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Non-destructive testing of wood using nuclear magnetic
resonance (NMR) spectroscopy

M H Larsen, H Saadatmanesh and M R Ehsani

This puper presenis the results of o sinefv wilising NME 1o
measire moisinte conien! and steengilt of wood. Bifferen
spectes of weeed at differeat vioistive contents were eveduated.
Standard destructive tests oy well as yon-destroetive testy
wstine NME were conducted. Correfutions were mude between
the resiits of destruetive aned uon-destructive tests. A reporied
By other vescrrehers adso, an wlmost linear refutionship was
observed between the muisture content of wond ond the
mtensity of megnerisaiion. Consistent treuds weve observed
between the stresy an futtare of wood and the inteasity of
stagefisation of phvsical protons,

Introduction

Thes ivfrastructure sy tem i< an immense netw ork ol roads, buildings
anch bricges that are reyared 1o meet basiv sucial and economic needs
o the pubdlic. The mability of these resuurces 1o mest the demancds,
plced upon them poses temendous probles for the people who
use them every day. Howeversin many instinces, the intrasteuciure
fsleteriorating o the point where Tuilure is imminend, selutions are
lucking sind price tigs are high.

I arder o cambat the prablem of o dikiyrdicing inlrastrocte,
sdructures must either be eebuile or repaired. Before solutions can be
offurad ind implemented, however, the cundition of i structure must
be determmed, Therefore, efficient methods of cvuluating the
sIPUCIUral inlegrity of existing buildings and bridges weed 10 be
deveduped. Dustructive methods, such as physically removing a
sample of o structural component and wsting i ane not feasible
Pecause Lhey damage the component that i bemg evaluated.
Consequently, methods 1 examine infrastructuee compone nts
non-destructivedy in simple. reliable and efficient wuys need 10 be
develyped.

Woolen srociures, due o their relatively low cost ad gase of
vonswuetion, make up a very large portion of the existing
infrastruenie. The housing industry akong contributes approcimare |y
two milliog new wooden homes cuch year o the United States
thaetz, LR As astructural material, wood s valnerable o damage
e and chemicals. However,
it ix aften difficull or impossible wodetenmine the inner seandncss
or weitkness of i wood member withoul destroctively testing i

A patential method o non-destructively caamine the physicul
properties of wouod s Nuclear Magnctic Resonance INMR)
spectraseopy. H-NMR is the branch of spectroseopy thar deals with
the respunse of hyvdrogen noclei w magetic exeitation. Fran 1he
spegtral sighils recorded inoan experiment, the relitive abumlance
and even the mational sate or “environmen” of the auclei can e

by decay-causing lungi, inwects, weatleri
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deduced. This information can be direetly linked 1o 1he moisture
content of 2 woud sample, which for cerain conditions cun pive i
indicaticn of the srength and soandness of that sample.

This paper discusses the resnlis of tests contucted on Douglas
tir, redwood and mahogany wood sumples. Destiructive tests -
strength it compression - were conducted 1o derermine physical
properties of the wood, Nor-destructive tests using H-NMR
spectroscopy were conducted and correliions were sought Tor
between the KMR parameters and the strength of different specics
of the wood samples. The comprehensive results of this study are
given in i thesis completed at the University of Arieom ( Larsen,
| 94T,

Nuclear Magnetic Resonance speciroscopy

Spectrascopy can be defined as the inleraction between madier and
vleetromagnetic ridipdion such that energy is abserbed ur cmied n
direct prapartion W the frequency of the tadiation (Harris, 19%6),
For years, spectroscopy has heen one of the most inpertant i
widely used metheds availuble for studying mslocular structire wd
processes, In the branch of spectroscopy calbed NME. nuclet are
iz ina magnetic Neldand the resuliing magnetic enersivs of
nuetet are studied wnl interpreted. As with all vpes of spectroscony,
an NME experiment yiclds spectro that can be described i enms of
the frequency. magnitude and shape of lioes or bands, Thesye
paramuters, which describe the energy trunsitions undergane by 1he
tucler, can then be linkad to the molecubur siructure and motionsd
stake of the nocled.

The NMR spectromcter probes a samiple (o 1he level of the wiomic
nueleus. Many types of nuclei possess what is wrmed aegndor

aonterrtim. in more simple wrms, many nuclei spin like tny ops.
Sinee nuelei e charged particles, their spinning cneules 2 magnetic
fiehd aramul the nuclens. According w quantwn nechanical theory,
the total angular momenium of uny particle will huve only certain
diserete values, that is the guanenum cinot be any arbirary value.
It the wtal angolar momenom, or spin. changes, it will do so by
diserete umounts. The hydreogen prton, due o is relative abundance
and Fvounble properties, is one ol the most widelv-sodied noclei
in NME spectroseepy, The angular momentam of the proton can be
oite oF atly two discrete values. Tnather words, it exists in anly one
of o “spun sdes

