LEAR MAGNETIC RESONANCE

Non-destructive evaluation of concrete and wood

properties using NMR
H Saadatmanesh and R Ehsani

in this puper a prefiminary investivation of the Nuclear
Maguetic Resoncnce (NMR) technigue for nom-destriactive

eveliadion of concrete and wouod Is smde, Bosie principles of

NME are discussed, Samples of cewtevete anted wood were jested
wsing NMR. B these tesis, the fivdration process in concrete
dnd the moisture contentt of wood sanples were pronitored.
i addedition, standard destruciive wxting of these materials
wees comdieted to dete nmine their fuilieve strenpths. The vesnits
af destrctive fests were compared with those of NME testings,
oo correlation was ohserved between the resilis of ren-
destructive NMR and standard destructive fests,

Introduction

Aveurite determination of the in site physical propertios of
canstruction materizls hys been a primary chjeciive of many
researchers ind enginecrs. For this purpose, muny non-destructive
techniques with various degrees of accuracy have been developed.
In this paper, the potentiul of Nuclear Magnetic Resonanee tNME)
is a4 possible ool for non-destructive measurement of strength of
comerete ind wood will be caplored. NMR iy particularly suited for
measurenent of chemically-bowmd hydrogen. and free hydrogen in
the furm of witer ind other exchangeable hydrogens in conerete
and wood saenples, Theretore, this methid possesses o goud uicntial
for manitering the hy dration process incancrete and its welutionship
e the canurele compressive strangth, as well ws for determining (he
eflect of moisiune content on the strengih of wood.

NME has heen exlenstvely used ina variety of disciplines such
its chemistry, biology and medicine. However, its application as a
nin-destructive tes mwthod for constraction matcrials has been very
limited. 1tis primarily wsed Jor swdies of ooamic materials, Presently,
NMR v une of the mosl powertul marerial analysis methuods in
hivchemisty and analyticnl chemistey, In medicing, imagring by NMR
15 hecoming increasingly popular as an effective diagnastic ol in
LTl wilTs.

Inthis paper, i briet sunmmnary of the principles involved in NMR
will be given, Freliminary results of nen-destructive tests performed
o canerets sumples witly different waericement ratios and wood
samples with differentmwdsiure contents will be discussed. The non-
destmcrive 1est results will alv be compared with s sertes off
desteuctivg wsts performed om wimnples similar g those tested with
NMR o avestizate any correlatien between the destruct ive and non-
destructive st results, Such correlions can be used 1o colibrate
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the NMR sysiem tor non-destroctive fr sire measurement ol
propertics of conerete and wood structures in the Field.

Principles of Nuclear Magnetic Resonance
(NMR)

In this section. o bricP summary of the principles of NMER s reponted
by severul researchers (General Electric, 1982 MoMurry, 1890,
Abkit, 19927 will e given.

The casentidl elements e NMR medsurements are the nuclear
spins. Since a nucleus bears anelectriv charge, s spin produces 3
magnetic moment, W The felds produced by these tiny mapencts
reserble those of a micrscopic bar magnet. In e absence of an
externul magretic field the nuclear spins of the magnetc nucke are
aricniad randomly (MceMurry, T80 The nuclel, however, ariem
themselves inspecitic directions when pluced between the poles of
a strong magzne! with o magnetic Deld, B A spinning nucleus cun
orient itsell in two possible dicections: (1) parallel to the exieenal
magnetivc field, where the tiny magnetic field of the nucleus is aligoed
in the same divection as the external ficll: and (b antiparalle]. shere
the nuckeus™ magnelic lield adopts o direction apposite to that of the
external field. These possible orientations wre jllustrated in
Figure 1. The arentations shown in Frgare | do nol have the siame
energy levels and s ure nol prosent in equal amwonnis. The paradlel
orienlition is slightly lower inenergy, making this spin-siie slightly
fuvourcd over the antiparallel oricntation, The orisin ol the NMR
wehnigue lies i these eneegy dillerences.

