndmnda hdr och kan sédledes inte anvdndas pa till exempel
bergbultar. I detta projekt har piezo- samt EMAT-tekniken utvérderats och anvénts under
maitningarna.
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3 Teori
3.1 Grundlaggande idé

Ultraljudsmetoden som anvints for att berdkna resultaten i detta projekt héarror fran en
kombination av tva fenomen: Hookes lag och den akustoelastiska effekten. Hookes lag
sdger att tojningen av en bult ar direkt proportionell mot lasten applicerad pé bulten. Detta
ar sant sa lange bulten 4r under plastisk deformation. Den akustoelastiska effekten séger
att ultraljudvéagens hastighet (longitudinell hastighet Vi och transversell hastighet Vr) dr
kopplade till materialets elastiska karakteristik och spdnning (o) genom de
akustoelastiska koefficienterna Ar och At [1] [2].

Hookes lag siger att:

Ly =L (109) [1]

Lo=Le+ Ly (2]
dér Lo och L &r den totala ldngden pa bulten utan spanning och efter att spanning o,
respektive L. ar langden pa den del som dr paverkad av spanning, Ly dr den opaverkade
delen och E ér Youngs modul.
Den akustoelastiska effekten séger att:

Ver = V2 (104, 10) [3]
2L
Vir = TTO (4]
LT
dir Vo1 och V.1 ér hastigheten pa ultraljudsvidgen genom bulten vid spanning noll-
respektive spidnning o och Ar 1 dr de akustoelastiska koefficienterna. L,T betyder att

uttrycket géller for bade longitudinella (L)- och transversella (T) végor.

Om man kombinerar Hookes lag och den akustoelastiska effekten samt gor antagandet
att AL 1o << 1 och att (1+Ar.16)-1 = (1+AL 15) far man en 16sning for Time-of-Flight (TOF)
under spanning enligt:

Tor ~ T (E(E = Aur)o 1) [5]

Om en en-vagsteknik (antingen L- eller T-vag) anvénds maste nagra kalibreringar goras
for att kunna berdkna spanningen i bulten [3]. Om man anvénder en longitudinell vag kan
kraften F som appliceras pa en bult bestimmas genom

F==(Tf = T7) [6]
dir B #r en konstant som bestimmas genom kalibrering samt dér T% och T #r uppmiitt
TOF fore respektive efter atdragning av bulten.
En-vagsmetoden &r en differentiell metod som kriaver att TOF méts med ultraljud i varje
bult fore- och efter dtdragning eller att den exakta langden pa bulten ar kdnd om bulten
ska undersokas efter atdragning. Detta gor att en-vdgsmetoden ar oldmplig och i

verkligheten omdjlig att anvdnda for undersékning av monterade bergbultar dar till
exempel langden pa bulten dr okdnd (med den noggrannhet som behovs).

Tva-vagsmetoden anvidnder kvoten mellan TOF for de olika vigmoderna (longitudinell
och transversell). Kvoten av denna TOF, som ges av ekvation 5, blir
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1f _ TPLe(ET'-Ar)o+1 _ T{L, (4, — Ap)o + d 7]
TUNTOL (E-1-4,) ~ 0 L T)O a
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S&, om man kan méita TOF for bdda vagmoderna (L och T) dr behovet av att veta den
exakta ldngden och behovet av att méta fore atdragning eliminerad. Detta mojliggér med
andra ord estimering av atdragningskraften (klamkraft F) i bultar som redan dr monterade.
Man maéste dock gora nagra kalibreringsmétningar innan. For att komma at konstanterna
B och C, se Ekvation 9, beh6ver man kalibrera TOF pa varje batch av bultar.

3.2 Bestamning av TOF

Denna del beskriver lite av utmaningarna med att bestimma TOF {or ultraljudspulser som
har propagerat genom ett langt objekt (alternativt under lang tid). Resultatet fran en av
miétningarna i labbet ligger som grund for att enklare kunna beskriva vad som hinder med
signalen och vilka svarigheter som dyker upp dd man miter pa en lang bult.

Figur 1 visar den uppmitta ultraljudssignalen fran en métning i labbet. Bulten &r obelastad
och dr heller inte ingjuten, se kapitel Experiment for mer detaljerad beskrivning av sjélva
labbuppstillningen. I figurerna ser vi tre ekon for den longitudinella vagen och tva pulser
for den transversella vagen. Figur 2 och Figur 3 visar inzoomande ekon, forsta och andra
longitudinella och transversella ekot, fran Figur 1 dir de heldragna linjerna &r den
anpassade formen pa ekot. I de inzoomade ekona kan man se att formen pé ekona dndras
nagot da pulsen firdas léngre i ett objekt, se exempelvis de transvesella vagorna i Figur
3. Detta komplicerar berdkningen da man ska uppskatta TOF mellan forsta och andra ekot
eftersom dipersionen innebir att TOF ar frekvensberoende. Har dr dock effekten ganska
liten och dérfor gjordes en jamforelse mellan tva metoder for att bestimma TOF: standard
korskorrelation och korskorrelation ddr man anvinder sig av formen pé respektive eko.

Lat pi[n], p2[n], si[n] och sz[n] vara den digitaliserade versionen av forsta respektive
andra ekot for den longitudinella (p)- samt den transversella vagen (s) och lat nr och nL
vara diskreta ekvivalenter till tidsforskjutningen Tt ock Tr. Uppgiften blir séledes att 16sa
Nt och mi, det vill sdga tidsdifferensen mellan pi[n] och p2[n] samt si[n] och sz[n].
Eftersom vi primért ar intresserade av att bestimma kvoten, TOFR, mellan
uppskattningen av TOF

TOFR =L~ T [10]
Ty nL
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kan TOF uppskattas antingen i sampel eller i sekunder.
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Figur 1 Uppmiditt ultraljudssignal i en 1.1 meter lang, obelastad, bult. Rod kurva: longitudinell
signal, Bld kurva: transversell signal.
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Figur 2 Inzoomad version av forsta- och andra longitudinella ekot (bld kurvor) i Figur 1
tillsammans med dess demodulerade motsvarigheter (roda kurvor).
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Figur 3 Inzoomad version av forsta- och andra transversella ekot (bld kurvor) i Figur 1
tillsammans med dess demodulerade motsvarigheter (roda kurvor).

3.2.1 Standardkorskorrelation

Antag att det andra ekot for den longitudinella- och den transversella vdgen, pa[n] eller
s2[n], enbart dr skalad och tidsforskjutna versioner av de forsta ekona, pi[n], si[n], sa att

pz2[n] = api[n — ]+ wy[n] [11]
sz[n] = bsy[n —nr] + wy[n] [12]

dar wi[n] och ws[n] antas Gaussiskt brus och a och b reella skaldrer sa& kommer
“maximum likelihood” uppskattningen av tidsforskjutningen vara [ekv.4]

Ny = argy max Ynzo palnlp2[n +n,1[13]
nr = argyrmax Y52 s1[nls2[n +ny] [14]

Time-of-Flight kvoten baserad pa standard-korskorrelation, TOFR enligt Ekvation 10,
kan saledes bestimmas som kvoten av Ekvation 14 och Ekvation 13.
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3.2.2 Korskorrelation av demodulerade pulser

Om dispersion gor sig synlig i signalen blir inte antagandena i Ekvation 11 och Ekvation
12 helt uppfyllda och darfor blir TOF mellan pulserna inte ldngre en skalédr utan ska
definieras som en funktion som beror av frekvens. Detta skulle involvera en uppskattning
av TOF i frekvensdoménen vilket 6kar berdkningskomplexiteten mérkbart for metoden.
Hér utvirderas i stillet om en korskorrelation dar man anpassar formen pé pulsen &r
tillrdcklig 1 fall dar man har véldigt liten dispersion. Formen pé& en signal x[n] kan
berdknas som

x*[n] = abs(x[n] + jH{x[n]}) [15]

dér H{-} ar Hilbert transformen. Lat * vara operationen for att demodulera pulserna, vilket
dé ger att TOF-uppskattningen baserad pé korskorrelation av demodulerade pulser blir

n° = argyemax TnZg pilnlp;[n + nfl [16]
¢ = argyemax ST silnlsin + g [17]

Kvoten mellan TOF kommer nu i stillet frin TOF-uppskattningarna n*°t och n*°r dir e
bara séger att den 4r ’baserad pa dem demodulerade pulsen”.

For att summera har vi nu tvd formler for att uppskatta kvoten definierad i Ekvation 8.
Den forsta, baserad pé standardkorskorrelation

TOFR =L =1t [18]
T nL

L

och den andra baserad pa en korskorrelation av demodulerade pulser

TOFR® = &£ = 1L [19]
L L
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4 Experiment

Alla  experiment och maétningar utférdes hos Swerea KIMAB i Kista.
Ultraljudsutrustningen bestod av ett SNAP-métsystem fran Ritec Inc. SNAP-systemet har
tvd toneburst pulskéllor vardera med en maximal uteffekt pA 5 KW RMS @ 0.3%
intermittens. Optimala frekvensomréadet dr 0.25-7 MHz. Om man, som i métningarna i
detta projekt, anvander piezo-elektriska prober behovs en 50 QO terminator (RT-50) efter
utgangen fran SNAP-systemet. En variabel hogeffektssddmpare (RA-30) &r monterad
fore en diplexer (RDX-6), denna anvinds om systemet kors i puls-eko mod. Den mottagna
signalen fran proben forstirks i en hog-impedans forstirkare (PAS 0.1-40) innan den
samlas in i SNAP-systemet. En schematisk bild av uppstéllningen visas i Figur 4.
Ultraljudssignalen togs upp och samplades med ett digitalt oscilloskop, PicoScope 6000,
vilket har en samplingsfrekvens pa 2.5 GS/s. Datafilerna sparades i PicoScope’s egna
mjukvara med antingen MATLAB- eller LabVIEW-format (i senare delen av projektet
endast MATLAB-format). Olika typer av ultraljudsprober anvindes initialt i projektet
men tillslut stort det klart att den bésta for dndamaélet var en prob fran Olympus, modell
D7054, som har en diameter pd 13 mm (0.5”), tvA D-formade element (en for
longitudinella- och en for transversella vagor) samt en centerfrekvens pa 5 MHz.

RT-50
'

RA-30

RS-5

PAS
0.1-40 RDX-6

5 MHz
piezo

Figur 4 Uppstillning for hdardvara under experiment/mdtningar i labb.

De forsta métningarna som gjordes i projektet med SNAP-systemet utfordes pa olastade
bultar av olika langd. Detta var for att fa en uppfattning om vad SNAP-systemet, proberna
och insamlingsdelen var kapabla till och da fa en kinsla for om effekten var tillracklig for
att mita pa langa bergbultar. Aven forsok med olika frekvenser gjordes (0.5, 1 och 5
MHz) och det visade sig snabbt att 5 MHz var den mest ldmpliga frekvensen (av de tre
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nidmnda) for bergbultar. Figur 5 visar ultraljudsresponsen fran den forsta métningen med
SNAP-systemet. Bulten ar olastad och i sammanhanget bara 154mm lang men att s
manga ekon dr synliga visar dnda pa att det 4r mojligt att na langt med ultraljud i en
bergbult. Alla métningar i detta projekt dr gjorda med en sé kallad ”puls-eko” uppstéllning
vilket innebdr att samma prob ar bade sidndare- och givare av ultraljud. I fallet nedan i
Figur 5 innebér det att forsta ekot runt 50pus &r responsen av ultraljudet da det fardats 2 x
154 mm = 308 mm. I Figur 5 kan man urskilja nio ekon vilket representerar en bultinde
pa 2772 mm (9 x 308 mm). Denna forsta métning gav hopp om att det skulle vara mojligt
att mata de langder som behdvs for att kunna kontrollera monterade bergbultar.

Metoden, som beskrivits i kapitlet Teori, for att bestimma spanning/klamkraft i en bult
kréver tva typer av ultraljudsvagor och ddrav var det av stor vikt att optimera utrustningen
sd att tillrackligt med energi fortplantar sig in i bulten for att matningar pa langa bergbultar
skulle vara mojlig. Skjuv-végen (S-vag) dr svérare att inducera i ett objekt da det kridver
att proben sitter fast/klibbar mot objektet. Séledes maste en speciell typ av
kopplingsmedium anvindas om piezoelektriska prober anvénds. I detta projekt anvandes
ett kommersiellt kopplingsmedium (kan liknas vid melass) fran Olympus som é&r
optimerat for att anvéindas till inducering av S-vagor. Att bara lyckas mita pé ldnga bultar
med P-vag hade inte hjélpt detta projekt och pé grund av den svagare S-vigen sa fanns
en oro om att det inte skulle ga att méta pa allt for langa bergbultar. Figur 7 och Figur 8
visar ultraljudsresponsen fran P- respektive S-vagor pa en bult med ldnden 1.97 meter.
Dir kan man se att det r fyra ekon synliga for P-vigen (Figur 7) och tre ekon for S-végen
(Figur 8) vilket representerar 16 meter respektive 12 meter vég for ultraljudet. En 8 meter
respektive 6 meter lang bult skulle saledes ge ett eko var. Dock dr méatningarna i Figur 5-
Figur 8 uppmiitta i labb pa bultar som &r frilagda, det vill sdga inte ingjutna. En ingjuten
bult kommer tappa (”ldcka”) energi till omgivningen pd grund av att den akustiska
impedansen mellan bult och betong/berg dr mycket ndrmare varandra én bult kontra luft.
Luft som omgivning &r nésta optimalt for bevarande av energi och ger ndstan ingen forlust
till omgivningen. Merparten av forlusten i en sddan méatning kommer frén ultraljudets
studsar i dndarna samt stalets mikrostruktur. Resultaten fran dessa métningar sdger
saledes ndgot om hur langa bultar det ens dr mdjligt att mita pad med den utrustning som
anviands hér i projektet.
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Figur 5 Forsta mdtningen pd bult med SNAP-systemet. Lingd pa bulten var 154mm och varje eko
representerar responsen dd ultraljudet rort sig fram-och-tillbaka i bulten. I forsta ekot har
saledes ultraljudet vért sig 2*154mm, andra ekot 4*154mm etc.
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Figur 6 Ultraljudsrespons (P-vdg) fran mdtning pa 1 meter lang bergbult i labb.
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Figur 7. Ultraljudsrespons (P-vdg) fran mdtning pd 1.97 meter lang bergbult. Fyra ekon kan

urskiljas vilket ger 16 meter gangvdg for ultraljudsvdgen.
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urskiljas vilket motsvarar 12 meter gangvdg for ultraljudsvagen.



15

Efter ett flertal matningar pa ldngre och langre bultar och optimering av ultraljudssignalen
konstruerades en rigg for att kontrollerat kunna belasta bergbultar och samtidigt méta pa
dem med ultraljud. Det konstruerades olika riggar for detta dndamél déar de forsta
varianterna hade sina begrénsningar och var i behov av forbittring.