In general, the directions of the spins of nuclet will be ariented
rundomly. However, when placal moan external nugnetic field, the
nuclei will all iy o line up with the direction of tha gxternal 1kl
I the vase uf prolos, the el will e oriented either pardlel or
andi-parallel tepposies to the mugnetic field, coreaumeling s the
low- and high energy states. cespectively, Although the spinning
profos attenipt e line up with the agnetic Geld. they never actuadly
achieve thiv. The protons are pulled wward the direclion of the
external magneng field, but precess aboat it insteud. This motion
an e thought of inwrms of a spinning top. The top will never line
up perfectly with the force of gravity, bul will wobble shighily whout
it tprovession. The top would wobble Tister Hthe aras ol faree
werg inerensed. justas 1he proton will precess Guster if e magnetic
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figldd is increased . The rde of precession depends slsioon the Bype of

nugTeus being studied.

I is al this point that the phenomenan of resonance van be
understosenl. 1o agdditional weik magaetic Beld, 13 s applied ina
dircetion perpendiculie o the cxtenital magnetic tield, B, then il
will alserapply a faree om the aenetie lields of the naclei Applying
e B, field such thal it mtates at exacly Qe swme speed s the
precession of the nules being sadied will viase the nuelei o fhp 1o
wither spin state, Thiz is the resomant condition amd i corresponds
o a reloose uf energy thal can be moniored aod wnalysed. Withoot

g resanance. ere wondld be no detectable signal,

The power of NME lics in the information that can be deciphored
[romi the resulting sinal. Atter o samplo has been subjected woun
NME pubse, the signal wiven ot by the noaclei being studicd will
decuy o zero. The signal autput plotted verss dme is termd i free

il

inclertion decay, o FIIY tsee Figure 1 The rate o decay can he
deserihed by tao tme constants - the sponclattice relasation time,
1, sl Ohe spin-spin relaxation time, T, The churacteristics of the
FIY and the valugs of e swo time constants are wscd o measare
the concentratisne ot structurally diftereot types of nocled gresent.
1\

Signai lutensity

w

Time

Figure 1. The FID curve at resonance

Previous studies

Several researchers have mvestigited the physicab and chemical
proprertics uf wood wsing NME spectroscony.

Menun e ol TTORTY waed proton magnelic esanance o shdy
witter 1 Dowglas 1ir wnl western red eudar, The free-induction deeay
(10, T, and Ty were mewsured at varying maistare contenls u the
woed satphes were continually analysed, dewed and re-analysed. Tt
wirs ~heran tha the NME signal of wiker was castly distinguishuble
et that of the sl Using the fucl that the NMB signal 3s
proportiendl ko proton density, gire nunsice contant o the wil
was ubtained from e FIDY withowl osme o reference stamdard.
Fropurtionality constants, fur the relutionships between NME sianal
and moisture content were delermined trom the chemical
compasition of the wood species. The spin-lattice relasation time,
T,. was foumd 10 be noticeably different in the two species. In
sapreuod samples, (heee distinet spns spin relaxaton dmes. Ty, were
recopnized and Tound o correlite with aer inmd on the cell wall,
watet in the tay and Jutewood raicheid lumens, and water in the
carlywood tracheid lumens, I other words, different water
‘ervironments” were distinguishoble un the basis ol T,

Araujo ei of (1992 utilised twer new NMER techniques. celaation
spectra and relivcation selective inuging to investigate the water
distribution in white spruce, Samples of normal white spruce
sapwond, heartwood and Juvenilewood as well as two rehydrined
heartwood samples, one conlaining incipient decay and one
compression woud, were analysed osing KME spectroscepy. The
moisture eontent of the samples was caleulited rom NMR dagaosng
the siwme methad employed by Menon of af, The authors tound that
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since the NME sicnal is proportional 10 the number of protons, the
distribution of T. relaxation Gmes for lumen water should retlect
the diswibution of cell mdii by volume, Cotsequently, it 15 mene
approprine o analyse the T degy curve interns of i gontingos
distribution of T, vulues sather than the conventivnal inerpretation
inteents ol Haed number of diserete companens. This relasation
spestil 1cchniyue seemed o wark extremely well, was found that
the contmwaus Ts spectrum comsisted of aseries of Targe peaks, The
area under cach peak comespands 1o the amaount ol maistuee inoo
paurticubar water environments the T,

value indicates e mture of
the envirenment; and the shape ef the spectrom rellects the vdial
Jistriburion gt the cells i the sample. Tt was Turther Towml that ol
sapwouil conld be distingoished from nermal heartwood ind
jusentlewoud since the liter s cantains almost mo Limen waler,
[neipaent rat could notbe distineoished fromnormwal ool Toweer.
cotnpression wood was readily distinguishable from ool woed
whon the lumens are Tydrded because of the very itherent size
distribution of the cell rudii.