An NME spectrum is obtuined by placing a sample in g strong
mapnefic licld and recording the rudio frequency (RF) radiation fram
the nucter in the sample. If the nuclel are irradiated with
electromugnetic rdintion of proper frequency, energy is ahsorbed
and o nuelews iy get aligned either inthe parallel or anti-paralic
direction with respect o the applied mugnetic field, The nucleos s
satd to he o resomance with the applied cadiation, henee the name
RUClear magneiic Tesonunee,

The amwount of BF cnergy required for resonanee depends bl
am the strength of the mugnetic field and on the tvpe of the nucleos
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Figure 1. Nuclei orientation: {a) in the absence of external
magnatic field; (b} in the presance ol external magnetic field
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being rradiated. B very stronge magoenc leld s appled. the enargy
ditference between the twa spin-stales (paralled and antiparallel? is
luree. ond o higher fregueney thigher cnerey bis reguired Tor i spin-
hip o ocenr I a weaher ragnene eld 1 appled, loss eneray s
eguired o elTect the transition belween nulear spin-states,

Without creating tessmma, there woulid be noodetectithie MR
sipral. Resomanee is 1he mduction of teansiliens bensoen (e
ditferent wierey stwesThe cmees reguiced o proedoce o iransiion
in MM s e dilference inhe magnenic energy hetaeen the lower
did wprper basie st

Rosenance oeowrs when rwdic trequeney s apphosl al the
progessond frequeney alse known as the Lavmors freguency, Tipping
e nnagnelic moments Trom teie paradlel Oower cnerey )y e their
ahor enerpy) levels (GOenerud Eleatric, 1982y The
Faener Degueney (W) is delined by

antiparatlel |

W =¥ B e ennenseesen

were:
T = magnetogyric ratio - a londiomenial physical constant {or cach
ouclear speciess and B = miensicy of magnetic field.

Ascwean sated carhier, the spinning of noelei produces magnetic
moments, Guantinm neechiznies shoves Uit for i proten e spin deoes
not align cxactly with the external magnetic ficld, bun rahee s
an angle, B, as shawn o Fizwre 20 The magnetic dipoles thens begin
1o process ahout the dicection of e external Teld, The precessionul
Frogqueney depeiuls on the tepe of nucleus, The precessioenal
mewement of the mupnetic muimenl secters form twe surlace oF o
donhle cone s sl Fugore 30 Their joint ahgmment ceeaes o
Macrseeopic muEneiisation or magnetic mement, S The aucleus
wlinch, becuuse of its laree abundinee and s Tavenrable magnetiv
mwnnent, leads eIl Test to NME studies is the proton 1General
lulecteie. 19820

Sagnetic resonance signals can by be received af fransverse
nnEnetsarivt, thal Is magnetisaion premendicular oo B30 is ercated.
sinee i is this ransverse compenend, M which s time-dependent
aned s, according w Farday s e of Induction, can induce a
vultage in the receiver eoil, Transverse masnetisation s created o a
radio treguency ficld ol ampbilede B inoresonanee with 1he
precessing spins, i appliced mooaodireetion perpendicular e the wain
field. IF the durviion i the By Teld is soeh that e enre
nuLenetisation i= ratled by an angle of B dearecs, il will become
transverse, that is porpendicular to the static tiehd, B (Geoeral
Electriv, 1482}

Butore o osystem is peotirbed by woradior Freguency, all the
magnetisalism oeeurs along ofte axis, letus suy the Zoaxis, as Jown
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Figure 2. Inclination of magnetic moment with respect to external
field
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Figura 3. Precessional motioen of magnetic moments. Due 1o
random phases, transverse compoenents of individual spins
cancel out

in Fizure 3, ALthis stge, dhe transverse components of e maenelic
marment vl cach wther e M=K, = (0. Bul 1 arler 1o ektain
Fescnlzaee, The svsdem st be pesturbed, This is diawe by possung an
RF alternatg current throuzh o cofl wrapped arommd the sample
spacy placed wlong the v -ases as shown in Biare 3 AD s e the
nuclear moments da et Ratve e swme gompenents in the XY-plane.
Theraelore, they con no Llenger canse ! oot aned there Is g resol ot
mignetisation Mransverse vy the eaernal field cARRTC 1942
The menetisation is ne longer i, wnl e roating vector, M
indloces an BRI current in the eoil enond the soample which cim b
mcianred as siemaure for e matertd besng esteds 1is noted i
Hie et s netisation 3s of interest e the magnetisaion for te s hale
sanmiple.