411 Rigg nr.A1

Den forsta versionen av riggen for belastning av bergbultar visas schematiskt i Figur 9.
Man belastade bergbulten genom att skruva in en mindre bult in mot den uppmonterade
och fixa bergbulten. Man tryckte sdledes ihop bergbulten vilket inte &r riktigt
representativt for “verkligheten” for en monterad bergbult dir den snarare skulle uppleva
en dragkraft vid till exempel skjuvningar i berget. Fysiken bakom vad som hinder med
ultraljudet i objektet d& det dr under last dr dock detsamma oavsett tryck- eller drag och
darfor anvédndes initialt denna nigot enklare uppstillning dd metoden skulle verifieras
med kontrollerade dragningar av bergbulten.

Nagot som tidigt hinde vid belastning av bergbulten i denna version av rigg var att sjidlva

riggen inte klarade kraften som lastades péd bulten. Riggens sidor “’sdckade ihop” och
botten bojde sig under belastning (~200Nm), se Figur 10.
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Figur 9 Schematisk bild av bergbultsrigg - version 1.

BeFo Rapport 164



16

Figur 10 Version 1 av bergbultsrigg. Man ser tydligt hur botten bagnar under belastning, hdr
redan vid ~200Nm.

41.2 Rigg nr.2

Version 2 av riggen var en modifiering av version 1. Tva stycken rejila 6verliggande stag
monterades for att allt skulle stabilisera sig och férhoppningsvis halla ihop béttre under
belastning. Har belastade man pa likadant sétt som i version 1, det vill sdga genom att
skruva in en mindre (kortare, samma diameter dock) bult pa bergbulten och saledes
komprimera bergbulten.

Denna version visade sig vara stabilare och héllbarare &n version 1, vilket séklart var
véantat, men den holl dnda inte matten vid hdgre belastningar. I Figur 11 ser man riggen
under belastning och det syns tydligt hur de dvre stabiliserande stagen tryckts ihop och
bagnar. Ett annat problem som uppstod vid hoga belastningar med denna rigg syns i Figur
12. Géngorna i bulten som drogs med momentnyckeln klarade inte pafrestningarna utan
havererade. Detta &r lite lurigt d@ man inte ser vad som hiander under sjélva dtdragningen
men blev vildigt tydligt s& snart man borjade litta pa kraften. I Figur 13, som visar
moment (enligt instéllning pd momentnyckel) som funktion av kvoten mellan skjuv- och
longitudinell vdghastighet, ser man ocksa tydligt att ndgot hdnder som inte &r kopplat till
den verkliga kraften i den monterade bulten. Det ska vara ett linjart samband men redan
vid tredje métpunkten avviker punkterna fran ett linjart samband. I detta fall &r det en
kombination av att riggen inte héller mattet och att géingorna i bulten gar sonder.
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Figur 11 Utseende rigg version 2 under belastning. Man ser tydligt pa de dverliggande stagen att
riggen sdckar ihop (jmf. stag med inritad/rak rod linje).

i

!

: cuiA
Figur 12 Bult som havererat under belastning. Den hoga belastningen gor att gdngorna inte

orkar halla emot ldngre. Resultatet blev att momentnyckeln upplevde en mycket hégre kraft dn
vad som var verkligt, den upplevda krafien var i stdllet friktion pd grund av trasig génga.
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Figur 13 Resultat fran ultraljudsmdtningar pa belastad bult ddr bulten dr monterad i rigg version
2. Vridmoment (enligt instdllning pa momentnyckel) dr plottad som funktion av kvot mellan skjuv-
och longitudinell vaghastighet. Man ser tydligt att resultatet inte dr linjért och att mdtresultaten
avviker fran en rit linje redan vid den tredje mdtpunkten.

41.3 Riggnr.3

I den tredje versionen pa riggen, se Figur 14, sa var 16sningen s att bergbulten gingades
pa bada sidorna och fastmonterades med bult (M24) pa riggen. P4 sa sitt kunde man dra
i bergbulten istdllet for att trycka ihop den och pé sa sitt minimera belastningarna pa
sjdlva riggen samt gidngorna. Detta forfarande dr dessutom mer likt verkligheten da
monterade bergbultar i de allra flesta fall upplever dragkrafter och inte tryckkrafter. For
ultraljudsmetoden som anvénds hér spelar det dock ingen roll om det &r tryck- eller

dragkraft. Aven hir smérjdes alla gidngor och bultar vil for att minimera alla typer av
friktion.
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Figur 14 Version 3 av rigg. Till skillnad
mot tidigare riggar drar man hdr i
bergbulten genom att skruva in muttern pda
dnden.

4.1.4 Olika typer av bergbultar

Mitningar utférdes pa olika typer av bergbultar: rostfria, epoxybelagda kolstélsbultar
samt kolstélsbultar utan beldggning. Signalkvalitéten var lika bra for de tva bulttyperna
av kolstal och epoxybelidggningen paverkade inte ultraljudet verhuvudtaget (inte métbart
hidr i alla fall). Resultatet fran forsoken pa rostfria bergbultar var daremot av sdmre
kvalité. Det gjordes ett flertal forsok med olika prober (frekvenser) och instillningar pa
SNAP-systemet men det var i de rostfria bergbultarna inte mojligt att fa igenom négot
ultraljudseko ens i en 10 cm lang bergbult. Detta kan jamforas med fyra ekonien 110cm
lang kolstalsbult. Den faktiska orsaken till detta var inte helt klar dd méitningarna utfordes
men det fanns en vetskap om riskerna med ultraljudsmétningar pa rostfritt material.

Vi valde att polera upp en av ytorna pa den rostfria bergbulten for att genom
mikroskopiska studier kunna fa en uppfattning om hur mikrostrukturen i bergbulten sag
ut och om det kunde vara en forklaring till svarigheten att fa ultraljudssignalen att
transportera sig genom materialet. Mikroskopet skannades i steg om 0.5um ver en yta
som var cirka 0.3mm x 0.3mm. Mikroskopbilderna kan ses i Figur 15 dar den vénstra
bilden visar fordelningen austenit (bl& del) och ferrit (r6d del). Sidorna dr 300pm x 300pm
och fran det kan man dra slutsatsen att ddimpningen av ultraljudssignalen i alla fall inte
beror pé kornstorlek/struktur i materialet d& respektive omrade (se Figur 15) &r i
storleksordningen tiotalet mikrometer vilket inte &r ett problem for de
ultraljudsfrekvenser som testades har. S& fragan kvarstod: varfor kunde inte
ultraljudssignalen fardas genom bergbulten?

BeFo Rapport 164



20

Figur 15 Mikroskopbilder av toppen pa bergbulten gjord av rostfritt material. Bilderna dr tagna
Vsett fran dnden”. Kornstorlek och struktur i materialet dr i storleksordningen ndgra tiotal
mikrometer och borde inte paverka ultraljudssignalen sd kraftigt som mdtningarna visade.

Efter diskussioner med personer som har stor kunskap om rostfritt stal,
tillverkningsprocesser etc. sa fattades beslutet att ocksa snitta den rostfria bergbulten
langs langdriktning for att se om forklaringen var sé enkel att mikrostrukturen (sett fran
ett hall) skiljer sig mérkbart beroende pé fran vilket hall man tittar (anisotrop). Resultatet,
som kan ses 1 Figur 16, visade pa en synnerligen stor skillnad i mikrostrukturen och ger
en tydlig forklaring till varfor ultraljudssignalen inte kan fardas nagon lidngre stricka i
bulten. Dessa bilder ar cirka 500um x 750um stora och man kan se att de langa delarna
ar flera hundra mikrometer ldnga vilket ar direkt forddande for ultraljud pa megahertz-
skalan. Det ska tilldggas att det inte dr kornen som dr utdragna at ett hall utan att det ar
faserna (ferrit/austenit) som dr separerade i strdk som &r flera millimeter langa.
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Figur 16 Mikroskopbilder fran snitt ldngs med bergbulten gjord av rostfritt material. Bilderna dr
med andra ord tagna ’sett fransidan”. Kornstorleken dr dven hdr liten och faserna
(austenit/ferrit) dr separerade i strdak som strdcker sig flera millimeter. Detta visar tydligt pd
orsaken till varfor ultraljudssignalen inte orkar igenom ens korta strickor av bergbulten. da
millimeterlanga strukturer dr direkt forodande for ultraljud i megahertz-regionen.
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5 Resultat
5.1 Matningar i labb

Under métningarna i labb da bergbultar under last skulle undersokas s& anvédndes tva
forfaranden for att, mer eller mindre, kontrollerat ha kontroll pa lasten i bulten: en
momentnyckel av mérke AmPro som kan stéllas in pd moment 150-800Nm (intervall
50Nm) samt en automatisk skruvdragare fran Atlas Copco (modell PowerMACS) som
monterades pé bultriggen. Den automatiska skruvdragaren anvindes i de senare forsoken
och har en mycket storre kontroll pa kraft, grader etc. an momentnyckeln déar den
mekaniska enheten som stéller 6nskat moment dr mycket grov samt att man egentligen
inte har ndgon koll pd om applicerad kraft &r i bergbulten eller om det bara ar friktion i
gingorna. Hur skruvdragaren fran Atlas Copco monterades i riggen visas i Figur 17.
PowerMACS styrs med en mjukvara utvecklad av Atlas Copco. Den version av
mjukvaran som anvéndes i detta projekt innefattade méngder med instillningar och
mojligheter som inte anvdndes hér. Installationen var lite knepig samt krivde ett
operativsystem av dldre snitt (Windows XP) men projektet fick lana en dator fran Atlas
Copco for detta dandamal.

BeFo Rapport 164



24

Figur 17 Bilder pa automatiska skruvdragaren fran Atlas Copco monterades i riggen. Bilden
ldngst upp visar uppstdllningen firan sidan, nere till vinster dr sjilva skruvanordningen som dr
monterad sd att den skruvar in en bult och sdledes drar i sjilva bergbulten. Bilden nere till hoger
visar styrenheterna samt kraftaggregatet.
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Det utfordes ett flertal métningar pa monterade bergbultar med PowerMACS och det
framstod ganska omgaende att dessa mitningar hade en klart storre tillforlitlighetsgrad
jamfort med de tidigare métningarna utférda med momentnyckel. PowerMACS
mdjliggdr métningar ddr man styr pa vinkel i stéllet for kraft (uppmétt med tryckgivare)
vilket generellt ocksa dr béttre och tillforlitligare vid denna typ av métningar. I Figur 18
visar en mitning med PowerMACS dédr momentet plottas som funktion av grader. Hér
har muttern skruvats in med steg om 15 grader upp till maxtaket vilket &r da motor inte
orkar skruva lidngre (cirka 600Nm). Systemet visar sig véldigt linjart fran olastat till
600Nm vilket ocksd R2-virdet visar.

Moment vs. grader

0 100 200 300 400 500
Grader

Figur 18 Mitning med PowerMACS ddr moment plottas som funktion av grader (inskruvad
mutter).

Vid varje lastpunkt med PowerMACS-systemet utfordes 32 stycken métningar (“’skott”).
Det gar vildigt snabbt att gora dessa métningar men tyvérr sattes denna begransning av
mjukvaran som skéotte uppsamlingen. Mjukvaran var PicoScopes egenutvecklade men om
man vill sampla data med, i detta fall, tillrickligt hog samplingsfrekvens sa sattes
begransningen till 32 métningar. Alla métpunkter som redovisas fran métningar i labb
och fran faltforsoket ar ett medelvdrde av 32 skott.

I Figur 19 visas ultraljudsresponsen fran en métning i labbet pa bergbult fastmonterad och
fastspand med PowerMACS-systemet. Den 6vre- och undre bilden ar responsen fran P-
vagen respektive S-vagen. [ den dvre bilden kan man urskilja det fjarde ekot (efter den
roda markeringen) medan i plotten for S-vagen &r det endast tre ekon som ér synliga. For
berdkningen av TOF anvinds tva ekon fran varje vagtyp (P- och S-vag) och dessa ar i
Figur 19 markerade med en bla respektive en rod ruta. I Figur 20, som ar de valda ekona,
finna samma markering av ekona. Man kan se dir att de senare ekona (rdda) &r nagot
bredare vilket tyder pa viss dispersion men som det diskuterats tidigare i rapporten var
det inte kritiskt for berdkning av TOF.
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Analysen av all data utfordes initialt i projektet pd tva sitt, bada tidigare beskrivna i
kapitel 3.2.1och i kapitel 3.2.2. I senare del av projektet anvindes dock bara den
kurvanpassade korskorrelationen da den dr mycket stabilare och inte lika kédnslig for till
exempel dispersion. I Figur 21 &r analysresultatet frén bada analysmetoderna plottade
tillsammans. Resultaten &r fran mitningar i labbet dir bergbulten belastats med
PowerMACS-systemet (styrt pa vinkel) och ddr TOF-ration for P- och S-vagen ér plottat
som funktion av vinkel. De tvd analysmetoderna &r utforda pd samma data och det
framgar tydligt att den demodulerade korskorrelationen fungerar mycket béttre dn
standardvarianten av korskorrelation. Den blda respektive roda linjen i Figur 21 &r
respektive datas linjéranpassning och den kurvanpassningen till data analyserat med den
kurvanpassade korskorrelationen dr néra helt linjar vilket dr forvéntat. Avvikelsen fran
den linjdra anpassningen kan eventuellt bero pé att riggen/bulten “’sétter sig” dd man drar
at och/eller att bulten man skruvar in halkar lite i hylsan.

=

06 F T T T T T T T 8

0zr 9

=
i

02

«10°

Figur 19 Ultraljudsresponsen fran en mdtning i labbet pd bergbult fastmonterad och fastspdnd
med PowerMACS-systemet. Den 6vre- och undre bilden dr responsen fran P-vagen respektive S-
vagen. I den dvre bilden kan man urskilja det fjdrde ekot (efter den roda markeringen) medan det
endast syns tre ekon frdan S-vagen.
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Figur 20 S-vagorna i Figur 19 men ndgot inzoomade. Man kan se att det senare ekot (rott) dr
ndgot bredare vilket tyder pa viss dispersion men som det diskuterats tidigare i rapporten dr det
inte kritiskt for berdkning av TOF hdr.
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Figur 21 Analysresultatet fran bdda analysmetoderna plottade tillsammans. Resultaten dr fran
mdtningar i labbet ddr bergbulten belastats med PowerMACS-systemet (styrt pa vinkel) och ddr
TOF-ration for P- och S-vdgen dr plottat som funktion av vinkel. De tva analysmetoderna dr
utférda pa samma data och det framgar tydligt att den demodulerade korskorrelationen fungerar
mycket bdttre dn standardvarianten av korskorrelation.

5.2 Matningar i falt

Ett av malen, vid lyckade labbmétningar, med projektet var att utféra métningar i falt pa
i berg monterade bergbultar. Detta var bland annat for att undersoka robustheten i sjélva
maitsystemet (hardvaran) men ocksa for att se om till exempel handhavande i
mitproceduren och/eller miljo hade avgoérande inflytande Over signalkvalitéten.
Faltforsoket utfordes i slutet av projektet i en servicetunnel till Citybanan som vid
miittillfallet inte hade 6ppnat dn. I denna servicetunnel finns det sedan tidigare ett antal
(22 stycken) bergbultar monterade i just forskningssyfte. Bultarna var monterade for att
anvindas som teststation for Boltometern, se diskussion i kapitel 1. D4 Boltometerns syfte
ar att undersoka ingjutningskvalitéten for en bult har dessa testbultar blivit monterade
med olika ingjutningar, skador och ldngder snarare &n med olika kldmkraft. Det passade
dock detta projekt vildigt bra da inte bara robusthet och dylikt kunde undersdkas utan
potentialen att upptécka andra eventuella defekter ocksa kunde undersokas.