Pearsen and Rl {19903 introdaced o mgilusd 1hat can be used
in prosduction o meisare the molsture content of wheat, They used
i spectrometer which had been modifusd specitically to withsiamd
the Barsh comditions of the peoduetion e, The spectrameler is sl
powerful and is resistant o the dosty, hamid eavironment o a
Mewrmill. The authiws tested diy whean and Freshly temperncd wheat.
They distingzishe Tweo portivns of the NME signal decay:a rapully
decaying portion, which they wrmed the eliewricul fredrogen vigned.
and 2 slowly decaying portion, which they termed the phvivad
Iryabrengent sigaer. The chemival poricn correspands to the froe water
in the wheat, The rutie uf the chemuel b physical signal wisomsed
aw oL meastre of the muistore conent of the wheat sample. Phottiog
the physicalichenmical ratio verss the setual moisture conteot of the
whieat yiekhad very pood straigh-line results, Onee calibrdion curves

were dovelopued Por varieus moassiure cunwnts, the micslre ventent
of any whewt ~ample vould be determined wsing the NMR
spectromeivr.

Experimental study

The cxperimental procedures Tor this praject wene as Tollows,
Destructive sty feommpression) were perfommed in ooder 1o verify
the rebionships hetween nisture content and strengih. and Tetween
specics wmd strength. Kesk, on NME analysis was comdueted on the
same womd material in order e search Tor relidionships beiween
NMR ousput and maoisiure content. Figure 2 shows the KME tes)
speenmen i test whe plwed betwsen the magznets in i porrtable
NMKR device. Finally, correlations woere sugzht for hetween he
destructive and the non destrucive tests inorder to find reaseasible
witys 1o relate the NME sudput o the sirength and specics of the
winml.

Three ~pecivs of woind were used: Dougls 1 redwond, and
mahozany. Boards were hundpicked from bocal supplicr in onler

Waod Sample__ Sample Probe

15 mm

AF Cails

Figure 2. The NMR sample. probe, magnet, and BF coils, parts of
a portable NMR device
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tix tind straight gruined wood with a minimal smaen of knots and

other defects. Boards of Douglas fir and redwoud were 3 inx 4in

[6TCCIE2 5 HE2 x 4877 emi nominal size. The baurd of mahomimny
wits 2in s 12in s 6 10 (5.1 £ 305 2 1829 cmp wnning] sive. These
were the lareest size hoards that could be ohratngd Tocally, All test
specimens (beuding, compression, and NMR spocimens) for a
species were Lihen fron wsingde board te limit s omeeh as possible
any variations m the wood sock.

Destructive tests

For each spevies. compression lests were perfurmied on separate
swmples at fowr “targer” moesture contents (e actual meisiorne
wanents i the time of festing were deteritined by the aven dry
method wnd were slightly difterenn than e teeted vulues), The
trgel valoes were 0%, 3¢ DF and 0% Far each est al cach
Largel moisture content, Dwo spocimens were wested o eximming
reproducibility of resulis. Theretore, the destuctive eviluntion of
cach species comsisied of ¢ighl compression ests,

Specimen sizes and preparation

The compression e were Dased upon the recommendations of

ASTM 143, "Stundurd Methods of Testing Sinall Clear 8 pecimens
ol Timber™, Pan 1 TASTM. 1991 From the hoards of sach specics,
eight comnprossion specimens were cul with dimensions 225 0 a
X5 A B 500 (57 v 5T 8 20 e with e geuin running in the
long direction. All (he compression specimens were then placed in
i aven al o temperature of TEO7F (327 Cp entil the specimens
wined constant weighes, The sumples were allowed w equilibrate
e rownn emperatute under irticht conditions, and were then cut to
the appropriade siae for compression testing - 2in x 2in x ¥ in
(5.1 % 50 = 23 emy, This wis done in oeder 1o bring all the
poMpression specimens to the sume gwisture content belore they
were Ul e the proper siee for testing. This ensarccd ki cach
specimen. regardless of mioisiure content. comtained approxmiely
thes same ameunt s wood muterial. e specimens il been brought
ter the tierger moistone contenl and then sizad Tor esting, cach
specimen would have o different wmoont of woasd mederial, doe o
the elfeets thit water Bas on the dimensions of the wouod.

The exact dimension~ aml weights of each sumple sere recorded,
The: sampbes were then hydratad by soaking them in wider in airtishe
hags By weighing the sunples, an estimate of the imoisture content
atioy time cauld be rmaade ecompartson to the nitial weishe of the
specimen. Each specimen was hydraed 10 an estintated moisiom
content shighily above the farget motstore content and was then
wllowed 1o cquilibrate inan akctight container. The compression
specimens were allowed wequilibrane Terapproximately sight weehs.
This eynilibration peried was wlibised o allow the meastune o be
uniturmly distributed throughont e <amples, Before testimg, the
ails ol The compression speeimens were trimmed =tizhtly 1o
elimmate checks and o square up the surees,