Aelaxation process

I a system inequilibriwm is perturbed. and {7 upon renoval ob the
pernrling infTuenee the systent is retwrned to its oviginal condiGan.
the system s said W0 have sefeed. The relasation normally i na
instntaneoews, by ikes g fioite smoont ol e,

In KMR measurcments, the relazation cim he described hy a
characteristie tiwwe, T the relaxation 35 Tase T s sl on the
ather hamd i1 the relasation is slowe, T s long, The relaxation
Behaviowrs of nuclear spins shosw up dircetdy wthenr NMR specira.
i are relidedd o the dynattties of the system. Theretoee, relisation
rimes wne exteemely important instudving the physical and chemival
prapuriics of isysiem.

Spin-Lattice Relaxation Time (1) The rarameter. T . gives e
timngs ol decay of magnetisation in the dirceiwn ot the applied exteenal
mignatic teld, B, after excitition. Theeetvre, Tis the relasidion
e of magnetisatan M, in the longiudinal direction. Applying a
vadio Deguency pulse, B, can swing the entire nuclear magnetisiion
awity Trarm its eguilibriom pesition in the 7 dicection {Akkit. [9%2).
This constituies the perturbadion ol a system as diseussed above. A
86 pulse will swing the magnetisatin veetor, M in the oppaosile
direetion, as shown in Figure 5 Uhe Figare shows the inversian of
rznetisaon. Iimmedizie by Tollowing the end ot the pulse, relaxation
bresing and the magnetisations will po Tack o its ariginal value aod
directiun. This ix known s fongitedingd velaxation and the
charactetistic timw {ur this process is T,

Spin-Spin Kelaxation Time (T, 1o 907 pulse is usad instead ol a
1RO pulse o cxgite the system, the magnetsation veetor M, will

INSIGHT Wo! 39 Mg 2 February 1997

o

Figure

[RRIEAMAT)
[ TSRS
lucanion
Precess
sats 14
showen
Ferod Al
dbuove

Free In

Lipent re
leld, the
magnet
CXeitatio
been ren
ol e
L ST
chiractes

Figure 5.

INSIGHT



Figure 4. AF current applied to induce transverse magnetisation

e into the Xy plane and create ransverse magnelsadion, The
transversie magnetisations precess randomly ot different spatiul
loweptioms: that s, some precess faster and some slower than the mean
precessianal fregoency. The resultis that the transverse magneisatinmn
starts e fan out and lose phase coherence oy time progresses, as
shown in Figure 6, Eventually, the wial magnetisaiion decreases ko
wertor CARKIL TH92), The characteristic time for the process described
uhove where e ransverse magnetisuion redoces o zero s T,

Free induction Decay (FID)

Llpon removal of the periurbing intlocnee or the radio freguency
Feld, the magnensigion is subjected o the elfect of the extermal static
il hengw processes about it During the post-
eacilivtien pertocd, or o pregession” petiod, whter the RE Field has
been rernoved, dwe mametisativn induees o voltge inthe reeciver

nnwenelic Fehl only

conl phced e tnmseerse plioe, The ITansverse fREnelisition.,
WL wiomsing the mdueed valiage, will deercisa wr scro with the
eharacleristic thime, T ol ser denes The sumplitudy of the deeennd
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Figure 5. Pulse sequence for measuring T,
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Figure 6. 90" pulse for measuring T, and out of phase transverse
magnetisation due to random precessicn frequency

voltuee, The sigmil received o this provess s ermed Free frdieetion
flecay (FID This signal 1 the form ob o damped aseillation, The
initial signal wmplitude is proportional o the transverse
magnelisation. Because the transverse magnetization iscll is
proportivsal to the number ol nocict eseited ina particular sample.

the ditTerences we the hedmgen density becomes discemible in the
NMR response (Genoerd Bleoiee, 1952,

I sburdd sulso b e nnoned thiad s vadoes of Tl 1 oy b
equal or they muy differ by arders of magmtale, but 'T.os always
shorter than T because M decays much Taster than M, s
re-established. The signal derived from B disappein s well Iefine
equilibrium s achieved. ’