Projektdeltagare Kjell Windelhed pd AF var behjilplig med att ordna tillstand till
tunnlarna for projektets métningar och dessa utfordes under tva dagar. En pickup lanades
pa plats i vilken utrustningen transporterades till maétplats. Utrustningen hade inte
specifikt anpassats for tuffa faltforsok utan den sag ut som under labbmétningarna. Miljon
vid métplatsen var mycket tuffare 4n i labbet da t.ex. temperaturen var mycket lagre (cirka
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5 grader Celsius) och luftfuktigheten hogre. Detta gjorde bland annat att kopplingsmediet
som anvindes blev vildigt svararbetat och behovde lite forarbetning innan man kunde
applicera det pa bultdnden och/eller ultraljudsproben. All utrustning som behdvdes for
mitningen placerades pd tvd vikbord och strom (en fas, 10A, 220V) togs frén ett
nérliggande stromskap (efter anvisning). Bergbultarna hade god &tkomst och var
monterade i ldmplig hojd for mitningarna och ingen stege eller stidllning behdvde
anvéindas. I Figur 22 kan man se nagra av de 22 monterade bultarna och ungefar i vilket
tillstand/tillgdnglighet de hade. Alla bultar var planslipade i ytterdndan vilket &r ett krav
for att metoden som anvénds i detta projekt ska kunna fungera. Information om hur &ndan
monterad inne i berget sdg ut var vid mattillfille inte tillgédngligt och inte heller vid
analysen. Detta diskuteras vidare senare under Sammanfattning men kort &r orsaken att
detta dr information som undanhalls medvetet da projektet dnskar ga vidare och vill utfora
nya métningar pa dessa bultar utan att da heller veta facit.

I métningarna pa de monterade bergbultarna blev signalkvalitén godkénd till bra pa 19
av 22 stycken bultar. Orsaken till att signalen inte var bra pa just dessa tre &r inte riktigt
klarlagt men en mojlig forklaring ar att tva av dem har vildigt stora defekter i sig
alternativt (4n mer troligt) ej planparallella dndar vilket dr av yttersta vikt for att
mitmetoden ska fungera. Fallerandet med den tredje bulten &r antagligen kopplat till
den miénskliga faktorn s4, i det fallet, samplingstiden var for kort instélld. I

Tabell 1 finns en tabell som sammanfattar alla faltmétningar. I tre ytterligare bultar gick
det bara att fa igenom P-vdgen och inte S-vagen. Detta ricker for att uppskatta lingden
men mojliggdr inte uppskattning av klamkraften. S& sammantaget: 22 bultar undersokta,
16 bultar med lyckade kompletta métningar, tre bultar med bara P-vag och tre bultar
utan nagra synliga ekon alls.
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Tabell 1 finns uppmitt TOF for respektive bult, uppskattat lang pa respektive bult, en
kommentar samt berdknad kvot TOF_S / TOF_P. Denna kvot dr, som tidigare
diskuterats, linjir mot klimkraften. Aven om det utan kalibrering inte gér at siga hur
hért respektive bult sitter s ser man pé spridningen i resultaten, som &r liten, att de
sitter med ungefar samma kldmkraft. Detta var véntat av tva orsaker: forst var bultarna
initialt monterade med samma kldmkraft. Den andra orsaken dr att bultarna sitter ganska

nédra varandra, omradet dr ungefar 15 x 2 meter, och inga variationer i berget dér ar
véntade.

Figur 22 Bergbultar monterade vid teststationen Citybanan. Sammanlagt 22 bergbultar med olika
ldngd, defekter och ingjutningskvalitét dr monterade och samtliga undersoktes vid féltforséken.
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Tabell 1 Sammanstdillning av resultaten fran mdtningarna under filtférséken i Citybanan.
Kolumnen till vinster, "ID” dr samma markering som bultarna har markerat pd sig i tunneln. [
tre av fallen har bara P-vdgen gdtt att mdta vilket resulterat i en uppskattning av ldngd men
utan mojlighet till berdkning av kvot.

ID TOFP[ms] TOF_S [ms] "'Ifa.’zsza[“r:]d Kommentar Kvot (SIP)
20 700 1238 2,03 0,565428
21 701 1240 2,03 2st P-eko 0,565323
22 703 1244 2,04 2st P-eko 0,565113
23 703 1244 2 2st paket me%;;s:ocnh. gllnédrll'(aligng?;l.(tioner/ekon i 0565113
2 699 1238 203 2st paket me%rPS;:lgth. gllne:jrgl?;g:l;l.monerlekon i 056462
25 702 1244 2,04 2st paket meq P-ekon. Markliga reflektioner/ekon i 0564309
forsta och andra paketet.
26 702 1243 204 2st paket meq P-ekon. Markliga reflektioner/ekon i 0564763
forsta och andra paketet.

27 701 1241 203 2st paket me%;;glg:cnﬁ gllna(;:(allgl;;lzz{l;l'(tlonerlekon i 0564867
30 - - - Inga synligaekon ~ —eeee
31 1041 1852 3,02 Dubbelstuds i bada P- och S-ekon. 0,562095
32 1040 1862 3,02 Dubbelstuds i bada P- och S-ekon. 0,558539
33 1041 1862 3,02 Dubbelstuds i bada P- och S-ekon. 0,559076
35 1040 1861 3,02 Multipla reflektioner av P-ekon. 0,558839
36 X X X Inga synliga ekon e
37 1042 1863 3,02 Multipla reflektioner av P-ekon. 0,559313
350 X X X Inga synliga ekon e
351 1211 X 3,51 P synligt, S kapad for tidigt? e
352 1211 2174 3,51 Multipla reflektioner av P-ekon. 0,557038
353 1211 X 3,51 Bara P-vagsunlig e
354 1212 2175 3,51 Multipla reflektioner av P-ekon. 0,557241
355} 1210 2172 3,51 Multipla reflektioner av P-ekon. 0,55709
356 1212 X 3,51 Svag P-vag. S kapad for tidigt? e
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6 Diskussion och slutsatser

Grunden till projektet var tanken pa en ultraljudsmetod med vars hjilp man skulle kunna
bestdmma kldmkraften hos till exempel en bergbult. Under projektets gang har inte bara
metoden utvecklats och forfinats utan infrastrukturen runt en testbadd for att kunna
undersoka belastade bultar har byggts upp. Metoden ar testad pa olika typer av bergbultar
(rent kolstél, epoxybelagd kolstal och rostfritt) i labbmiljo och ger tillforlitliga resultat.
Ett av de tidiga fragetecknen var om ultraljudssignalen skulle kunna fiardas s& langt som
det skulle behovas for att undersdka monterade bergbultar som kan vara uppat 6 meter.
Efter en del optimering av métsystemet och tester av olika frekvenser pa proberna stod
det klart att systemet klarade av att fa signal igenom och mita i en minst 12 meter lang
bergbult. Denna bult var dock inte monterad i berget utan hade bara luft omkring sig men
detta gav oavsett ett tydligt svar pé att det gar att skicka bulkvégor genom en vildigt 1ang
bult. Metoden for att bestimma Time-of-Flight (TOF) mellan olika ekon i signalen vilket
ligger till grund for att kunna bestimma kldmkraften visade sig vara véldigt palitlig. En
av orsakerna till det var att den forvdntat kraftiga dispersionen uteblev och att
signaltopparna fordndrades forvanansvirt lite. Labbmitningarna visade pa tydligt linjért
beteende mellan TOF, kvot av TOF (P- och S-vag) samt klamkraft vilket var vad som
efterfragades. Avvikelsen fran helt linjért beteende beror bland annat pé svérigheten med
att mata klamkraft da till exempel friktion och géngkvalitét spelar in.

I slutfasen av projektet testades systemet under ett faltforsok i Citybanan. Dar fanns sedan
tidigare, monterade under ett annat projekt, ett antal bergbultar ingjutna som var av
varierande ldngd, ingjutningskvalitét och med olika defekter. Bultarna hade inte gjutits in
med avseende pé att ha olika kldmkraft men gav &ndock en bra indikation pa om systemet
och metoden skulle fungera i andra, tuffare, miljoer 4n i labbet. Kalibrering av metoden
pa de monterade bultarna saknades vilket medforde att belastning i sig inte kunde métas.
Déremot visar félttesten att man kan fa de signaler man behover, det vill séga tillrackligt
maénga ekon av respektive vagtyp samt med séddan kvalitét att metoden med sannolikhet
gér att anvdnda pé redan ingjutna bultar under faltmissiga forhallanden.

Systemet och metoden som har utvecklats i detta projekt ar avsett for métning av
gangtider (TOF) genom bult vilket gor att sjdlva amplituden och frekvensinnehallet pa
signalen inte nyttjas. Detta ger en viss robusthet mot komplikationer som variationer i
kopplingen mellan prob- och bult som andra metoder kan uppleva dér handhavandet ar
véldigt kritiskt. Variationer i amplitud och/eller frekvensinnehall skulle dock kunna
anvéndas for att eventuellt f4 ut mer information ur signalen @n vad som gjorts hir dar
klamkraften var frdgan. Sprickor, ytndra defekter, korrosionsskador etc. dr nagra saker
som det finns potential att g vidare med da projektet visat att det 4r mojligt att undersoka
langa bultar.
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7 Tillkannagivanden

Ett stort tack riktas till Formas (projekt 252-2012-1906) samt BeFo (projekt 325) for det
finansiella stodet till detta projekt. Stor tacksamhet riktas ocksa till den hjdlpsamma och
kreativa referensgruppen som projektet traffat tva génger per ér.
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9 Appendix
9.1 Litteraturstudie

Tidigt i projektet gjorde en litteraturstudie for att fa en fordjupad koll pd omvirlden och
vad som gjorts tidigare angdende ultraljud och belastade strukturelement. Studien,

”The evaluation of pre-loaded structural components - A literature survey with focus on
rock bolt axial load evaluation employing the ultrasonic bi-wave technique in a non-
contact mode”, bifogas hir som ett appendix.
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The evaluation of pre-loaded structural components

- A literature survey with focus on rock bolt axial load evaluation
employing the ultrasonic bi-wave technique in a non-contact mode
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Summary

As rock bolts are grouted into e.g. cement or epoxy, only one end is accessible for the analytical
technique in question, ultrasonic methods are being considered valuable non-destructive
techniques for estimating the bolt integrity. The conventional acoustoelastic ultrasonic
technique for deducing the axial loading of pre-stressed bolts is based on variations in the time-
of-flight of a single longitudinal bulk wave with loading. A main drawback of this mono-wave
technique is the required pre-knowledge of the initial bolt length and the initial loading
condition. The bi-wave method on the other hand allows the axial load in the stressed state to
be calculated from the time-of-flight ratio of two different wave types, without pre-knowledge
of measurement in the unstressed state.

Commercial piezoelectric probes exist that simultaneously generate and detect both
longitudinal and transverse bulk waves, and the bi-wave technique has successfully been used
for deducing the axial load of 50-215 mm long bolts. Piezoelectric transducers, however,
require an intimate contact with the bolt end why errors rise from various surface conditions
and couplant properties. The primary advantage of EMAT transducers over piezoelectric
transducers is the ultrasonic wave generation and detection through electromagnetic forces,
without requirements for intimate contact with the bolt end. The main drawback of the EMAT
systems is, however, the generally low signal-to-noise ratio compared to piezoelectric
transducers. Currently no commercial EMAT probe exists for bi-wave applications, however,
an EMAT bi-wave prototype equipment has proven capable to measure the axial load condition
of bolts with lengths up to 500 mm.

Keywords: ultrasound, bi-wave technique, bolt axial load, non-destructive testing, EMAT,
piezoelectric

9.2 Sammanfattning

Konventionella ultraljudstekniker anvinds allt oftare for oférstorande kvalitetsbedomning av
skruvforband och inspdnda bultar, men den géngse monovagstekniken for att méita axiell
belastning av forspanda bultar bygger pa variationer i time-of-flight hos den longitudinella
bulk-vagen, vilket kraver férkunskap om béde initial bultlingd och initialt belastningstillstdnd.
Tvavagstekniken baseras istéllet pa det simultant uppmatta hastighetsforhdllandet mellan tva
olika vagtyper, longitudinella och transversella bulkvagor, och kringgéar darfor behovet av
initiala métningar genomforda pa den obelastade bulten. Experiment med simultan generering
och detektion av ldngsgdende och tvdrgaende bulkvagor har tidigare genomforts med
kommersiella piezoelektriska prober, och man har i dessa arbeten uppmitt den axiella
belastningen hos langa inspanda bultar. Piezoelektriska prober kraver dock en direkt kontakt
med mitytan och stora fel kan introduceras genom bade bultens egna yttillstind och
kopplingsmedlets egenskaper. Fordelen med EMAT-proben ér istéllet att ultraljudvdgorna
genereras och detekteras genom elektromagnetiska krafter, varfor ingen tat kontakt krivs. Den
huvudsakliga nackdelen med EMAT-prober &r emellertid den generellt 1dgre signalstyrkan
jamfort med piezoelektriska prober. Idag saknas kommersiella EMAT-prober for
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tvavagsteknik, men en prototyputrustning har kunnat uppvisa kapacitet for mitning av den
axiella belastningen hos langa inspédnda strukturer.

Nyckelord: ultraljud, tvavagsteknik, axiell bultspanning, oférstdrande provning, EMAT

9.3 Introduction

9.3.1 Background and aim of the study

Rock bolts are extensively used to secure the stability of underground constructions. In the
tunnel and mining industries, rock bolts are used in order to keep tunnel shapes intact. Because
of their role as primary rock support, it is crucial to ensure that the rock bolt is not carrying
excessive load and/or that it is not near failure. Due to stress redistribution in the surrounding
rocks and other aging effect, the force on the rock bolt will change with time. Even though they
are closely located, the tensile stresses in different rock bolts also differ because of the different
anchorage conditions. In order to ensure the safety and reliability, the axial load (also called
preload or clamping load) of the bolt has to be carefully controlled during installation and
maintained during service. In addition to increasing the safety, accurate methods for
characterizing and monitoring the conditions of rock bolts would also aid to optimize the use
of the bolts and enable development of new materials. The evaluation of rock bolt integrity has
been addressed by various groups around the world. Destructive methods including pull-out
tests and over-coring methods are time consuming and expansive, but also a number of
nondestructive evaluation techniques have been developed for evaluating the integrity of long
bolts in the field, both for evaluating the grouting (or bonding) quality as well as for determining
the loading conditions.