Testing equipment and methods

The destructive ety were perfarmed ona Tinius Olsen machine,
Thas westing machine was cquipped with o Nuating ploen head
compensite far uneven surlaees of estspecimens, The compression
lasts were pertormad aceonding 1o ASTM 143 The specimens were
laded b o constant e 1o farlure and the delontion over a six-
nch e length wis measured vi o dial pavgee atachod o the
spucimen. Throughau the sy, the el versny delormiation was
reeorded,

Aller each test, the uctl moisture content of 1he specitien wis
etermined as speciticd e ASTM 1430 A L-inch 1254 con seetion
ol the specimen was exirscled near the Jocation of the Balure, The
seetion was weighel 1Wer Weicht, was ploced inoan oven
approsiniately 2000 T 927 0 g wits dried to constant weight 11y
Weighity The moisiwre comtent (801w determined as:
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Non-destructive tests using NMR

The mon-destructive testing comsisied of ruaning two eipeimcnts
on ewh specimen using o M He NMR spoctrometer. For each
SPRCIES, Tk specimens were mide and were wested o esamine the
reproducibility ol the results, The specimuens were dested al seven
difierent wrget gwasiure conlents: AL SO0 MG 0% 200 104
aned % At each moistuee cootent, e induction decay (FID was
ohtained from a stngle pulse experment, il an echa deciy was
abtmned from a CPMOG sequence.

Specimen sizes and preparation
Asslited previously, specimens e KME mislvais were taken from
the same wood stock as the destrocove sty Sis specimens were
il - o Donglis fies, oo redseonds ol two mahegzany samples.
The spegimens were (h25 in £ 25 0 x 35 m 063 x a3 x 8.9 o
and were rented swith the grasin unning in the longe direcion, These
dimensions wene reguired in order for the speciomens 1o [t in the
glass st Jubes thie were osed as the ~ample probe for the
spectroncier The samples were treared o eaawtly the sare manner
as the destructive specimens, They wore cut slightly vversi cc initially,
and were dreied 1t consuam weigh a0 approximately [8FT77 082 ),
They were then cul 1o liogl dimwensions and were seeighed. The
specimens were hydranad o approsimately 605 pwdsire contenl
by suahing in water The moisture content @t any point during 1he
experiment was culinaied by weighing the sample wnd comparing
the weight 1o the initinl weight, The specimens were ullowed Lo
eguilibrate cvernizhi sl were keptin airtipht, capped testibes.
After testing i the spectromeen, cach specimen was weighod
andd was allowed o wic-dey Tor several minutes until the esticmael
mosisture ontemt had been reduced todhe nest kwver Largel medsiurne
content. The spevimiens wone arain aflowed o equiibrane svernishe
before the next voumd of sty was performed. This process was
repaitted until the morsture comtenn id been reduced o 0% which
reequirey e specineens b b oven dried. The actual meisture content
ofthe spectmens at each stage of the eaperiment was then caleulited
ting the weight atthe time of testing and the oven-dry weight.

Tesiing equipment and methods
The non-destroctive ests were perlormed on o gustom-bailt NME
spectramater running at 20 MUz The specirometer was cunnecied
Uk NEC persomtl computer. All operatons were initied from the
ke wboard wnd dia digitisation and sterane wis nceomplished by the
b

Onee 1l resenant freyuency wis establivhed Tor the hydrogen
proent,awoid sumple was placed e probe and inserled into the
NMR speciremeter. Teeo eaperiments were merlarmed on each
saanple. A single-pu lse experiment wis perlommed m srder oo measure
the fre induvtion decay (FI ol the sample. Next aomltiple-polse.
or cehu, experiment wis perturtted in order e measare the spin-
spancrelicd i e 1ol e sample. The coho segioenee is called
the Clior Purcell-Meiboom-Gill (CPMOG) seguence.

Analytical methods

Analysis of destructive tests

For the compression tests of the wood samples, the dellections
correspumling e ineremental loading were manitored threwghout
the durimion of the el Load verans detlection curves were then
plotted Trom thie s vallected,

The wousl of this part of the experiment was 1o verify the
relationship between the moisiure coatent of o specimen i the
strength of that specimen, Conseguently. the ulimate iad at Tilurg
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fowr cach sppecimen was nuted. Foceach species of wond, the uliingoe
load ot Twrlure wis ploted versny the moistre content ot the
specimen. Besulls of wats pertommed by other researchers, Forest
Service Bulleun 700 Twcamn, 1906), for example, have established
lincar relatiomships betwcen ultimate lood and twdsture conweng for
warod Lestod 1 bending and compression. Athigh moisture contents,
the ultirmate load s comstant. As wood s continwally dried. there ix
et humgze i ulimate lead until a moisoure content around 20-31%
This s typically called the hbre sateration point” and is thought o
cosrrespomil 1o the point when all the free water is extracted tom the
waod sarnple aid only water in the wood cells remain, Funher drying
below the fibre saturatien point results Inoan increase inwlimale
lowel. The ultimate Ioad increases linearly until it reaches womaximum
At muaistire content. Fipure 3 depicts i moisiuce conlent verve
Ikl curve fur compression tests on Bouglus §in The two hiear
prartieme of the carve are readily apparent.