The Carr-Purcell Pulse Sequence (spin echo)

In practice. the magnetic field generated by electron or
superconducting mignets has always some degres of inhomogenairy,
The eAfective, orabserved value of T, deflined by T.7, which includes
e ellects of the magnetic Neld inhomogeneity, s always shorter
than T-. Another tactor altectne T.o1s a0 random rehkation field
cawsedd by the Interietion ameng the oy maznetic elds of the nuclel
themselves, This phenomerm s intrinsic wd 15 independent ot the
nstmmental imperlections, These two processes are diterent inthat
the Firsd one acts continusisly ind s constam ad cach part ot the
sumple, sodhatin principil 1 ean be corrected; while the seecomd one
is ranedont jsd unpeedictable and cuneels ol Accurne estimates of
T, however, are ablgined using wspin-ceho megsarement called the
Crier Pursefl Briise Seqnence.

o 907 pulse s appehivl all the magnetisation M isan the sy
plane, hae different marts of the swmple base detTerent angular
vieloeilics due e the inhomogenaitics of the magnchie Gield,
Comseguently, some spin-nogler move schead ol the averige angular
velocily while soane others lag behind, Afler discontinganion ol the
SO pralse. e tramsverse magnetisanon M owill decrease and may
even herome rero i1 mugnetic Teld inhemoseocily is Lugze. The inilial
rafsverse maenetisation can. hoveser, be re-estabhished lier s ome
lapse. T seconds, by tuening the purtiolly dephased meaanetisanon
Wyl Ll o nirror ioage position. Thes e accomplished Dy apply ime
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i THOT RE pulse aluone X1 seconds abter the initial 987 degree pulse,
The nuelear spins continue o precess. bul alier awther T seconmds
they will comie into phase and the tansverse magncisaion M wall
aguin reach @ maximum. '

The R0 pulse is o refoeusing pulse and the inlensity of the
specometer sutpul rises Tollowing this pulse B masumim 1
secunds alter and then it decays again. Subseguent TRD pulses will
refocus the magnetisition. which could be refocosed mdeliniely i
the applicd pulses were perlect, The retacosing does not work for
the random relaxation provess, As o resolt, the duraton of the
cxperiment is lmiwd by intrinsie iraesve e celaxation, I faet, the
cohoes decay inintensity s a vae determmined by the real Ta, which
vl he mgiesuread Erontaplol o idensicy versus dme. The signilivanee
ol these cohoes will heconw maore clear i subsequent seetions on
applivations o NMR where T, wre determimed for conerele and
wond siples,

H-MMA spectrascopy

The hyedrogen proten, doe o s simphicity and relive abundanee.
lends iselt vory well o NMR speetraseapy. In favl, it is ofien given
ats cvwenn branch of WMB called preton ar H-5MR speciroseapy. The
adensiie o heleho ul the signal is proportional oy, where 7 is e
megnersey i radio. The hydrogen proton has e second Tiglhes
nngneiapyrie ratie known and therelore tis ecplan why 03 so
populue for NAE experimentation,

Chemical shift

Anuther phenomenon thil needs o e refeored o s called the
cheanivad ahift, Withoul this phenemenon, the application of NAIR
would be bimited Different nuelel woold resonate at different
Froyuencies dug o varition ey, b these differences woeuld be
hard e guamtify The chomical Sl arses hecase of the sy tha
the electrmms shicld o sercen the nocle from the external magnatic

field This shielding can be guamtihied. Tucthermere. electron metion
can be related o the position oF a nocleas im0 melecule, 1Rl lows
that the posivon ol mclens o swdeenle coan then be relited e he
clectran slnchding. As o resalt, the chemical shitt causes the NME
sigrnal o hehove shghily differently Tor noelen in different chenngd
cnvironments, Ui ks slight difterence, tor exumple. that miakes i
prosihle o distmeuesh protons in fres water molecales fnmn profons
in banded hydrogen in woed and conceete, These diflerences s labil
therasselves in NI sipmals as will ke demensieded inosabseguent
SCCIOns.