The main focus of the survey is techniques for deducing the axial loading condition of ~5 m
long rock bolts. For deducing the axial loading condition, the majority of the scientific works
published have however been performed on shorter bolt structures, i.e. for infrastructures and
automotive applications. For the long specimens of relevance, the material attenuation is a
limiting factor also for ultrasonic techniques. In addition to this, the bolts are not free
standing, but grouted into e.g. cement and epoxy. This also means that also only one end of
the bolts is accessible to apply the monitoring equipment for the analytical technique in
question. Recent years, ultrasonic methods have been considered valuable non-destructive
techniques for estimating bolt axial load - and a more specific aim of the current study is to
employ the so called bi-wave technique using EMAT transducers, i.e. probes which do not
require intimate contact with the bolt end.
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9.3.2 Techniques for determining bolt integrity

A number of non-destructive testing methods have been developed for evaluating bolt integrity
with focus on the grouting (or bonding) quality, ranging from bolts for thinner lap-joint
structures to rock bolts of several meters. Some techniques require access to both ends of the
bolt, while for some application one end is unreachable, as for rock bolts. Existing methods
presented below are impulse-based techniques, impedance-based methods, and various
techniques based on ultrasonic waves.

9.3.3 Impulse-based techniques

Impulse based method employ by e.g. a pneumatic or solenoid device. A commercial technique
that has been available since 1997 is GRANIT™ (Ground Anchorage Integrity Testing),
developed at the University of Aberdeen!. The GRANIT system operates by application of a
controlled tensile axial impulse of small amplitude at the bar using a pneumatically-driven
piston in order to measure load stress. The system is readily deployable and does not need the
end of the bolt to be prepared specially. The vibrational response in the bolt is measured with
an accelerometer positioned on the impact device. A disadvantage of the GRANIT system is
that the dynamic response has to be compared to results obtained at installation, i.e. pre-known
data is required. Any changes in response then indicate a potential change in integrity of the
anchorage. It is, however, complicated to determine the relationship between the dynamic
response of the anchorage and its post-tension level. The vibration signals that arise from this
impulse are complex and nonlinear in nature, and the response requires interpretation by neural
networks to determine the condition of the bolt. The technique also does not provide any
indication of the load distribution along the bonded length' 2 3.

— 1ms pulse
0:5ms pulsa

- 0.25ms pulsa
0.125ms pulsa

\.I‘ /\ i
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Figure 1. The GRANIT device and a typical impulse input spectrum.

9.3.4 Electromechanical impedance techniques

For shorter bolts, the electromechanical impedance method employs a piezoelectric transducer,
where the electrical impedance across the transducer is coupled with the mechanical impedance
of the tested structure onto which it is attached. Changes in the mechanical impedance are
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attributed to the mass or stiffness changes. For instance An and Sohn* illustrated an integrated
impedance and guided wave based damage detection technique by utilizing impedance and
guided wave signals simultaneously obtained from surface-mounted piezoelectric transducers
for the detection of bolt loosening. The piezoelectric impedance method has a high sensitivity
to the local structure damage and a large frequency bandwidth. It is specially fitted for
monitoring bolted joints which are dominated by local dynamics of high frequency
characteristics. While it has a better applicability to more complex structures than the ultrasonic
wave techniques, it has a shorter sensing range.

9.3.5 1.2.3. Ultrasonic techniques

The use of ultrasonic signals in general is well known method for monitoring the stress levels
in the pre-stressed waveguides as strands, bars, rock bolts. Ultrasonic waves can travel long
distances in solid materials and can provide information regarding a materials microstructure
through variations in phase velocity, attenuation and nonlinearity. The attenuation, or internal
friction, occurs as the propagating waves are scattered, reflected and absorbed by different
material/structural boundaries. The acoustic nonlinearity originates from lattice non-
harmonities, damping mechanisms and microcracks®. The velocity of the propagating waves is
one of the most important parameters in ultrasonic testing. For bulk waves, the velocity is
constant, while guided waves (which are a wave that follows a certain geometry either in bulk
or at the surface), for example a bolt) are dispersive with velocities changing with frequency.

In 1978, Thurner proposed that loss of ultrasonic wave energy could be used to test the quality
of a bolt in a bore. This lead to the development of the first instrument for non-destructive in-
situ testing of grouted rock bolts, the Boltometer (Geodynamik, Sweden)®. It is designed for
full bar anchors preferably with diameters between 20 and 30 mm, and can be used on both
cemented grouted bolts and some resin grouts’. The Boltometer uses piezoelectric crystals to
transmit and detect elastic waves into the bolt, and evaluates the bonding quality of the rock
bolts from the amplitude of reflected wave. The longitudinal and transverse waves propagate
through the bolt, reflect at the inner end and the echo is received by the sensor. When the waves
travel along the bolt, some energy is transferred through the grouting into the rock and thus the
wave amplitude decreases. The reflected waves are recorded at the outer end of the bolt by
means of the piezo-electric crystals. While good grouting absorb most or all of the wave energy
into the rock, leaving only small echoes returning to the sensor, an insufficient grouting result
in a distinct echo. The Boltometer can, however, only indicate the overall grout quality and
cannot give quantitative information or find the location of bad grouting in non-uniform grout.
Due to the rather fast attenuation of these waves, the main limitation is the penetration depth,
which restricted by the presence of a length of good grout’. Additionally, if the impedance
between the grout and surrounding rock are to similar, the wave energy will dissipate into the
rock before it could reach a major defect and the result will look as if the grouting is “good”!.
The amplitude of the reflected waves is seriously dependent on the coupling conditions between
the transducer and the rock bolt. The free end of the bolt has to be cut and/or ground plane and
a special contact paste is required at the bolt end in order to obtain a good wave transfer.

More recently, guided ultrasonic waves has been proposed for determining the integrity of long
rock bolts "=, Guided wave propagation refers to the ultrasonic waves that propagate in solid
media with boundaries’. The quality of the grouting and the location of the defect can be
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determined. Also specific modes can be selected that are less sensitive to differences in
impedance compared to the Boltometer. As guided wave testing only requires baseline
reference measurements, no previous data of the specific rock bolt is needed'. One of the most
important features of guided wave is that waves with different frequencies have different
velocity and attenuation characteristics when propagating in a waveguide. Moreover, the
propagation properties are related to the geometrical structure and bonding quality of the rock
bolts and anchored objects'®. A guided wave is generated in the bolt on the free end of the bolt,
which is then reflected from the bolt end and from any major defects. From the reflection arrival
time and knowledge of the wave velocity dispersion curves, the positions of the defects or the
bolt length can be calculated. The maximum test range is limited by the extent of the attenuation
that the wave experiences as it propagates. For testing of long grouted rock bolts also the wave
attenuation and energy dispersion thus pose difficulties. For a free bolt, where wave attenuation
due to energy leakage does not occur, it is easy to pick up many clear echoes reflecting back
and forth during tests. For a grouted bolt, however, wave attenuation and energy dispersion
complicate the problem. It is therefore very important to identify suitable frequencies and wave
modes, which would incur low attenuation and less energy dispersion in grouted rock bolts so
as to increase the penetration range of the ultrasonic wave test® '°.

In 2003, Beard and Lowe’ used transducers with low and high frequencies to investigate the
defect of cylindrical steel bars. Standard rock bolts of 21.7 mm diameter and up to 3m long
were grouted in epoxy resin. They investigated the effect of guided wave modes, frequencies
and excitation periods in order to find the best guided wave mode for defect detection. It was
found that grouted bolts should be tested by exciting the first axially symmetric longitudinal
mode known as the L(0,1) mode, in its low frequency, and the first non-axially symmetric
longitudinal mode known as the L(1,1) mode, in its high frequency range.

Nut and Epoxy layer
plate
Rock bolt i S
- Leakage of ultrasound
Transducer\ N

ERRRRRRT
1020 %0% 0% 0%

Guided wave reflected
from bolt end
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Instrumentation

Figure 2. The laboratory set up of a rock bolt grouted in epoxy resin’.

The bolts were successfully tested with both the fundamental L(0,1) mode and higher frequency
low-leakage modes. The behavior of the high and low frequency modes were, however, very
different, and neither approach offered a complete testing The low frequency test could identify
defects such as partial bolt encapsulation and possibly corrosion patches near the bolt surface.
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On the other hand, the high frequency test is not sensitive to surface defects, but could provide
a reliable indication of the bolt length. As high frequency waves are attenuated by curvature,
they also allowed the possibility of determining whether or not bolts are deformed.

In 2008, Buys’ further developed the method of Beard and Lowe and employed guided
ultrasonic waves for determining the condition of 1.5 m resin-anchored rock bolts, using the
L(0,1) mode in its lower frequency range. A free standing bolt and a perfectly embedded bolt
were used as the base reference. Also finite element models were built for a partially
encapsulated bolt and for a bolt with a simulated local corrosion crack, respectively.
Experimental bolts were then installed in a testing block and typical responses were compared
to finite element models of different defect scenarios. It is apparent that it is critical to choose
the correct frequency for optimized reflection. It was concluded that at higher frequencies, the
energy propagates more along the center of the bolt; consequently the higher frequency modes
will be less sensitive to partial grouting. It is recommended that lower frequencies should be
used for detection of defects.

In 2006, also Edwards, Dixon et al.!! employed electro-magnetic acoustic transducers (EMATs)
to generate and detect a low-frequency (50 kHz to 1 MHz) wide-band guided surface waves for
defect detection on railhead samples. As guided waves provide modes that can travel great
distances in rails, as well as take into account the entire volume of the rail, it provides large
benefits for surface defect detection compared to the fast attenuating bulk waves of small
volume coverage. Although less efficient at generating or detecting ultrasound than
piezoelectric transducers, the use of non-contact EMATSs allows standoffs of several millimeters
above the sample as well as working without couplants. This allows surface roughness on the
millimeter scale to be measured without preparation. Any changes in detected amplitude due to
changes in standoff can be compensated for by e.g. using an array of EMATS, such as a
generator EMAT with a receive EMAT in front and behind. For the rail applications was found
a meander coil configuration generated a large amplitude signal for working in single-shot
mode. In all, the depth of the maximum crack present in the railheads provided by the EMATSs
agreed well with the depths measured using other methods.

9.3.6 Techniques for determining bolt tension (introduction)

Various techniques measure the load/tension condition of bolts. Some are however limited to
measure shorter items. For longer bolts and rods, such as those of relevance for this study,
several existing studies are however limited to free standing structures. For the application of
interest, the rock bolt is analyzed while grouted in cement, epoxy or other high density grouting
material. Existing methods presented below are the conventional torque wrench technique,
various pre-mounted sensors, and techniques based on ultrasonic waves.

9.3.7 Torque wrench

Current practice relies on the torque wrench technique. However, with this technique, load
dissipated in the friction of the bolt threads, and between the nut and the part prevents accurate
measurements of the axial load. This situation leads to over- designing for safety and in turn
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increases both weight and cost. The torque wrench method has been used for decades to
estimate the axial load from a torque applied to clamp the bolt!? . This technique, however
involves large errors, which is mainly assigned to friction loss in the conversion of torque
energy to clamping force. Friction has been estimated to consume as much as ~90% of the
torque energy, with 50% dissipated in the bolt head and 35% in the bolt threads. This means
that only a minor amount of the torsional work is converted to tension in the bolts. The friction
can vary substantially, even between similar bolts, and errors as high as 50% are common even
with perfect torque control'®. Other sources of error that are difficult to control are the state of
lubrication, surface quality of the plans in contact, alignment of the assembly, and
manufacturing tolerances. The load can also not be evaluated without twisting the fastener and
disturbing the joint ' 13,

9.3.8 Techniques employing pre-mounted sensors

Several types strain gauge techniques exist for determining axial loads on pre-stressed bolts,
apart from traditional mechanical- and vibrating wire strain gauges'®. The electrical resistance
strain-gauged load cells has a load-sensing spool element made from high strength heat-treated
steel that withstands severe environments (Figure 3). The physical size of the structure controls
the deflection experiences under load, thus the capacity rating of the cell.

Direction of

T strain
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material
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». )< 4 readout unit
Connecting
wires J
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Figure 3. (a) A typical electrical resistance strain gauge and (b) the Safebolt system
components '°.

A rock bolt load device based on anelectrical resistance strain gauge inserted in the bolt head is
the SAFEBOLT (Stress And Force Evaluator in Bolts). The system consists of the SAFEBOLT
device installed in the bolt head, a readout unit and a connecting cable (Figure). A zero strain
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reference, A, is determined before any load is applied to the bolt, i.e. prior to installation. As
the load is applied, the readout unit register a signal of magnitude R, why the axial strain due
to applied load will be represented by the quantity R-A. The device can be installed on any type
of rock bolt or rebar and the sensor and can monitor the bolt load to and past the yield point.
The precision of load calculation is said to be subject to an error of + 0.05 tons, and the sensor
is also sensitive to temperature variation and to bolt inclination with the rock surface. As the
gauge might break before the failure load is attained, monitor of the load to the ultimate strength
of the bolt cannot be guaranteed.

In 2001 Mitri et al.!” proposed a metal-based strain gauge based on placing a strain gauge
directly in the bolt head prior to installation by drilling a central blind hole that extends beyond
the threaded portion (Figure 4a). Once installed, the coupler load cell enables the monitoring of
the bolt axial force exerted on the face plate. The metal-based strain gauge has a stretch capacity
that is much greater compared to the traditional vibrating wire strain gauge used with hollow
load cells. As the strain limit of the metal gauge is larger than the yield strain of the bolt steel
material, the design allows measurements of the bolt yield load. Drawbacks are the need to
transport the bolt back and forth to the mine, and that the hole drilled in the bolt head reduces
its capacity by about 3%. As the gauge is installed in the bolt itself, it is thus unable to measure
the ultimate or breaking strength of the rock bolt. More recently, Mitri et al.'” suggested a new
concept made of a coupler instrumented with a metal strain gauge placed in the blind borehole
along the axis of the coupler (Figure 4b). The coupler load cell is fitted onto the rock anchor,
and once installed which it allows the monitoring of the anchor head axial load. As the yield
load of the coupler is greater than the ultimate breaking strength of the rock anchor, it ensures
a complete load path monitoring of rock support performance until failure.

Drillhole

Rock anchor

<—— Drillhole
Threaded hole

[—Metal strain gauge

Metal strain gauge

Blind hole

Blind hole

Bearing

Plate Beeriog

Plate

Connector Connector

(a) (b)

Figure 4. (a) The original metal-based strain gauge design and (b) the developed coupler load
cell design"’.
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Lately also elasto-magnetic (EM) sensors have been suggested as a promising technique for
stress monitoring of in-service steel structures. Pre-fabricated EM sensor takes the form of a
hollow cylinder through which steel elements such as a wire, strand, cable or bar passes through
it during construction. The sensor consists of primary, secondary and compensating windings,
mounted in a protective steel shield and sealed with an insulating material. The EM sensor has
no mechanical contact with the measured element and its characteristics is estimated not to alter
for more than 50 years'®.

Secondary coil Primary coil

Steel cable

I 7

Figure 5. A schematic description of an EM-sensor.

The DYNAForce sensor from DY WIDAG-Systems International'® employs the elastomagnetic
technology (EM) to measure stress level in pre-stressed strands or bars installed on ground
anchors or post tensioning tendons°. The sensor can be used to rapidly read the change in load
during proof and performance tests and compare with the pressure gauge and during the life on
the anchor to monitor existing lock-off load. It can be used also to determine the load along the
bonded length of the anchor allowing the contractor to increase or decrease this length®®. By
passing current through primary coil, ferromagnetic material is magnetized. Sensing coil picks
up induced electromotive force that is proportional to change rate of the applied magnetic flux
and relative permeability. As permeability of core changes, output voltage changes. The output
voltage is calibrated to measure force. In most cases, the monitoring accuracy is within 2% for
strand tendons and within 5% for bar tendons'”.