Maximum Load {kips]

" | r—
15 R -

& 1 15 20 25 8 45 4 45 &0

Mtsturs Content (%6}

Figure 3. Moisture content vs ultimate laad for a sample of
Douglas fir

Analysis of NMA lesis

A deseribed carlier, two WMR experiments were conducted on each
woid specimen - asmgle-pulse BIR expeniment and 0 CPMG echo
sequenc, The cuput consisted of Tiles of digitised data points, which
reprosenied the signal intensity thraughout the time duration of the
cxperiment. These duta poings yielded the FID curve and the echae
CUTRE,

Figure 4 shows o tvpieal FID corve for o wood sample, Two
portions of the eraphooane readily apparent - o guickly decaying parion
due 1o the woid pootons, and o slowly decaying portien du 1o the
frec water in the sample. This i exactly what wis cxpected
considermy the previous experiments deseribed in the higratare
VLW,

Bl 7 T T T T T
hpocc -+
40003 - -
= ' il
= ]
30000 - | 4
[+
E

anoon \ -

N
10000 | LM\R‘“—“—M ]
G C r | 1 el 1 ! 1 | | 7

O 20 40 BI BO 100 1ZQ 140 18Q 18C ZL0

Time {rv’zroseconds)
Figure 4. Typical FID curve for a weod sample

Frovm abe equation that deseribes the signal intensity o
magneticilly excited pratens. itean be shown that the initial siznal
intensiy as chicectly proportional to the number of protons thad wers
cxriited, Therefie, the initial signal intensities of the cheoacal
twouod), and the physical {freel pratons would yicld the relaive
propertions of cach type of proton. However, the inihal signal
infznsities cannol be determined from the graphs. Buring the Tiest
W1 to 15 s after the radio fregueney tRE) pulse s umed oft, the
receiver eleciromics are satirated due wer the enaroens ~ignal
gencnted by the pulse. Conseguently, no meaninglul duta can be
recorded during this time. This block of thine i osually termed the
ead time.

An estimate of the initial sigoal inwensities can be made by
exvapolating the respective curves Lo their sero-lime intercepts,
Huowever, the guestion of whal type of exorapalatien should be wsed
i immediately encountered. From quanturn mechanical theory, it
cun be shown that the deciy of the NMER signal is exponential.
However, in a free-inductiom-deeay, the cffects of magnetic
inhomosengities cause the signul o decay muoch more quickly thun
is expected. Previous researchers have fic straight lines through the
guivkly decaving porhom aof the curve and dirpugh the (i part of
the slowly decaying porlion of the curve (which 15 very clowe Te
being linear), This yvickls a Parly reasonable estimate of the iniial
intensities. For this experiment, o linear i was made o the guickly
dueciying portion af the graph fromtme 1= 16 ps to1= 21 g Another
lineur Fit wies made 1o the relaively straight part of the showty
decaying portion of the geaph from time 1 =60 ps o= 120 ps The
daata weas Fitled o e equatin:

FEMEFD e (2
wsing Linear regression incorporatcd in SigmoaPlot - soltwane
landell, 19911 The zera-tie mlereepts are 1he ¥-interceps of the
lineur revression.

The echo curve

The multiple-echo pulse scquenee s anlised i ocder o eliminuse
the effects of magnetic inhienigeneities su that the true decay o ke
magnetic enerry gan e measured. Tt should e remembered ta
after the refocusing pulse i apphicd and the phise coherenee iy
regained. the outpud sienal will grow and will peak at regulaur
intervils. The peaks of these cohoes represent the trie level of
magnetsation at thal time. Therefore, conneeting the peaks of nuny
successive echoes will produce the true deciy of the magrnetic signal.
The results of an ceher pulwe sequenee are shown in Fieore 5. The
clievts of the relocusing palses can e soen between the el peaks.
Figure & shews cohoes ol an enlarged scals,

In erder to ereity the celue envelope, the duli les sens reviewed
and the eoha poaks wore obsereed fram inspections. The siznal
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Figure §. The echoes formed by a CPMG sequence
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intensily and the time ad the echo peaks were recorded and were
pleteed, This decay is. of cowse, exponentizl, In the lcrure reviews
of other researchiers, it was expluined thit three cxpancntial curves
can he extracted which correspond to hydrogen protons in the three
water “micTaenyironments”,

The signal front the woed pratens dics out very quickly due w
the Righiy structured stare ol these protime, [n tact. the sigmal from
the woul protons decays in approximarely 3 @ 80 us. I leoking a
the CPMG cihi pulse sequence Tt s notedd thar the delay tine between
the 90" pulse and the fiest T8O pulse is 400 ps. Therefore, the signal
from the waid protons has tolally decayed hefore the firstecho peuk
is farmed. As o result the cob decay curve provides informion
about the relasation of the water prowts that are contained inthe
wod simple. hut cumiet provide information ahout e relasation
i the ol protons.