Evaluation of concrete and wood properties
using NMR

As was idicated in the preceding section. NMR iy purticularly
suilithle for distioglishing the amount of hydrogen fwiree waeer aml
Lycdrgen chemicadly-bunded in comerete wnd waood. This propecty
al NMERE will be tused and relied b mechimical propertics of cunerete
it winad ay deseribed inthe tollowing scetions.

a) Cancrate

Early g ~tremgth of conierete is critically dependent opon the rate
ol hydrsnon of cement or, in other words, the chemical reacton
hotween The water andd the coment.

Schreider and MueTavish (1985 studicd the spin-lattice
retuxation time of hyvdrated cemenl pastes. The study tocused on
moninering ol exchanpeable wiler present e cement pastes, N
atrention wirs piid to the water that had eutered the structuee as i
solid hydreate fwater that alrcady had cheoucally reacted with
cement s, The results oblamed allowed o churacteration of the
Erawtion of witer protms relioong towawd the Lattice with Jdiflerem
relaxation times 170 T was shown that there are only lwa
magnetisation compoents present durmg the hydration process ol
cenwnt rastes e was domimishing und the other one was frowing.
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It was suggested ax part of the repert that the diminishing
nienetdsation components represented the lnoid Tike water, and the
srowing nuLznetisation companeots represented the water inhe gol

phase, Nostudy o conerele, Thar s a mixlure of agrregate il
cement, wils perforimeld.

Bline ev af (19881 perfiwmed proton spin-lattive magnetisatian
recovery wasurcrucets of eachangeahle wader in Ordinary Poribionl
ComenUOPC il white coment. Such mueisurements alliss focan
almost conmiam e momterng ot the evoluton of the fracil reomeiry
ol cement gols with hydeation tme. The prown spin-Tunee celadion
L 1)1 wirs ineastired a1 coom wemperitors by o siundard 940 -1-
G RE pulse sequence at S MHz, Both types of cenent pasies
wore kept in NME elass wibes, The proan spin lamice celaxatien
e eute (LT ) menitors the caleiwm siticine edete 1C-5-E1 pet

prowluction s function of e, wnd exeept in the carly sioges of

Frgalration, is proportional o the aceessible pore airtaee area ot OFC,
Hy muomtoring the evelution ol 1717 was pussable o observe the
increase i the wetive gel pere winere sderface and also the change in
the peatmwenry of the newly Tormued byedranion products,

Several ather rescarchers, w, Lasic ol Prostar o L9830 Lasie il

Corhert ¢ 1984 and Bumm o Haraneesh o590 <oudicd e
hyedrtion prowess of cement rsing NBMED Mo study, however, wis
Faund 1o nelate the mechanical properties of concrete, such s e
compressive sieength, i the WMER response,
Sumple preparation and testing methods: Two conerele mises,
cach with a dilerent water cement FWSCT R, wore prepired asing
ordinary Pontlined Coement Ty pe -1 The maximum aggeepale i
was 8.5 a8 1) The WA o for the two congrele mises were
.44 and 0620 Buth mixes were designed seconding 1o e PCT
Ahsolute Volwme Method (Rosmiatkil and Pusirese. 19900 Two tepes
al sty wore perfoemied (o his sty and 1he resulis wene correlated:
i1 Stmdurd destructive compression wesis where T mim x
2R o i ® o canerele exlinders were monotscal [y oaded
1o Gailore: (27 non-destroclive testeng with NMED For MR lests,
lresh conerete was placed inside TS e s 127 mm (375 1 5 int
test tubes up toa heighl o 25 mm (3 i

All samples, ie the eylinders sl NMRB samples, were mide
airtight Juring the curing tme by means of paraltin wis o presen
craporation ind to Keep the ol manstoee inthe samples constim.
I additient, pread eftort was made fo coee all samples ar exiwtly e
~ame weinpreriiure and moisture,

The compression streneth 1ests and the NMR pesis wore
performed at the following tmes (hoursy alter the comen and The
wealer had heen combined 1o initiate the hydration process: 6, 12,
24048, 720008, 3360 304 and 072 howrs (28 days),