9.3.9 Ultrasonic techniques

In general, the conventional ultrasonic methods for the detection of bolt load can be divided
into two groups, based on either wave-propagation or vibration/resonance. With the wave-
propagation-based techniques, it is possible produce various types of elastic waves. This
dissipation process is recorded in the form of attenuated signals. For the vibration-based
approach, the entire structure is excited and search for features that reflect damage- induced
changes to the dynamic response. Recent years, the ultrasonic methods based on bulk waves
have been considered a valuable method to estimate the bolt axial load, and the method is based
on the fact that the velocity of an ultrasonic wave that propagates along a bolt depends on the
axial stress. Being the focus of the survey, the determination of the axial load employing
longitudinal and transverse bulk waves and the acoustoelastic theory is described more in detail
in Chapters 2 and 3.

Experimental work for monitoring stress levels in long stressed structures have, however, also
been performed employing surface- and guided ultrasonic waves, and some examples are
presented below.
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Chaki and Bourse?' proposed a methodology for monitoring the stress levels of pre-stressed
steel strands subjected to a uniaxial loading. For this was used guided ultrasonic and the
acoustoelastic theory presented in Chapter 2. This experiment, however, requires the
acoustoelastic coefficient of the material from calibration experiments conducted on non-
loaded specimens of known length. Measurements were performed on the core wire of an
assembled strand with the propagating mode L(0,1) at frequency 230 kHz. The resulting
acoustoelastic coefficient was further used for in situ stress evaluation in similar strands to those
used in the calibration test.

core wire E § ; @

Figure 6. A pre-stressed steel strand structure.

A model was built with four pre-stressed strands (Figure 7) inside a plastic duct not yet injected
by cement grout. The strands were loaded at various stress levels using a hydraulic jack device.
As both ends of the strands were free, the stressed and total lengths (Is and ;) were measured
using a tape-measure (=1 mm). The phase velocity at zero loading was measured on a 2087 mm
long strand.

anchorage plates
‘conic wedges

'y

Iy

Figure 7. A pre-stressed strand in an industrial anchorage. Here I is the stressed length and
L. is the unstressed length.

The use of L(0,1) mode was justified by the fact that longitudinal waves are more sensitive to
tensile stresses than other wave types, and secondly it can be generated purely and simply using
commercial piezoelectric transducers working in piston mode. Two simplified acoustoelastic
formulations were derived from the acoustoelasticity theory according to the loading type, i.e.
a tensile testing machine for the calibration test and a hydraulic jack for the industrial loading
of strands. These formulations based on the relative phase velocity change, of L(0,1) mode at
frequency 230 kHz, enabled the characterization of the acoustoelastic effect in the tested strands
by performing measurements only on the straight core wire. For case of tensile loading, the
stress distribution homogeneity in the seven-wire steel strand was demonstrated, thus a uniform
normal stress in each individual wire was assumed. Except for the low load, which was located
in the nonlinear part of calibration curve, the evaluated stresses for the pre-stressed strands were
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in reasonable agreement with the applied stress. Before implementing the methodology on
longer pre-stressed stands for industrial applications, it was concluded that the short-range of
the ultra- sonic energy provided by piezoelectric transduction would be insufficient. Ongoing
studies seek to exploit the potential of other transduction technologies, such as
magnetoelasticity in order to devise miniature magnetostrictive transducers being able to be
introduced into each strand during its installation.

More work has employing guided waves have been performed on shorter bolts. For instance
Yang and Chang®? provided an ultrasonic attenuation-based method to identify loosened short
bolts joining composite panels. Ultrasonic waves propagating through contact interfaces
between solid bodies are sensitive to contact conditions such as the contact pressure and the
true area of contact. This sensitivity can be related to the fact that the load at the contact is
supported by surface asperities and by increasing the nominal load the contact area may
increase. It has been shown that the transmission and reflection coefficients of the ultrasonic
wave are sensitive to the contact pressure or other contact parameters. Theoretically, the normal
and tangential stiffness of the contact interface govern the transmission/reflection coefticients
and can be used as parameters to characterize the contact condition. However, weak and
incomplete interfaces, formed by rough surfaces in partial contact, show a highly nonlinear
behavior also when they are excited under free vibrations. In particular, the amplitude of the
second harmonic is a relevant index of the contact stiffness, and the nonlinear response is
strongly influenced by the nominal contact pressure applied to the boundaries®. The ratio
between the amplitudes of the second harmonic and the fundamental can be related to the
nominal force applied at the boundary. The interface of the two contact surfaces is restricted to
discrete areas at the tips of the surface asperities (Figure 8). The true contact area is known to
be smaller than the nominal contact area and varies with the contact pressure. By increasing the
fastening torque, the true contact area will increase and the wave will propagate across the
interface with less energy loss.

-
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m== True Contact Area

Figure 8. Schematic view of an imperfect interface®*.

Ultrasonic waves were generated and transmitted through the imperfect interfaces between the
fastening components. Depending on the amount of pre-load at the bolted joints, the contact
condition at the imperfect interfaces varies, and as a result the guided waves along the interfaces
reveal different dissipation patterns. The energy dissipation at an imperfect contact interface
can be examined as the transmitted wave propagation mainly occurs in the true contact area.
The amount of transmitted wave energy is proportional to the true contact area, which in turn
is proportional to the square root of the pressure applied to the contact surface. By analyzing
the transient responses of the sensor signal measured by the embedded sensors, information
about the fastener integrity can thus be deduced in terms of the torque levels of the monitoring
bolts.
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Amerini et al.>> developed the power spectral density (PSD) of the recorded signal to assess the
loosening state of joint structures. By assuming a theoretical model of the nonlinear interface
stiffness, the stiffness of the contact interface was described as a function of the nominal contact
pressure. Next, this theoretical model was experimentally tested, and a different index based on
the power spectral density (PSD) of the recorded signal was developed and validated to assess
the loosening state of joints by studying the signal energy.

The ratio between the second harmonic amplitude and the fundamental frequency amplitude
was found to be a reliable parameter from which the information about the amount of
nonlinearity associated with the contact could be extracted - and it is a clear index of the
loosening state of a joint. This index decays following an analytical power law with the clamp
force. These experimental results were validated by an analytical model able to reproduce the
nonlinearity generated by the non-perfect contact, by adopting a nonlinear spring applied at the
contact location.

Recently, also Martinez et al.* implemented a synthetic phased array surface acoustic wave
(SAW) sensor to estimate the tension/clamping force of a 6.4 mm grade 8 threaded bolt in a
12.7 mm thick steel plate. The interaction of various acoustic wave modes with the boundaries
of rough surfaces takes place at the points where the propagation surface and the external body
are directly in contact with each other (points of real contact). The real area of contact (RAC)
is the sum of all these individual contact points (Figure 9).
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Figure 9. Schematics of (a) The real contact area (RAC) of a clamped plate and washer and
(b) the methodology used.

Waves created by a SAW generator are directed towards a bolted joint. As the tension at the
bolt is increased, the position of the reflective boundary is expected to move from the edge of
the joint towards the outer washer perimeter. It is hypothesized that the increase in the bolt
tension results in a proportional increase in the RAC. The synthetic phased array was formed
by a single angle beam transducer actuated from several positions within a linear array. The
array pitch was selected as 250 um corresponding to less than half the wavelength. An array
with 50 elements was used corresponding to the total array length of 12.5 mm that results in
1.25 mm beam diameter at 29 mm away from the center of the array. The study employed used
a 5 MHz bulk piezoelectric transducer, attached to an ultrasonic wedge that is specifically
designed for converting the longitudinal bulk wave into SAWs in steel. In all, the study
presented the first step towards the development of a bolt tension sensor based on surface
acoustic waves, where bolt tension was estimated using the reflection of SAWs created by the
bolted joint interference.

9.4 The acoustoelasticity theory

The bulk wave types used for load measurements on bolts are the longitudinal and transverse
waves (Figure 10).
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Figure 10. Ultrasonic wave types for load measurements
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For longitudinal waves, the particles in the bolt swing in the same direction as the bolt’s axis,
while for transversal waves the particles swing perpendicular to this axis. Also the velocities of
the both waves are significantly different. For standard steels the typical longitudinal wave
velocity is ~5.900 m/s while the corresponding transversal wave velocity is ~3.200 m/s. The
propagation of the ultrasonic waves is sensitive to both residual and applied stresses in
materials, where stresses in a material cause a modification of its elastic behavior. The elastic
wave propagation depends on the direction of the applied stress as well as on the direction and
polarization of the waves.

The ultrasonic methods to estimate the bolt axial load from bulk waves propagating along the
bolt are thus based on the fact that the wave velocity depends on the axial stress. The tightening
of the bolt is followed by elongation, which in turn increase the time it takes for the wave to
return. The alteration in wave velocity induced by the stress in the bolt, called the acoustoelastic
effect, however causes a larger time delay than what is expected from the elongation factor
alone?®. A sensor or transducer is put on one of the bolts ends and convert an electronic signal
into a mechanical vibration. As the wave travels through the bolt, it is reflected at the end and
travels back to be converted back into an electronic signal.

The acoustoelasticity theory relates nonlinear elasticity and ultrasonic acoustics. In the case of
plane waves and for a homogeneous and isotropic material subjected to a uniaxial state of stress,
the velocities of longitudinal (Vi°) and transverse (V1°) waves, which propagate in the same
direction as the applied stress, can be written at the first order as®

Vi=V{(1+A0)  vI=VU1 +A0)

Where Vi°and V10 are the respective velocities in the unstressed states, G is the stress, and Ar
and Ar are the longitudinal and transverse acoustoelastic coefficients. The velocities and
acoustoelastic coefficients are in turn functions of the second-order Lame’s constants, A and p,
and of the third-order Murnagan’s constants, 1, m and n, respectively.
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As the acoustoelastic coefficients are negative, the wave velocities will decrease with an
increased stress.
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Figure 11. An axially loaded bolt >’
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For a bolt that is subjected to an axial load, the initial length, L;, will consist of parts that is both
stressed and unstressed. This means that L = Lo+ L. , where Lo constitutes the unstressed part
and L is the effective length assumed to subjected to a uniform stress, 6=F/S where F is the
axial load and S is the cross section area.

The time-of-flight for the longitudinal and transverse waves respectively then becomes

o_2L(1+E0) L 2L . 2L(1+E o) . 2ko
W(l+A0) WV V(14400 W

I

Where L°= L. (1 + o/E) is the stressed length and E is the Young’s modulus of the bolt material.

Introducing the time-of-flights for the respective waves that travel the way through the bolt and
back in the initial unstressed length, as:
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9.5 The mono-wave technique

The use of transversal waves generally requires special so called shear-wave sensors, as well
as measuring equipment that is able to handle the two independent echoes. Most ultrasonic
devices in the market use solely longitudinal waves for the determination of clamp loads.

This conventional time-of-flight method is based on variations in the time-of-flight of the single
longitudinal bulk wave with load. Here the first order development of the time-of-flight can be
approximated as:

1=, |:%(E_1+A)O'+1:|

Once the relationship between F and At (the change of time-of-flight due to axial load) is
calibrated, and the time-of-flight data for both the stressed and unstressed states are measured,
the bolt axial stress can be determined from the calibration curve.

The main drawback of the method is the requirement for pre-knowledge of the initial loading
conditions as well as the initial bolt length. For fastened bolts in a structure, it is impossible to
loosen the bolt to measure the length and the time-of-flight of the ultrasonic wave.

This linear ultrasonic technique for estimating the axial load is also especially unsuitable for
short and highly stressed bolts. First, the change in the time-of-flight of the ultrasonic wave
caused by the change in the axial load is so small that a very high resolution and reliability of
the time-of-flight measurement is required. The linear method also neglects nonlinear
deformation, such as deformation of the bolt head and non-ideal elastic properties of the
threaded parts?®.

Several works have been performed on short bolts?® 3. Since the variation of ultrasonic velocity
in the range of actual stress acting in the bolt, especially for short bolts, is very small, Jhang et
al. % employed the phase detection method for a more precise measurement compared to the
conventional pulse-echo technique which is more sensitive to noise. The experiment used the
bolt M16/10.9T, and SMHz ultrasonic transducers were located on the top and bottom of the
sample to measure the TOF and the experiment results show that the ultrasonic velocity
decreases linearly corresponding to increases in stress. Figure 12 shows the resulting calculated
change-rate of the ultrasonic velocity versus stress.
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Figure 12. The resulting tensile testing results for change-rate of ultrasonic velocity vs. stress

Among work performed on longer bolts and rods, i.e. Liew et al.3! used an ultrasonic pulse-
echo for determining the change in wave velocity due to axial load for mild stress bars of the
diameters 19 mm and 25 mm respectively. Since the accuracy of the applied stress is
proportional to the effective length of the bar, the length was chosen to 1.5 m. The load was
introduced with a torque wrench, ranging from 70 to 335 Nm. The study was conducted on
three physically identical specimens for each nominal diameter. Both 19 and 25 mm nominal
diameter bars showed a trend of decreasing ultrasonic wave velocity with applied load. The
25mm samples, however, showed a significantly larger variation between samples. This was
assigned to the larger dimension and a presumed lower microstructural homogeneity. Also a
higher and more consistent strain deduced at the smaller diameter indicate that the effect of
acoustoelastic is more obvious and in a smaller diameter bar. The resulting decrease in wave
velocity was assigned to degradation or loss of strength of the material.
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Figure 13. The 19mm bar axial strain and wave velocity versus torque.

Washer et al.*? measured changes in ultrasonic velocities as a function of stress in pre-stressing
tendons of both rod and seven-wire helical strand geometries over a constant gauge length using
a set up with EMATS. The primary advantage of EMATS over piezoelectric transducers is that
no mechanical coupling is required, which allows non-contacting operation and reduces effects
of coupling variations on measurements. The sensors can also be moved independently along
the specimen being tested. For acoustoelastic measurements this allows ultrasonic velocities
can be measured at different stress levels without changing the distance between transducers.
The system for velocity measurements consisted of three EMATS. A transmitter EMAT driven
with a tone burst of three cycles at 320 kHz was used to generate the wave in the specimen. The
wave was detected by a pair of receivers that were placed at a known and fixed distance apart.
The distance between the receivers was nominally 0.5 m (Figure 14).
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Figure 14. The setup with one EMAT transmitter and two EMAT receivers.

As the changes in velocity due to variations in stress are very small, also the effects of dispersion
need to be considered. Due to Poisson’s effect, the diameter of the waveguide will be reduced
when a tensile stress is applied. The phase velocity of a longitudinal wave propagating in a
circular waveguide will increase as the ratio of to the waveguide radius to wavelength
decreases. This means that an increase in wave velocity will counteract the acoustoelastic
effects. Nonlinear effects were observed and explained. In all, it was found possible to relate
wave velocity changes to applied stress in a seven-wire strand, introducing a new approach for
developing health-monitoring instrumentation for pre-stressing tendons. The experiments,
however, also found the wave velocity and velocity constants to vary significantly for materials
with the same specifications, but manufactured at different times or by different manufacturers.
This would have significant impact on the practical application intended.