A tri-exponential cueve wis fit w cuch coho envelope, The
Marguardt-Levenberg algorithm was utilised 1o 190 the curves by
cequalion:

y=aexpl=h kb~ voeapi—d X} - eoexpi=f .2 13

As diseussed by Monsn o of L9871 he components ol the curve
can he wsigned to water in and on the cell wall. warer in the ruy and
Leweanl trachetd lumens, und water in the earlvwannd trucheid
lumens. Fach compenent his a separate. distinet T. valwe which.
upiL inspection of the i cxponential, can be caleoluted as 140, U
and T respectively. The three T, values are ustally abbreviated gx
the fust medium. amd Wi Tas, As i woud sample is dowd. water
will be hst Trom the components, wl the g boand ¢ valugs will
reduve. Walues of T, shoubd thearetically cemain relatively constant,
Homwever this bas not always been shown o be 1he case w mosigne
caontents helow about 805 CMenon of af. 1987,

Test results

Lorrelativng luive been suught fir Betweren e twe tepes of Tests i
vrcker e pauge the applicabiliny of NMR tesiing methiods 160 the
delermination uf the mechanical properties of wood samples.

Desiructive fasts

Furciwh spectes. the wtimame load af Silore wis comeented o oltimate
stress ] Tailure. Bow the compression (eses, siress wa caleubited as
loraLarvined by cvoss sevtiomad arcaol the sumple. The ullimate stress
at Enlume was plotted versis the moisture content of e swmple Tor
eaeh test Typical vesults wie shown o Figure 7,

I the compression wss, the suong dependence of the wltimate
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MAXMUM STRESS vs. MC

Douglas-Fir Compression Samples
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Figure 7. Typical relationship between ultimate comprassive
stress and moisture content for Douglas fir

load ugen the moisture content is readily apparent, At high medsture
sontents. the sirengeh ol the specimens fur each species is constanl,
Alapproximately 25-30% muislure content, however, this chinges.
Further drving results in higher ultimate loads. The relationship
belween mwistire content and strength in this region appears w be
linear. This is very muich it agrreement with the results of provious
rescitchers | Tieimamn, 19067,

MNon-destructive lests

A discussed garlicr, the NMR weting vielded two types o output -

FIDY curves and echo gurves. Fur cagh species of wood. twa identical

SpeCimens were esled st the siwme moisture content in order o ot

anw indivation ot e eliability and reproducibility of the resolts,
For cach of the 110 a0 bi-linear Gt 1w the data wis perforned

and the Bllowing paroneters were caleolatod;

Tl o totad Indnial signal incensity o the FID tapplicable only
ek the Bi lincar Fitg.

Frip. L imitiad sezal intensiey of physical protans.

Con e initial signal inatensiey of chemical protans.

R .o rtioof physical to chemical pratms, R=PAC

Fromthe coho curves, o ri-expanential i was pecformed on the
echo envelope (the peaks af' the echues 1 Pl Jollowing parimeters
were cilenbgd;

Taifusty L spinespin relaxadion time of The vighty botd water
protons.

Toimedlh. . spin-spin relisation time af the loosely bownd water
ProLORs,

T-islowd Lo spin-spin relasation fime of The free water protons,

Each af the caleulated parinmelers wis wnitlysed o detennme
whether relatinships existed between the purameier und the physical
rofreties of the wood (such as mechanical propertics or mutsiure
contentd. Fron dhe FHY curves, i was observed thi the following
parameters exhibited relationships with the modstune conent of the
woud: the intensity of magnetisiion of the physical protons. P07,
the intensiny ol magnetisation ol the chemical grotoms Co, and e
ratier ool the phiysical to chemical protons B, Froa the echo carves., i
wits observed that the it purnmeter wins relaled o the moistore
cimtent, The Toimedd and Tofslinw ) parameters were not present a
lower medsture conlents,