NMR festing: The sanples were subjected b a stdionmary magneic
Nekl (B,) belween the two poles ol a magnel and an oscillawry
magnetic feld (B ) genersted by the RE current cicculanng through
the coils gronnnd the sample ina 20 MH2 spectromcier, as shown in
Fieurs 7. This RF current also produced svaltge dit)
hosth erls of the cadls. This voltage diffcrence, which s the reveivedd

rence belwech

signal, b referred woas e deregsite of swegiediadion o all plots in
sttbseguent sectians,

The tatal aemount of intensity ol magoensaton CF 7 presentincach
seamprle, wan due o the waler presenl i Teee stare tphysical waler?
sl the water that had wndergong hydeatin with the coment grains
rehemical witery, The fruction of the maanetisation that wis due to
the physival witer wis labelled T, and the fraction ol the
nkietisacion that wics e o the chemicil water was ibelled 1,

The MMR signul consisted of the free induction decay (F1L
which wis i Tast decay ol the intensicy of magnetisation. The 11D
curve. which represented the wtal magnetisation of the sumple, wis
approsimated by astradeht line. The resull o upplication ol the Curr-
Fursel] pulse sequences wis o series of magnetsaiion cchoes with

decrcasing wmplitide due w the inhomogeneity of convrete satyple,
The T compecting the pedks of all ceha signals, ar the echo
envelope. wis asteadght line with anegative <lope. The echo envelope
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Tishing: rie o change of physical water to chemieal water 35 signiticantly
wied the l Bigher thanal Lier times, as showld be expecred. This indicates the
e ol sutlithilny of NMR as an effective waol for monitaring the hvdration
e ot process o cement inconerete. The sum ot the perceniages of physical

! and chemieal watees at every stape of testing is 100% doe to
prevention of lss af any moisture by evaporation. ete. All specimens

LIS
arlland were airtight und complerely sealed,
Slaran Animportant mechanical propeity of concrete is its compressive
ITWETY strength. [n order w establish some type of commelation belween the
clanion compressive strength and NMR response oF COTTCI Spesimims, i
Y .1 number of destructive compression tesis und mon-destruclive NMR
Pitslus testy were pertormed atthe same tme. Three conereie cxlinders were
Kallion tested under compression wnd the gvetage rompressive stress at
HI gl Cuilure was ploved againsd pereent o magnet isahon of the physical
LTI walter and Tao, o o the NMER tests.
R, Figures Ehuamd [0 <hane plots of percenn of magnetisation of
v the phivsicil witer versis compressive strengih ol conerene for WA ratios
IR B of 044 and (062 respectively, As can be seen from these Figures,
there s a gend corrchinnon beteeen the reduction in e amount of
1l physicul water and the increase in compressive strenath, This
dd dhe conmehidion s approximnated by o straghe Tine, as shown on the
LWL Figures. The numbers nest tothe points on e plins indicine the
1 1he
100
VAL,
| =4
iy Q
At = -
were 5
PO Figure 7. Sample subjected to magnetisation <
L s En
illel: is the representation of the troe wader in the sample. Frigure 8 shows @
n s aschematic of the display gengrated by NMKE westing. Inthis Figore, = I
. . . . " , . ) i — Z percent maghetization of phya—water
1cfed the Intercept of the FID curve with the vertical asis represents the a & percent magnetizatisn af chem-—water
uals, totad muznetisition. L oand the smercept ol ithe ccha envelope with -
Y i the vertical axls reprosents the magnetisation dues w the tree water E
in the sample. L, The dilterence beiween she two poings s the b
tade mugnerisition dog o the hydrded or chencal water, 1. d_"’
VLRI Test resulis: A large number ol tests weee perfurmed on concrete
ant. sampes with s different WA cutios. A hoef discussion of sample
lhe resulls wr given in the Tulloein. e T
Figures 9icand 9b showe plots of pereentage of magnetisation of 200 A0 a00 200
e physical, or frew, wul chemical, or hydrated, water versus time Tor Time of Hydration (hrs)
th comerete sampes hiving WO ratios of 49 and U620 respectively, ia)
12, As van b seen trom these Figures, ot early stiges of hydrdion, the 190
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Figure 10. Variation of percent of magnetisation of physical water
versus compressive strength of concrete: (a) W/C = 0.44; and
{b) W/C = 0.62

e th hars abter miging until wsts were performed. There 1 also
i oo correlatian berween the <pin-<pin relausion ome, T, .0
ot the Tree water i the sample and the compressive strenzth of
cotvrete. ax showen i Figures Tla and b for samples with WAC
ratios o (b3 and 1.02 respectively, The curves B bath samples
wore approsimated by straight lines, These correlations can be wsed
e citlibrate NRIR sysiem Tor fo aife measurement of compressive
strengih of conerete in the Field.