BeFo Rapport 164



60

9.6 The bi- wave technique

For a bolt in uniform tension, the travel times of the longitudinal and transverse waves
propagating along the axis of a bolt can be used to calculate the stress acting on the bolt. This
is true because the material's elastic and acoustoelastic characteristics can be measured
independently and the only remaining unknowns affecting the travel times are the bolt's length
and the magnitude of the stress. Because the variation of shear velocity with stress is different
than that of the longitudinal velocity, the two measurements are sufficient to eliminate the bolt's
length and evaluate the stress.

The requirement for initial data from state before actually tightening the bolt can therefore be
avoided if longitudinal and transverse waves can be generated simultaneously.

The velocities of the both waves are significantly different. As the two waves travels the same
distance, they carry with them different acoustoelastic effects As the dependence on
propagation length is eliminated by the phase ratio of the two waves, the acoustoelastic response
can be extracted.

The first order development of the time-of-flight ratios can then be approximated as:

5 VO[

1 LE(A A )F]
T,. =\ A=A )T
L V?" L Se

i

However, the length L. and the difference between the acoustoelastic coefficients, AT—AL, are
needed. By performing calibration tests on bolts made of the same material, but with different
dimensions and tightening configurations, these unknown can be deduced?®.

Taking the derivative with respect to F, the following slope is obtained:

_ViL,(Ar-A)
WL, S,

Provided both the longitudinal and transverse wave velocities are known, no time-of-flight
measurement for the unstressed state is required, and that it is possible to measure the effort in
already tightened bolts without previous measurements or knowledge of the exact length of the
unstressed bolt®

Since the velocity variations resulting from the load conditions of relevance are very small, the
analytical equipment requires a high resolution for measuring the time-of-flight values.
Piezoelectric transducers exists that can generate both longitudinal and transverse bulk waves
simultaneously, thus removing the errors connected with repeatedly changing the position of
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analysis. However, for piezoelectric transducers, the required contact with the bolt surface will
still depend on the surface conditions and cause errors associated with the mechanical coupling.

In general, bolts are not uniformly loaded. Instead, they have regions at the ends which are
either free of stress (that part of the bolt which extends past the nut) or are subject to a lower
level of axial stress than is the shank of the bolt. In the case of short bolts, these regions can be
a significant portion of the total length and must be accounted for. Unstressed portions can be
accounted for by introducing a correction term'*. For accurate results for short bolts a precise
time measurement is required. As the longitudinal and transverse waves were excited
simultaneously, the time resolution could be enhanced compared to traditional measurements.

While the bolt material is assumed to be isotropic, it is also more correctly characterized as
transversely isotropic - with the axis of the bolt being the axis of symmetry. However, since the
waves will travel along the axis of symmetry and the stress will act along this same axis, this
anisotropy will not affect the measurements or the analysis, regardless of the extent to which
the isotropy assumption may not hold'.

The models for calculating the tightening stress based on acoustoelasticity theory all involve
parameters that requires calibration tests, i.e. the material parameters of the bolts (elastic
constants, acoustoelastic coefficients) and their tightening configurations (effective length
under stress). As the bolt material may have been heat treated for high strength, and the material
might also be degraded due to long-term service and corrosion, the pure steel material may not
be a relevant reference material to conduct calibration measurements on. This means that
calibration tests for determining the acoustoelastic material constants can be complicated. It
may therefore be useful to determine the elastic constants from separate measurement on the
bolt head of the bolt to be analyzed. The bolt head is free of load and accessible for inspection
even after fastening. The transducer is then connected to the side of the bolt head, and its size
deduced by e.g. a micrometer.

The method is also not only influenced by the stress in the bolt but also by temperature and
plastic elongation leading to some limitations which have to be observed?®.

Being the focus of the survey, various experimental work employing the bi-wave method are
presented in greater detail in Chapter 3.

9.7 Techniques based on resonance frequency

The resonance method uses the variation of resonance frequencies of bolts for stress
measurement.

In the 70ies, Heyman® used nonlinear ultrasonics to correlate the frequency shifts with load
caused by bolt elongation in the longitudinal direction. With the assumption that complete
reflection occurs at the flat and parallel ends of a bolt, a simple one-dimensional isolated
resonator model was applied to ultrasonic waves propagating in a bolt. The work combined the
pulse-echo and the continuous-wave (cw) ultrasonic techniques, where in the latter the sample
acts as an acoustic resonator — with changes in the mechanical resonant frequency is linearly
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related to the applied stress. Since the frequency can be deduced with a higher accuracy than
the time-of-flight data of the pulsed ultrasonic techniques, the resulting resolution is superior.
Continuous wave techniques may however be difficult to perform practically without
transducers on both ends of the item inspected. In the combined technique employed by
Heyman, known as the pseudo-continuous-wave technique, however a transducer was
connected to one end of the sample and excited by a source of variable frequencies. This
excitation signal was periodically interrupted, when the transducer instead acted as receiver for
the ultrasonic waves. The signal obtained was used as a control signal to maintain the frequency
of the source to the mechanical resonance peak of the sample.

In the 80-ies, Joshi and Pathare** employed a pseudo-continuous-wave technique based on
carrier phase detection to monitor changes in mechanical resonant frequency of 100 mm bolts
made from a high-strength steel. The diameter was 12.5 mm and the ends were machined flat
and parallel to each other. Transducers with fundamental resonant frequencies of ~5 MHz were
used to generate longitudinal waves in the bolt. To determine the resonant frequencies, the bolt
was treated as a simple one dimensional acoustic resonator and it was assumed that complete
reflection occurred at the flat and parallel ends of the bolt. The bolts were loaded in tension
with stresses up to 270 MPa, and the frequency shift was measured for different values of
applied stress. Figure 15 shows the resulting change in mechanical resonant frequency as a
function of the applied stress.
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Figure 15. The change in mechanical resonant frequency as a function of the applied stress.

The frequency was found to change linearly with the applied stress, the change being ~60
Hz/MPa of applied stress. This means that the sensitivity of the technique is high, even to small
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variations in bolt stress. To confirm that friction did not affect the measurements, as when using
a torque wrench, experiments were conducted with varying friction conditions. The change in
was found to be less then +/-2%. Additionally, the instrumentation used in this work allowed
compensation for temperature variations. A change in the ambient temperature produces a
change in the length of the bolt as well as in its acoustic velocity. This creates a problem when
strain in a bolt is monitored over a long period of time, as results from temperature changes
could be mistaken for changes in bolt stress. In the present experiment, the phase shift was able
to compensate for temperature variations of approximately +/- 10 °C. This, however, requires
operating away from the mechanical resonant frequency, thus may result in reduced sensitivity
to changes in bolt stress.

Also the axial shear-wave EMAT, which generates and detects the shear (transverse) wave
propagating in the axial direction of the bolts, can also be useful for resonance measurements
focused on the outer surface region’®. The wave energy of the fundamental mode is concentrated
to the outer surface region on a cylinder, and as the mode becomes a higher overtone the peak
amplitude moves to the inside. Then it is possible to evaluate the radial gradient using different
resonance modes. Figure 16 shows an EMAT for generating axial shear (transverse) waves in
a bolt head.

solenoid coil
EMAT b
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<
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Figure 16. An EMAT for generating axial shear (transverse) waves in a bolt head".

The thin permanent magnets are arrayed to serve the alternating bias fields normal to the side
faces, and the solenoid coil wound in a hexagonal shape. When the driving current is applied,
the shearing forces in the axial direction arise periodically and generate the shear waves
propagating in the circumferential direction — with the polarization along the bolt axis. For a
cylindrical rod, the axial shear resonance modes can be easily determined. At a lower resonance
mode, the shear/transverse wave propagates near the outer surface region, and as the mode
becomes higher the vibration penetrates inside. This is especially the case for hexagonal rods.
The bolt head plays a role of transmitting axial force, and its small volume is subjected to
complicated elastic deformations of tension, bending and shearing. This stress field is axis-
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symmetric and develops as the tightening advances. The method, however, requires the pre-
knowledge of material constants and bolt lengths.

In 2001, Hirao, Ogi and Yasui*> presented an ultrasonic method to monitor the acoustoelastic
response and deduce the bolt axial stress using a shear-wave EMAT. The axial stress was
estimated using both the resonance frequency shift and from the phase method (i.e. based on
the time-of-flight of the echoes), using the same instruments. By eliminating error sources
associated with the use of contacting piezoelectric transducers, the contactless aspect of the
EMAT allows a higher reproducibility. The EMAT for generation and detection of the polarized
shear waves along the bolt length consisted of a pair of Nd—Fe—B permanent magnet blocks and
a spiral elongated coil under the magnets with an effective area of 8.5 x 12 mm?. The polarized
shear wave was generated with the magnetostrictive mechanism at the bolt top face.
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Figure 17. The set-up and the shear-wave EMAT used.

For short bolts also the stress distribution at the nut-joint portion influences the apparent
acoustoelastic response. As the stress resolution decreases for short bolts, the choice of the
phase or resonance method should also be based on the bolt length. While the phase detection
is more suitable for long bolts, the resonance measurement is more applicable for short bolts.
The two types of bolts investigated, aimed for automotive applications, both had flanges at the
heads. The shorter Bolt A was measured with both techniques, and had an initial length of 27.5
mm and a diameter of 10.5 mm. The longer Bolt B had an initial length of 53.7 mm and a
diameter of 8.6 mm. The phase change was also measured for a standard M24 bolt with length
155 mm.
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For the resonance method, the EMAT was run with long tone bursts of 200 ms duration to excite
the overlapping multiple reflections in the bolts. The resulting shift in resonance frequency
versus loading for bolt A is displayed in Figure 18. The non-linearity observed, particularly at
low loads for bolt A, indicates that the stress distribution under the nut change with load.
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Figure 18. The shift in resonance frequency versus loading for several bolts of type A.

For the phase measurement the EMAT was used with 5 MHz tone bursts at ~300 V, and two
echoes where selected from the received train of reflections. As seen in Figure 19, the phase
difference for Bolts A and B was proportional to the load.
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Figure 19. The phase shift versus loading for several bolts of type A and B, respectively.

The scattering between different bolts of each type A and B was mainly attributable to small
variations in bolt length (< 0.04 mm for both types). For an ultrasonic velocity of 3240 m/s this
variation would correspond to ~ 0.7 tons. Also, the temperature has an influence on the phase
measurements. In all, the phase methods and the resonance methods using shear-wave EMAT
showed a high accuracy (~5% for 5 ton) for measurements of axial stress, also for short bolts.
The phase measurement on the longer M24 bolt showed a linear dependence on stress, as well
as the expected higher accuracy compared to the shorter bolts. The methods, however, requires
measurements of the initial state, i.e. before tightening of the bolt.
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9.8 Experimental work employing the bi-wave technique for
deducing bolt stress

9.8.1 Free bolts of lengths 80-160 mm, employing an elder sing-around
technique

In an early work from 1986, Johnson et al.'* used an ultrasonic sing-around technique which

allowed both longitudinal and transverse waves to propagate along the axis of a bolt.

In total 23 bolts of Grades 5 and 8 with diameters of 19.1 and 22.2 mm were analyzed, and the
lengths varied between 80 and 160 mm. The known load was applied to the bolt with a
tensioning device (Figure 20), and the effects of bending forces were minimized by supporting
the head of the bolt.
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Figure 20. The bolt-tensioning device used.

The RF tone burst from the gated amplifier drives a transducer with either a 10 MHz
longitudinal wave element or with a 5 M Hz shear wave element. The equation used to resolve
the stress, T, was:

tVie— 2V
t) Viod, — 13 Vyody — 2x(dy — dy)
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where t1 and t; are the travel times for the longitudinal and transverse waves, respectively, Vio
and Vo are the respective velocities in the unstressed bolt, and the correction factor k accounts
for the portion of bolt length that is actually unstressed. The acoustoelastic material coefficients,
d; and d», were in turn defined as:

D
dy=—t 4 =0
200 + 2p) 2u

Dy = —[A+ 20+ €+ N4\ + 10p + 4m)/u]/3N + 2p)

D,

—[4N + 4u + m + Na/4u)/0N + 20)

where A and p are the second-order Lame’s constants and I, m and n are the third-order
Murnagan’s constants.

In order to calculate the stress, the values of di, d2, V1o, V20, and k were deduced by a series of
calibration experiments. The values of Vip and V2 were acquired from time-of-flight
measurements on ten short samples. As a high accuracy is required, a phase-detection method
was used instead of the sing-around method. After measuring the initial lengths of a series of
bolts of a particular diameter, the values of di, d2 and k were determined from the slopes of the
curves for the time-of-flight versus load for the longitudinal and transverse waves, respectively.
After this calibration, the bolt axial stress could be calculated without pre-knowledge of the
initial load conditions.

Each bolt investigated was subjected to a sequence of loads up to ~70 % of its yield stress. At
each load, time-of-flight measurements of the longitudinal and transverse waves, t1 and tz, were
performed, and the resulting calculated stress was compared with the known applied stress.
Figure 21 exemplifies the calculated stress versus ram pressure for one type of bolts, where
each graph includes a reference plot of ram pressure versus bolt stress calculated from the
known applied loads. The slopes were found to vary with the bolt diameter.
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Figure 21. The calculated stress versus ram pressure for Grade 5 bolts with three different
lengths and bolt diameters of (a) 19.1 mm and (b) 22.2 mm, respectively. The dashed reference
line indicates the ram pressure versus bolt stress calculated from the known applied load and
bolt cross-sectional area.

For applied stresses in the range of 0 to 600 MPa, the calculated stresses were generally found
within 100 MPa of the known applied stress. In the higher stress range, the results showed 4-
20 % reliability, while the largest percentage errors were found in the low stress region. The
error is generally an increment of stress, rather than a percentage of applied stress.

In all, the resulting calculated stress acting on the bolt showed an improved accuracy compared
to conventional mono-wave techniques at the time of the study. In this work, no measurements
were conducted in order to deduce the possible effect from plastic flow.

9.8.2 Free bolts of lengths up to 50 mm for automotive applications

In work dated in 2000, Yasui et al.?® used a combined L/S mode transducer for bi-wave
measurements on short bolts for automotive applications during exposure to high axial loads.
The results were also compared to analyses using the conventional linear method based on
longitudinal waves only.
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The experiments were conducted on 30 mm and 50 mm long bolts of the material SCM440.
Both ends were finished to be flat and parallel, and the exact dimensions of bolts A and B are
displayed in Figure 22.

550 .
350
ﬂh 682
Bolt A MIOX1D
280
100
Bott B MI1x10

Figure 22. The bolt geometries used.

The bolts were fitted into a load cell where the axial load was applied by a torque wrench. The
error in the axial load cell was found to be within +1%. Different maximum loads were applied
to the bolts A and B, respectively.

The combined ultrasonic transducer Panametrics-X1045 from Olympus simultaneously
generated and received a 10 MHz longitudinal wave and a 5 MHz transverse wave. The
transducer with 6.3 mm diameter was attached with a viscous coupling medium. The time-of-
flight measurements were carried out with an ultrasonic pulser-receiver and an A/D converter
with minimum sampling interval of 10 ns. Figure 23 displays the resulting waveform of the
longitudinal (L) and transverse (T) waves of bolt B, along with their frequency spectra.
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Figure 23. (a) The received waveform of the longitudinal (L) and transverse (T) waves of bolt
B, with the zero-crossing method used for deducing the time-of-flight between echoes, and (b)
the corresponding frequency spectra.