Inonder ta compare the resalbts of the FIDs, several graphs were
developed. Fareach woad sample, the: following sraphs were phned:
the intensicy of nugnetisation of plysica) protons wis plotted versmy
mwisture Content, thy intensity of magnetisation of clmical Pron,
wis plotted vesny moisture content, and Qe vatio ol physical to
chumical prodons was plotled vessees misisture cantent. The values
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af P, CEn, and B have all been normalised with respect t the
initial value at the highest target modsturz content. Linear regression
was pertormed un each set of duta, and o best i’ Tne was plotted
tor each graph. It should be remembered that the signal intensicy of
the physicil protons refers to the amount of physical (free) water in
the sample. The signab ntensity of the chemical protons refers o
the wmeunt of chermnically bound hydrogen in the wood material selt,
The ratio of these parameters should yield an estimide of the retative
abunduance of each type of hydrogen. and hence should yield uan
estimalte of the moeisture comtent ol the sample. Figures 8 throogh 1t
show typical plots obf meisture conlenl versies intensity of
mgnetisution of physical prvons, inlensity of magnctisation of
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Figure 8. Plot of intensity of magnetisation of physical protons
¥s meisture content {Douglas fir)
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Figure 9. Plot of intensity of magnetisation of chemical protons
vs moisture content {Douglas fir}
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Figura 10. Plot of ratic of physical to chemical proton intensity
vs moigture contant (Couglas fir)
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chemical prowns and the ratio of physical w chemical protons.esperiment. the
respectively. conient, s st
In comparing the araphs. it s obviows that the imtensity ofobscryiations we
magnetisation of physical protons has o linear relationship with the For the maheogr
moiseire content. The R-sguared values for these graphs areappeared o el
consistently in the 0.98-0.94 range tur the bi-linear tit o the FLDs, determine i thi
The eltects of deying o wood swmple can theretore be accurately other specics.
moenitored by WWR analysis.As water Jeaves the sample. the intensiy
af magnetisation of the pliysical protons diminishes proporetionally,
In ether words, an NMR spectrometer can monitar the Joss of free In the tess desa
water ds the physical protons decrease in abundunce, ol wood can be
The intensity of magnetisaion of the chemical water is somewhat iU has Been she
more unpredictable. The bi-linear it the FIDs yielded R -squared Magnetisation ¢
valucs above (19, Although this s quite good, i s not nearly s MOISTUTE conte
relisble as the relanonship between physicul waler inlensity o parameters cou

Corralation of

moisture content. In analysing the graphst appeurs thal chemically- wood.

hound pratoms are deaving the sample as the moisture content drops,

Lo omdder to s

due to (e Taet that the intensity of magnetisation of 1he cheamigal The compressis

protons doninishes wath decreasing niossture comlent. This waould
uppeur W medicute hut sene of the actoal womd moterial s being
lssein the deving process. This, of couese. does nolseem possible. A
hetter explanution fur this phenomenan is that part af the sianal from
the chemical pratons i scloally due to free” woter, which is verey
tizhely bound in the celt siracture of the wood molecules. Since the
water 15 53 tiphtly heund, it exhibits muoch faster reluxation times
iwd therefore hehaves very much ke the chemicallyv-Tround protons
in the wood molecules.

The relationship between the ratio of physical e chemical protoms
uid the modsture cantent s of cowrse, amix of the preceding results,
R-squared values for the bi-linewr titare penerally above Q.93 Since
the chemical water intensity is included in the ratio, the lower
carrelution ot thix parameter obviously altects the correlation of the
ratio to the moistore conlent.

The intensity of magnetisution of the physical proloms seems o
be the best indicator of the meisture comtent of the sianple, Thisis
Togical result, since the relaxution times lor the physical waler are
lenger than lor the chemical protens, The chemical prolon stgnal
dies oul very quickly because these prolens e bewml ragher 1ighnly
to the Laltive. The physical pronons, an the ather hamlare loosely
bowndd andd hivee tong relatbon times, Conserquoently, thens e many
more ata poants Locdebine the decay ol the physical proton signal,
which tends Lo ke i a more relinble paroneler.

[ order f comparne the results of the cebir wests, the calealated
vitlues of T sty were plotted versmy mansiare content for sach ot
the three speaes. As notal by ather researchers, the T, values from
the cehoes shoold remam relatively constant, especially at high
wunsluce contents {Menon, 19870 Howeser, Menwn e af. notweed
that at loweer mienwsture contents (helow abouat BO% 1 the T, values
chunged and were nol comstant waith morstuee content. In this
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Figure 11.T, {fast) vs maisture cantent for a sample of Douglas
fir
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1] pratons,

experimint, the T,ifasty vulues decreased with decreasing modsture
euntent, as shown in Figure 11 for Dooglas e Generally, similar

Hensity uf observations were also made [or mahoginy and redwood samples,
ip with the For the mahogany satples, the relationship Between T and meisturg
raphs are appeured o be linear. More studies need to be conducted in order (o
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determing if this linear relationship is valid, woal 3F it gecurs fur the
other species,

Correiation of destructive and non-destructive tests

Inthe tests deseribed, ithas bren shown that the compressive strenpth
of woud can be directly linked 1o i1s moistore content. Furhermore,
it has been shown that NMR panimeters such s the imensity of
magnetesation ol 1he physical protons can be divectly linked o the
maisture coment of the sample. I Tollows, then, that the NMR
parameters cuukl be correlated e the mechinice! properies ol the
wound.