b} Wood

Buoeause ol ics soitsbility for measuring the wmount ol Tnee or physical
waater ined bond or chemical water, N MR e also be used o monijor
the moisture content e waod. 0 has been well -docnmenied thae The
strengil ol seoodd i relined il motsione conpeol, Therefone, NMR
ihn h(.‘ lI.\'L'.Ll L1131 l)T'Il:." lor mgsisnre ”'II_' I'I'II1i.‘1'[I.1'I'L‘, condent, I'.Il][ }ll.‘-i] cls
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Figure 11. Variation ot T, of physical water versus compressive
strength of concrete: (a) W/C = 0.44; and (b} W/C = 0.62

the strength ol the woskl, Furthermore, NME siwnals il diffes for
differenl types of wosd, which rewders s method elfective for
distiguishing between daflerent species of wool,

Cirmited apphoitioms of NME have been reported e exaimne
cerliin biclomcul properies of woud.

Flitwile o0 af (199 pecformed proton magnelic resenance
eaperiments o wesiern red cedar, Spectfically, they tested sapaaoml,
hearmwenl, juvenilewoud, and rotten juvenilewond wovarving levels
o muistoee content. They diseaverad that the signals oo the solid
wood und the water could he separated and Jdistinguished.
Furtherrmore. they found that the waeer siaml could be subdivided
inter comtributiong from different “wiler microeovitonments” such
s eurlywood trachend lemen water, Jatewood tracheid and ray lumen
weater. and hound sater. These subdivisions were made on the Basis
of spin-spin relaxation Umes.

Quick ef of (10907 studied the deving of western red cedar
stpwond with T-5AR imaging by determining the moisture comtent
(ATET) anad inaging the dotal water distribution in the wood, The 6 x
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T

G [0 mm iy x s o) sionples were cal with thue T ' ing
dimension paraide! 1o the longuudmal trcteids and were imaged
using 4 modificd Brocker SXP 4 1K) spectrnmeler aperating al
H MHz. They concluded thar H-NBME s e fective new methold
For observing moisture distiibuton in weoid during drving. They
also ermphosised the potentud of NME b Turther research it the
physical mechanisms of wod

Severul other rescarchers {henon and Macalky, 1987 Avaujo «f
el 19927 have also used NME o study the water distribution and
the cell structure in different species ol wood, However, no study
was found 1o relate mechanical propertics of woeod, such as
compression and tlexural sorengths, Lo WM response.
Sample preparation and testing methods: This experiment
consisted of 1w pares:
i1 destructive testing of wood: and
(21 nan-destneetive wating,

Correlutions belween NMR aulpul, meistan: coentenl, and
Compressive sSIength woene made.
Destructive lesting: Compression lests werne performed oncsames
Wl our Largel” mistuee gontenis Cele aelusl neasoore comlents of e

e ol testme way determmed by the oven dry metled and wene
whachtty elifberent than The tareered valoes ) The Tareet salues were

,ouned (5L Tar coch tests wl coch Tarset nasstuee
canteat. speeimens were lested oresamime repranducibilioe ot resules.