The result from the velocity ratio-method (bi-wave technique) was compared to the result when
employing the change in time-of-flight for the longitudinal wave alone (conventional linear
method). The both calibration curves are displayed in Figure 24.

BeFo Rapport 164



72

2
T
<
o Cs L 1 L 1 1 1 L
0 50 100 150 200 25 300 290
Difference of the time—of-flight : 2T (nsec)
L Transducer fixed
n= |
z W
£
E aon B
L
T W
£
20
n I L L
1820 1224 1228 182
Ratio of the time—of-fight : Ts.~TL
(a) (b)

Figure 24. The calibration curves obtained for 10 specimens of bolts A and B, respectively,
employing (a) the linear AT-method and (b) the bi-wave velocity ratio-method, respectively.

In Figure 24a, the calibration curve of bolt A shows a linearity, while bolt B obtains a significant
error subjected to nonlinear effects. This nonlinear extension of the stressed part of bolt B is
caused by the geometry of bolts, where a high stress appears locally at the threaded portion and
at the corner of the seating, respectively.

In Figure 24b, the calibration curves obtained by the velocity ratio was performed on only one
specimen of the bolts A and B, respectively, and with the transducer being fixed. Both
calibration curves show a better linearity compared to Figure 24a, and the deviation from
linearity is quite small also at high loads for bolt B.

BeFo Rapport 164



73

However, the calibration curves obtained by the velocity ratio for five different specimens of
bolt B showed a lower correlation between different specimens (Figure 25). This indicates that
even small variations in geometry and material properties of short and highly stressed bolts can
provide non-negligible errors for the axial loads estimated.

Transducer fixed
n=§

Axial load (kN)

Ratio of the time—of-fights : T5./TL
Figure 25. Calibration curves obtained for five different specimens of bolt B.
The repeatability obtained from the bi-wave method was also smaller for both bolts in trials
where the transducer was repeatedly removed and attached (Figure 26). This error induced by

frequent detaching the transducer was assigned to variations in thickness in the coupling
medium.
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Figure 26. Errors induced by frequent detaching the transducer.

In all, the bi-wave method provided reasonable axial load for 50 mm long bolts, while
noticeable errors were observed for shorter bolts of 30 mm. The technique also requires
reduction in errors caused by the changes at the interface between the transducer and the bolt
head.

9.8.3 Free 42CrMo4 steel bolts, up to 215 mm long

In work dated in 2007, Chaki et al.”” used a combined ultrasonic transducer for simultaneous
generation and detection of longitudinal and transverse waves for measurement of the
tightening force in bolts. The study aimed at a simplified calibration procedure to obtain an
absolute automation of tightening control.

The 42CrMo#4 steel bolts were of diameters 12 mm (HM12) and 20 mm (HM20), respectively,
and the longest bolts evaluated for each diameter were 207.38 mm (for d=12 mm) and 215.58
mm (for d =20 mm). The end faces of the bolts were finished to be flat and parallel.

For bolts tightened by a torque wrench, the state of stress generated is actually a combination
of tension and torsion. The shear stress induced by torsion has, however, been found to have
only small influence on the ultrasonic measurement of tightening tension®®. The uniaxial stress
loading was accordingly carried out in pure tension with an INSTRON testing machine,
equipped with a force sensor and an extensometer. The ultrasonic measurements were carried
out during loading and unloading, and the applied stresses were limited to 75 % of the yield
strength in order to avoid plastic strains. To obtain a stable and reproducible system, each bolt
experienced a loading cycle up to 20 % of its yield strength prior to the actual measurements.

The broadband normal-incidence transducers used emit and receive the longitudinal or
transverse separately through an acoustic coupling layer. The probe diameters used were 12.7
mm and 6.35 mm, for the two bolt diameters, respectively. The path of the ultrasonic waves
can include several round trips until complete dissipation of the ultrasonic energy, and the
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signals were sampled and visualized at 500 MHz. Figure 27 shows an example of the

longitudinal and transverse wave signals received after propagation in an unstressed 215.58 mm
long HM20 bolt.
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Figure 27. The waveforms of the (a) longitudinal and (b) transverse wave received for an
unstressed HM20 bolt.

In order to calculate the load from the time-of-flight ratios of the longitudinal and transverse
waves, the effective length, Le, and the difference between the acoustoelastic coefficients,
At—AL, are required:

7 V?[ L, F]
L= Tl _Z2(A,—A,)—
Ig V?— L( T !)S

3 €

These unknown were deduced from calibration tests on totally threaded bolts made from the
same material but with different dimensions and tightening configurations. For a bolt tightening
configuration, j, with a given bolt diameter, the slope of the equation derivate with respect to
the axial load, F:

VEL”:; (Ar—=Ap)
WL s,
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As the difference At—AL is dependent on the bolt material only, it will remain constant between
two different tightening configurations. The value of A1—AL can thus be eliminated by taking
the ratios of the slopes for two different configurations.

ik
b _L
By LiL,

This allows calculation of the length L, after which also the value of At—AL is provided. In
order to verify that the difference At—Ar actually is entirely constant, additional calibration tests
can be performed. For one total length, L;, several grip lengths, L, may be used. Conversely,
for one grip length several total lengths may be tested by cutting up the bolt. Here totally
threaded bolts are preferably used since they enables an equivalent cross-sectional area, and
thus provides an average stress. For a configuration, j, with a given bolt diameter, L. is given
by:

Li=L)+6L

The distance SL depends on the bolt geometry, such as head and nut thickness, diameter, and
thread for a given tightening load. For two configurations, j and k:

f k f k
L-Lf=L) - L

As the lengths Ly and Lg* are usually known from bolt geometry, the two lengths L and L
can be calculated using pairs of all the configurations. Figure 28 shows the resulting calibration
curve of tr%/t.° versus the axial load for a tightened HM20 bolt during loading and unloading.
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Figure 28. The calibration curve obtained for the HM20 bolt with L; =215.58 mm and
Lo=144.50 mm.

This linear relation allows the evaluation of the axial load, F, for similar bolts and tightening
configurations without loosening the bolts. For a single tested bolt, the resulting measurement
uncertainty was estimated with 10 % at 95 % reliability.

The uncertainty of the velocity measurements alone was estimated to +0.8 m/s for 95 %
reliability. This estimation includes both the resolution of the instruments and the statistical
measurements. For both longitudinal and transverse waves, the velocities slightly differed
depending on the bolt diameter and length, L;. These velocity differences were larger than the
measurement uncertainty, and were assigned to diffraction phenomenon of elastic waves in a
limited bolt geometry. For a given diameter, however, the ratio VL%V’ was almost identical
for different tightening configurations. This means that for confined propagation, Vi /V1® is
insensitive to variation of the length but is sensitive to varying diameters.

In all, the axial load on a bolt of ~215 mm could be determined with an uncertainty of +10 %
at 95 % reliability. The determination of L. and Ar—AL requires only two calibration tests
applied to one bolt under two grip lengths. Provided that parameters for V.° /V1%, 8L and AT—AL
are characterized for different bolt materials and geometries, this allows for an absolute
automation of tightening control.

9.8.4 Clamped bolts of length 115 mm tightened to yield

The determination of the residual load of bolts tightened into the yield is of interest for e.g.
engine bolts such as cylinder head bolts and con rod bolts. Hartmann?® used simultaneous
generation and detection of both longitudinal and transversal waves in order to determine the
residual clamp load of bolts tightened into yield. The bi-wave technique made it possible to
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eliminate this unknown parameter, i.e. the plastic elongation for bolts tightened to yield, without
need to disassemble the joint.

A bolt tightened into yield has a defined clamp load determined by the strength of the bolt.
However, as soon as tightening tool stops, the torsional stress in the joint relieves and the
residual stress drops slightly below yield. Further release of the stress in the bolt occurs as the
joint settles, after which the joint is back in the elastic region.

The method for determining clamp load with the conventional linear method, employing a
single longitudinal ultrasonic wave, is displayed in Figure 29. As the ultrasonic testing cannot
differentiate between a purely elastic and a plastic deformation, the plastic elongation of the
bolt becomes a problem. After being tightened into the yield (point A), the bolt can be further
stressed to point B by external forces or different thermal expansion of the bolt and the jointed
components. Although the plastic deformation at point A might have been determined
previously, the plastic deformation at point B is unknown. As the joint is cooled down to room
temperature to enable an ultrasonic clamp load testing, the load is further decreased along the
elastic line. The actual load can only be determined by untightening the bolt and measure the
difference in the ultrasonic time delay between point C and the completely unloaded bolt.

1.) Tightening during assembly

s A
Tig 2.) Potential further
2 elongation of Bolt caused
S by externals loads
2

3.) Loss of Load due to Setting
Effects and cooling down to
Room Temperature

\4_) Untightening of the Bolt to

Measure the Time Delay.

| ——
Plastic Deformation of the Bolt Elongation |

Figure. 29 Determination of the residual clamp load of a bolt tightened into yielding using the
mono-wave ultrasonic method after untightening.

The solution when employing the bi-wave method is displayed in Figure 30. The experimental
work employed a fatigue tester and the sampling rate of the ultrasonic transient recorder was
set to 2000 Hz. In order to incorporate the influence of thermal elongation, the test rig was
exposed to 150 °C for 5 hours and cooled down to room temperature to simulate a real engine
application.
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Figure 30. The behavior of longitudinal and transverse waves for an M12x1.5x125 mm bolt
with a clamp length of 113 mm tightening into yield.

The influence of plastic deformation was found to be higher for the longitudinal waves
compared to the transversal waves. This effect allowed for a compensation of the plastic
deformation, after which the residual clamp load of bolts tightened into yield could be
determined without disassembling the joint. After calibration at different levels of plastic
deformation, a bi-linear equation was deduced to describe the bolt load as a function of the time
delays of both waves. For 21 different bolt specimens of grade 10.9 and geometry M10x115
mm, the maximum deviation from the clamp load of the load cell was about +4 %. The accuracy
of the method may however be improved by employing a second order equation instead of a
bilinear calibration function. The accuracy was found to decrease for shorter clamp length. Any
changes in the bolt stress or elongation lead to higher changes in the ultrasonic time delay,
which consequently leads to a better accuracy. The accuracy was also found to decrease for
higher levels of plastic deformation. Additionally, the accuracy was found to be significantly
better for bolts with their thread rolled after heat treatment compared to bolts that were rolled
before heat treatment. Thread rolling not only induces residual stresses in the thread, but also
locally work-hardens the material in the root of the thread. These changes in the microstructure
are smaller for bolts that are heat treated after thread rolling, and it is assumed that the
microstructure has an influence on the ultrasonic sound field.

9.8.5 3.1.5. Free bolts of lengths up t0160 mm using mode converted waves

Simultaneous generation and measurement of both longitudinal and shear waves in bolts can
also be made using mode conversion of longitudinal waves. Figure 31 describes the mode
conversion of a primary longitudinal wave in a bounded solid immersed in fluid. A pair of
transmitted longitudinal (L) and transversal (T) waves penetrates into the solid with specific
refraction angles depending on the polarization of the waves. As the waves reach the surface of
the solid, they produce a pair of mode-converted waves (LT, TL) back towards the front
surface'?.

BeFo Rapport 164



80

Reflection
Incident wave Longitudinal wave

wave i 1 T

b .| Detector

Mode-converted f
ultrasound

Figure 31. Mode-conversion of ultrasonic waves in a bounded solid"

Kim and Hong'? proposed an ultrasonic technique employing mode-converted ultrasound for
determining the axial stress in high-tension bolts. An acoustic transverse wave that propagates
in a plane stress state undergoes a phase velocity change along its path. This is similar to the
birefringence effect of polarized light in optics according to its wave vector. The method,
however, applies only to plane stress normal to the propagation vector. In this work, however,
a theoretical expression for axial stress in terms of the time-of-flight measurements was
obtained by combining the velocity ratio method to calculate the tensile stress of bolts with the
birefringence concept. The transverse TT-wave generally is weak due to strong attenuation. For
this reason, the mode converted LT-wave, which contains both longitudinal and transverse
wave velocities, was chosen for the analyses.

A single piezoelectric transducer was used, and the ultrasonic signals produced in the bolt were
captured via an acoustic lens. As the time-of-flight calculation from the LT-wave requires
knowledge of its wave path, a ray analysis was required. As the ray from a defocused spherical
lens is incident on the cylindrical solid with a small angle, the path and time-of-flight of the
mode-converted LT-wave can be deduced using Snell’s Law and the geometric conditions. For
a long enough cylinder, all refraction angles can be assumed to be very small. This
simplification, and pre-knowledge of the acoustoelastic material coefficients involved, allows
the calculation of the axial stress of the isotropic cylindrical material from the ratio of the
longitudinal LL wave and the mode converted LT wave.

The determination of the acoustoelastic material constants is, however, not always straight
forward. If the bolt material has been heat treated, or experienced degradation due to long-term
service and corrosion, the pure steel material may not be a relevant reference material to conduct
calibration measurements on. It may then be useful to determine the elastic constants from
separate measurement on the bolt head of the actual bolt to be analyzed. The bolt head is free
of load and accessible for inspection even after fastening. The transducer is connected to the
side of the bolt head, and its size is deduced by e.g. a micrometer. In the work of Kim and Hong,
the resulting accuracy after measuring on the side of the bolt head was ~5 %. The error was
assigned to the different measurement points for measuring on the bolt head for calibration and
for the actual analysis along the bolt axis. Also, long high-tension bolts are actually anisotropic,
i.e. with different material properties along and transverse to the axis due to e.g. heat treatment
and cold-drawing during manufacturing.

BeFo Rapport 164



81

The bolts analyzed were of material and geometry M22 SCM435, but with the different lengths
of 160 mm (Bolt A) and 134 mm (Bolt B). The bolts were subjected to tensions from 0 to 1.8
tons using a universal tensile machine. The increment steps were 200 kg and a 5 minutes holding
time was employed at each load prior to ultrasonic analysis. The ultrasonic waves were
generated and detected using a 10MHz transducer and an acoustic lens with a small aperture
angle. The bolt head was cut from hexagonal to a round shape, and the transducer and acoustic
lens were placed on the flat bolt head surface using a coupling medium.

The waveforms of the ultrasound for bolt B are exemplified in Figure 32.
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Figure 32. Waveforms for the longitudinal (LL) and mode converted (LT) waves.

Additionally Figure 32 shows the variation in time-of-flight for the LT wave with load. As the
tensile strength expands the bolt, its acoustic velocity is reduced and the resulting time-of-flight
is increased. This increase showed a nonlinear contribution assigned to the inverse proportional
relation between the time-of-flight and the wave velocity, and to a nonlinear distribution of the
axial stress in the bolt cross sections and along the axis.
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Figure 33. The variation in time-of-flight for the mode converted LT wave with load.

Figure 34 shows the resulting relationship for bolt B obtained between the tensile stress
calculated from the measured TOFLL/TOFrL-ratios and the actually applied stress.
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Figure 34. The relationship between the actually applied stress and the measured
TOF11/TOFTi-ratios.