The comipression fests were bBased upen the ceconmedacisne off
ASTM 1A Swndard Medhods of Testing Small Clear Specimens
ol Taetther . Part 1 The samples weere A0x 300 200mmd 2 x 2 5 8 i
and were uriented with the arain running i the lana direction. The
specimens were strassed af oeanstane v to Bl The loid sersus
deflection vver w L300 mm (6 ind gauge length wias menilored, as
well s the ultimate load an Bailune, A 25 mm o1 ind lemg picee aoff
wrotl near the Fatlure point was removed and the marsiure content
wits derermined by the oven-dry metbod, as spealicl m AS TR 145
NME Gesting: The non-destructive wesling consisied ol renning tao
CRpriments o cichosprecimen usmng g 20 MHy NME spectiomcive.
B caeh sl nwo sprecimens waere migde oo esied W csamine the
reproglugitiliey ol the resolis, The spec
Ve Vi), amd were pliced i NMR st tubes

WIS were approsialely f

IR T RTI I AT A,
wath the g conmg in e lone divection. These dimensomnes were
reguired an order Tor ithe specimens 45 ficm the glass test tubes that
were wsed ax 1he siwmple poehe Tor the specorameter. At cach muisture
centent. s foee tnduction decay 1FII) was ubtadned from o single
pulse experiment. wnd an echo decoy was ohtaioed from o Car-
Purcell seguence. The exact weight of each specimen was measured
ab each treel mosture content inoorder Lo determine the actual
neisture content. From the FHY the ratio of the physical tochemical
waler was determined and was plotled versus imalstune content,

Test resulis: Figure 12 shuws the plot of the ol inensity ol
mtgnetisationn, 1o versus moistare conlent e sample specimen of

Il Fae (0 The otal inwensity oF magnetisatiom was ohlined

1= — - - 1

am - .

£4-

ryeical Yinte
~

k

Ir-4ensity of Mig. cf

o Ml ) | 40 50 =)
Hewsours Conta (M)

Figure 12 Intensity of magnetisation versus moisture content
tor a sample ot a Douglas Fir
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i the intercept ol the FIDY curve with (e vertical s, The intensity
ol mgneisalion was normalised with respeel fits maximom value
and s shoen i prercentage Torm, The aetual moisture coarent of
vich saenple was oblained wsing the stmdard sven-dey mcthul, Tl
twir resulls wene then plotted against one another (Figure 1200 Ay
vin b seen from this Figuree, there s ahmost o lincar vedalhonship
Between the tolsl ntensity of magnetisation and the maostuee content
ol wound, indicating the potential of NMR for deternining i sfe
muisture cotitent of wood strectores. Correlation like this can be
used to calibrate portable NMRE systems for field evaluations of
mueisture in wond inconstucted facilities.

Figuwre 13 shows the ploetof compressive strength of a sample of
Prayplis Fir versus the intensity of magnetisation of physical witer.
L. Aswis expected. the compressive strenglh nedoged as the meisture
vontent (e water) in the wood inerciscd, Beyoend Fibre situridion
Point. nacmajor chunge i the compressive strength sas observed as
the water content imercised until fhe woad spople was Ty suturaled,
St bl observation has albo been nuade when Compressive sireogth
af wooul is pHotted against mastone contend ohisined asing stodard

ven dey weehniguie.
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Figure 13. Compressive strength of wood versus intensity of
magnetisation ot physical water

Conclusions and future studies

The rexults of tests performed on conerae and waood indieate that
there is o potentiil tor nen-destructive lield evaluation of concrere
wil wood propertics with NME. This techaique can be used o
mniler The <arength of concrete us it cures. [tean also be used o
aletermine the i it oansture content sod srength of wood,

The fichl apphcation uf NMR 1echmgue. heswever, reguires the
developient ot apeciabised maenel for nducing the external studic
e nebic felde s antacipared that such maenets are feasible and
portable spectromerer systens can he developed o sccomplish the
tushool rocasueme wood and conerere properties 11 ihe feld. In fucr,
the NME systerm wsed i the present study was the size of sodesh op
computer. Pacmagnetic impurites. pacticulachy in conerele. sl the
etlect of steel celnfurcemen could induee severe milerlerences
the NRE signals. Such effects need to be tittered out of the resulis,
Currently. studies are being initiated at e University ol Aozona o
acdlress some ol hese saes and o pave te way Tor moviey this
teehnalogy from e labaruary inte leld applicacons. The resoles
will porentially have wn impact in the ared of non-destructive westing
vt constraction malerials. The eehnology can be employed in the
everal] seheme of infrastructure rehabilitation for mesre acearare and
quitnkitative eviduation of Ji sdtn property of comstruction materials.
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