In all, simultaneous velocity measurement of two differently polarized acoustic waves, LL and
TL, were made with approximately 5 % error. The tensile stresses were possible to evaluate
accurately down to less than 10 % of the yield stress of the bolt material.
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9.9 Bi-wave analysis of bolts employing a single EMAT probe

9.9.1 A bi-wave single-probe EMAT applicable to non-magnetic metals

For non-magnetic metals, the Lorentz force mechanism allows the bi-wave technique to be
employed with a shear-wave EMAT, which then allows a dual-mode EMAT with both
longitudinal and transverse bulk waves. E.g. Hirao and Ogi® employed a shear-wave EMAT of
5 MH on a 320 mm long bolt of aluminium alloy 7075T771 and subjected to an axial stress.
Figure 34 shows the resulting longitudinal, transverse and mode-converted echoes received.
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Figure 35. The received longitudinal, transverse and mode-converted echoes, with
magnification of the first longitudinal echo, which is not subjected to mode conversion®.

The first echo of the longitudinal wave and one echo from the shear wave were selected for
deducing their phase response to stress. These echoes experienced no mode conversion at the
lateral surface, and the measured phases showed a good linearity with the axial stress applied.
Figure 35shows the normalized difference of the longitudinal and transverse wave phases,
where the offset value was found to depend on the Poisson’s ratio alone. While the pre-
knowledge of the propagation length is eliminated employing this method, the acoustoelastic
coefficients are still required from experiments.
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Figure 36. The axial stress in an aluminum bolt versus the normalized difference of the detected

phase of longitudinal and transverse waves”.

This method is, however, only applicable to nonmagnetic metals, while most bolts are made
from ferromagnetic steels®.

9.9.2 Free steel bolts up to 500 mm long using a single EMAT probe
prototype

The French research institute CETIM'® 37 has developed a bi-wave technology to measure the
axial stress on bolts using electromagnetic transducers (EMAT). This method is not
industrialized yet, but CETIM employs a prototype. Being a non-contact transducer, the EMAT
enables a repeatability which is difficult to obtain with traditional piezoelectric transducers.

Figure 36 displays the principle of electromagnetic generation of ultrasound, along with a
resulting Fourier transform of echoes obtained on a 30 mm thick 35NCD16 specimen. The
ultrasonic spectrum was found to be centered at ~6.5 MHz. The acquisition is performed with
an oversampling with 100 MHz frequency, which leads to 500 MHz equivalent frequency. The
time-of-flight is measured on the peak value of the longitudinal and transverse echoes,
respectively. The best resolution for a stress level of 1kN has been observed at a sampling
resolution of 2 ns.
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Figure 37. (a) The principles of EMAT generation of ultrasound, and (b) a typical spectrum for
a 30 mm thick 35NCD16 specimen.

In order to deduce the axial load on bolts, the authors have performed®’” EMAT- measurements

on bolts of various dimensions. Unpublished results exist for bolts of e.g. dimensions M14,
M18 and M24, and with lengths from 64 to 152.5 mm.

BeFo Rapport 164



86

From testing the same bolt after subsequently reducing its length, it could be confirmed that the
ultrasonic measurement was independent on bolt length. Figure 38 shows an example were one
of the bolts tested have obtained a subsequent reduction in length between measurements.
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Figure 38. The resulting bi-wave calibration curve on a bolt after subsequently reducing its
length from 111.08 mm to 107.00 mm.

Figure 39 displays the time-of-flight ratio for the longitudinal and transverse waves, TT/TL,
versus load for a 520 mm long M30 bolt.
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Figure 39. The resulting bi-wave calibration curve on a 520 mm long M30 bolt".

As the ultrasonic velocities are significantly affected by the temperature conditions, also the
influence of temperature was measured in an oven on an unstressed bolt. Figure 40 exemplifies
the linear relationship between the resulting velocity ratio and temperature.
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Figure 40. A temperature calibration curve, providing a load correction factor versus
temperature.

The slope of the resulting calibration curves was also found to depend on the tightened length.
Figure 41 shows an example were the actual tightened length of the bolt is varied.
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Figure 41. The slope of the calibration curve was also found to depend on the tightened length.

The ultrasonic measurements showed no effect for differences in torsional load (and also
tightening torque) or by the presence of lubricants on the torque. However, flexion can disturb
wave propagation and measurements. Additionally, the technique is dependent on the material,
as well as on various heat-treatments. The method is currently also not valid on Titanium and
Inconel bolts. As the ultrasonic velocity increases linearly with temperature, stability in
temperature is of high importance for the analyses.

In all, the results showed a clear linear relationship between the load and the ratio of the
transversal and longitudinal ultrasonic wave velocities, TT/TL. The bi-wave method thus
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enables to perform the measurements in already tightened bolts with an uncertainty less than
+5 %. These results show that it is possibility to measure the load condition in already tightened
bolts without pre-knowledge of the exact length of the unstressed bolt. While the one-wave
method, employing only longitudinal waves, is not valid in the plastic region, the bi-wave
method was found valid also in the plastic region. The tests were, however, only performed in
a laboratory environment and not in the field.

9.10 Piezoelectric- vs EMAT ultrasonic transducers

A piezoelectric transducer induces ultrasonic waves by generation of a mechanical stress in
response to an applied electrical potential. Portable instruments are commercially available for
measurements of transit time/time of flight of bulk waves. The piezoelectric transducers,
however, require an intimate contact with the bolt end. This can cause errors from the stamped
mark, surface conditions and from unstable couplant properties®. The need for coupling fluids
also means that the elastic waves not only propagate in the material but also in the coupling
element and the transducer itself. This means disturbing echoes from interfaces within the
transducer. Using piezoelectric transducer, the wave propagation angle in the test part is
affected by Snell’s law. As a result, a small variation in sensor deployment may cause a
significant change in the refracted angle. Additionally, the method often is strongly dependent
on the operator skills.

Contactless transducers include Electromagnetic Acoustic Transducer (EMAT), Laser-induced
ultrasonics (LUS) and air-coupled transducers. In the case of rock bolts this would enable
determination of the load of a mounted rock bolt without any prior knowledge regarding the
object under investigation. While laser-based systems cannot be applied on such thick/long
samples, EMATSs allows investigations on longer samples.

The primary advantage of EMATSs over piezoelectric transducers is that the ultrasonic waves
are generated and detected through electromagnetic forces. This means that no mechanical
coupling of acoustic energy is required, which eliminate measurement errors associated with
the contacting transduction®® °. Since ultrasonic velocities can be measured at different stress
levels without changing the distance between transducers, this is especially beneficial for
acoustoelastic measurements. With contact-based piezoelectric transducers, the test surface has
to be machined smoothly to ensure coupling. Using EMAT, the requirements to surface
smoothness are less stringent. As the efficiency of the transduction decays exponentially with
the distance between the sensor and the sample, the separation possible is limited to a few
millimeters. However, this is enough to give a big advantage over piezoelectric transducers in
some applications. It enables analyses at high temperatures as well as on moving samples®’.

Generally, three mechanisms are responsible for the electro-acoustic transduction of EMATS;
the Lorentz force, the magnetostrictive force and the magnetization force. While the Lorentz
force arises in any conducting material, the other two forces only occur in ferromagnetic
materials>® °. Due to the forces arising due to magnetic interactions, the EMAT operation on
steel is considerably more complicated than on non-magnetic metals as aluminium.
Additionally, the lower electrical conductivity and higher density of steel will significantly
reduce the EMAT efficiency in the Lorentz mode of operation for steel compared to e.g.
aluminium. Figure 42 shows the mechanisms of bulk-wave-generation by Lorentz forces and
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magnetostriction, respectively. For the effect of magnetostriction, the efficiency of the shear
wave (or transverse wave) is considerably larger compared to the longitudinal wave’®.
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Figure 42. Mechanisms of bulk-wave-generation by (a) Lorentz forces and (b) magnetostriction
(a transverse wave, S-wave EMAT), respectively.

The main drawback of the EMAT systems is the generally lower signal-to-noise ratio compared
to piezoelectric transducers. The low generation efficiency has limited the use of EMATS as
ultrasonic generation sources. In order to compensate for their low efficiency, EMATSs are
typically narrowband in nature. The signal to noise ratio can also be greatly enhanced by
filtering.

The EMAT is an ideal transducer to generate Shear Horizontal (SH) bulk wave mode, as well
as Lamb waves and other guided-wave modes. Several types of EMATS exist, such as bulk
wave EMATSs, longitudinal-guided-wave EMAT, PPM EMAT, Meander-line coil SH-wave
EMAT, various SH-wave EMATSs, Rayleigh wave EMAT and EMATSs for high temperature
applications®. An EMAT can excite the orthogonally polarized horizontal shear (SH) plate or
bulk modes. It is believed that this new transducer has many potential applications in the
excitation of SH waves for both signal processing and nondestructive testing devices. These
waves are important because of the absence of mode conversion when they strike surfaces
parallel to their polarization and the resulting simplicity of the resulting signals. Previously they
could only be excited by EMAT's using the periodic permanent magnet geometry™.

A large market for EMAT probes today is quality inspections of welds or investigation of
defects, employing both bulk waves and guided waves. Common to these analyses is that you
only use one type of ultrasonic wave at the time. This simplifies the measurement and allows
the probe to be small. Although small EMAT transducers do exist, commonly used transducers
are large. For a probe for the generation of two types of waves simultaneously becomes a
limitation to the probe head is small enough to fit on the measurement object without limiting
the ability to measure long distances. While the bi-wave method, employing simultaneous
generation and detection of longitudinal and transverse bulk waves, is applicable on already
tightened bolts or screws, there is currently no EMAT equipment available on the market today.
However, as previously described, the French research institute CETIM has employed a
portable prototype equipment capable to measure on M14 bolts of lengths up to 160 mm?” and
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M30 bolts up to 500 mm'>. Commercial piezoelectric probes exist that simultaneously generate
and detect both longitudinal and transverse bulk waves. Olympus (www.olympus.com)
provides a piezo electric probe/converter, which uses a combination of longitudinal and
transversal wave. A combined EMAT- and piezoelectric probe with a sensor head of 25 mm
diameter that allows the bi-wave application is however available at Inner Spec Technologies
(Www.innerspec.com).
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Figure 42. A schematic description of a piezoelectric- and an EMAT transducer, respectively.

9.11 Conclusive summary

In order to ensure the safety and reliability of rock bolts and other structural components, the
integrity and load conditions have to be carefully controlled during both installation and service.
A number of non-destructive testing methods have been developed for evaluating and
monitoring bolt integrity, with focus on the grouting quality of long rock bolts. Some techniques
require access to both ends of the bolt, while for the application one end is unreachable. The
main focus of the survey is techniques for deducing the axial loading condition of bolts. The
examples range from bolts joining thin lap-joint structures for automotive applications to long
grouted bolts — often with both ends accessible.

Traditionally, the torque wrench technique has been used for evaluating the loading condition
ofrock bolts. However, as load to a large extent is dissipated in friction large errors are obtained
for determinations of the axial load. Other commercial methods include strain gauge- and
elasto-magnetic sensors, all which have to be pre-mounted onto each bolt for monitoring.
Recent years, ultrasonic methods have been considered valuable non-destructive techniques for
estimating bolt axial load. As rock bolts are not free standing, but grouted into e.g. cement and
epoxy also only one end of the bolts is accessible for the analytical technique in question. In
general, the conventional ultrasonic methods for the detection of bolt load can be divided into
two groups, based on either wave-propagation or vibration/resonance. Several studies use
nonlinear ultrasonics to correlate the frequency shifts with load caused by stress-velocity
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relationships based on the acoustoelastic theory. The methods based on acoustoelastic effect
use the fact that ultrasonic wave velocities vary proportionally with the axial stress. The
methods, however, require the knowledge of the acoustoelastic coefficients of the bolt material
investigated, which means that calibration tests have to be carried out on the bolt material. For
certain application, calibration tests can be carried out on similar untightened bolts - but often
the variation in material properties are too large due to e.g. heat treatments, ageing, or other
variations between batches and material providers. For some applications calibrations can be
performed on the bolt head of the tightened bolt in the field. For long specimens, a limiting
factor for the ultrasonic bulk wave techniques is the strong attenuation while propagating in the
material. Experimental work for monitoring the integrity and stress levels of free standing long
grouted bolts have also been performed using guided ultrasonic waves, which can travel further
along a structure. For studies employing guided waves, the focus has however generally been
on crack- and flaw detection for long rods and even rails.

The conventional acoustoelastic ultrasonic technique for deducing axial loading is based on
variations in the time-of-flight of a single longitudinal bulk wave with loading. A main
drawback of this mono-wave technique is the required pre-knowledge of the initial bolt length
as well as the initial loading condition. For many applications it can be difficult to deduce these
data for already fastened bolts. These requirements can be avoided if two waves with different
behavior are evaluated simultaneously. This so called bi-wave technique employs the time-of-
flight ratio of both the longitudinal- and transverse bulk waves. As the two waves travel the
same distance, they carry with them different acoustoelastic effects and travel with different
velocities, and the dependence on propagation length is eliminated by the phase ratio of the two
waves. Still, an extremely accurate time-of-flight measurement is required, especially for short
bolts. Only small variations in the contact condition and measurement location of the piezo
electric probe can cause a significant error in the time-of-flight measurement. Experimental
errors induced from two different contact measurements of the two waves can however be
avoided by employing a simultaneous generation and detection of both longitudinal and shear
waves. Commercial piezoelectric probes exist that simultaneously generate and detect both
longitudinal and transverse bulk waves, and the work has generally been carried out with a 10
MHz longitudinal wave and a 5 MHz transverse wave, respectively. The bi-wave technique has
been employed for deducing the axial load for bolts between 50 and 215 mm long » 28 27 14,

Piezoelectric transducers, however, require an intimate contact with the bolt end which can
cause errors due to various surface conditions or couplant properties. The primary advantage of
EMAT transducers over piezoelectric transducers is that the ultrasonic waves are generated and
detected through electromagnetic forces. This means that no intimate contact with the bolt end
is required and that measurement errors associated with the mechanical coupling is avoided.
The main drawback of the EMAT systems is, however, the generally lower signal-to-noise ratio
compared to piezoelectric transducers. For the effect of magnetostriction, the efficiency of the
transverse wave is considerably larger compared to the longitudinal wave. The lower electrical
conductivity and higher density of steel will significantly reduce the EMAT efficiency in the
Lorentz mode. For a bolt made of nonmagnetic material, an EMAT transducer generates
simultaneously longitudinal and transverse waves in accordance with the Lorentz principle. For
instance a 320 mm long bolt of aluminium alloy have been investigated while subjected to an
axial stress>. However, on a magnetic material, the generation of longitudinal waves is very
difficult and only transverse waves which are generated according to the magnetostrictive effect
are exploited. There is currently no EMAT equipment available on the market for simultaneous
generation and detection of longitudinal and transverse waves. The French research institute
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CETIM has developed a bi-wave technology to measure the axial stress on bolts employing an
EMAT prototype equipment which has been capable to measure the axial load condition of
bolts with lengths up to 500 mm®’ '°. A combined EMAT- and piezoelectric probe with a sensor
head of 25 mm diameter that allows the bi-wave application is commercially available.
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