[ order to show this correlution, several pluts have been made.
The compressive strenpth of the wood samples, expressed as ol mate
stress at fuilure, hus been plotted versiy the intensicy of eagnetisiion
ol fhe physicil protons, and verses 1he ratio of the physical o
chimical protons. These purameters were chivaen becitise they were
proven W be the fwwst eelinhle and informative parameters that were
nvestigined. Best-10 Bnes were plomed irough e data

Figures 1 2.d 13 show the graphs of Compressive Steess vers
Incensity of Magnetisation of Physical Prolms {or Dooglas T Al
high values of physical proton intensity. the compressive strength
of the specimens B constunt, Adapproximaicely 806 of the maxinum
physical proton imensity, however. this chinges, As the physical
profan intensity deminishues, the compressive srength of the wood
increwses linearly.

Sirmilar obsery ations wgdn were made for mabogany and sedwond
samples. These graphs shesy remarkable coerelitions between the
NMR parmelers and the corpre ssion wsts, The griphs are directly
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Figure 12. intensity of magnetization of physical protons vs
ultimate compressive stress (Douglas fir)
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analugous to correlitions beiween moisture conlent and strength,
which huve been well-decumented . Conseguently, it is obyious tha
direct relationships exist between NMR parameters und the suength
of wounl. Specitteally, the intensity of magnetisation of the physical
protons s directly related 1o the ullimate compressive stress of i
wond spevinen, Likewise. the ratio ol the physical wchemical progon
signal inensity s alswe directly rebied o the ubtimate compressive
stress of a wienod specimen.

Anather significant result of the NMR tests s the abrupt change
in ultitate strength that occurs gs the physical proton signal
dimiishes. Tn the dustructive tests, the presence of u fibre sulurution
point” was mentioned, which corresponds w the meisture content at
which the mechanical properties of winsd begin o be affected. Above
this perint. the sweoud sirength is constir. The NMR patimelers VeTy
elivtinetly s this samg whrupt chunae in wood streneth, Therelore,
the NMR response cin be calibrated 1 predict the suemgeth of wood
with a reasonable degres of aecuricy.

These preliminary results are very promising. Since NME
STRCITONCOPY I oo invisive procedure. There s great potential e
P uble 1o measure the strength of wood specimens without amaing
the integrity of the would. I i ebvious Quat further westing should be
dime in order o develop specific procedures that may be followed
ivorder Lo actually measure the strength of in plice wood membaer,
by using o portable NMR wpecirometer.

Reproducibility of resuits

A vorrelanon between parwmelers i< only vablid it the correlation is
proven ta exast under repeuted tials, Invther words, the results of
any experiment must be shows o be reproducible inorder for gose
results tohe vilid, For this experiment. the reproducibility of results
wils examined in severil ways.

The reproducibility of the NMRE pesplts was cxumined in twis
winyi. FirsL during cach raund e testing, the malwginy saniple MEH2
wils il y sed twive. Beture each van, the frequeney and plinse of the
spectrometer wore adjusted o e sure that the syalom was in
resaninee. Therefore, the reswlts of sich experiment wepresented 1w
separite and wtally independent analyes of e NMR pirameters.
The tworcunsecutive runs were compared and the average chinge in
the: Lwens measored values of cach NMR paramcter was caleulifed.
Phe results of this comparison are ~hown in Table 1.

Tabkle 1. Comparison of NMA parameters in consecutive tests

PARAMLTLR AVERAGE PERCENTAGE

CHANGL [N PARAMFTER
psicad o) RN it
RLLINEAR '];'I'f'_“". e s
T TO FID LL.H:IL.L (18] Rk El
Ratin R R
Toilast) 1445
ECHIC T.omel Jusis

Torslowe)

Thie bi-linear fic to the FINY appeius o vield exiremely reliable
results. The pereentage change of the parameters rom one (est o
the fiext averaged from only o couple pereett o fractions of a percent.
This high level of precision llusirmes the tremendous proise thal
NMR specimascopy s s an analvtical rechnigue. The eche pulse
yielded omiy mederately reliable results, as discussed carlier.

The second means of gauging the reproducibility of the NMR
resulis wits 16 est o dentical specimens of cach species under the
sime experimentitl conditions, The specimens were westad aalniost
the exuet same moisture comtent. The repraducibilily of the results
miy be exammed by reterting to Figares & throwgh 1, which plot
the NMR paramcters vevses moisture content. The regressiorn anulysis
ul each gruph yiclds the shope of the regression line, which is wened
"X coetficient”, This shope eapresses the relationshin between the
NMR parameter and the moisture content of the sample, For e
identical specitnens of the same spevies, ks relitienship should not
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vary signiticantly it the correlation ix valid, For cach parameter thid
wus measured the X coeflicients of the two jdemical samples wore
cumpared. The percentuge change of the X coctficient hetween the
Two samples wis then cidewlated. The vesulis ol this comparison are
whawen i Table 2.

Table 2. Comparison of the X coefficient {or slope) of the linear
regrassion of two identical wood samples

PARAMETER | AVLRAGE PERCENTAGE
WALLUE CHANGL

Prlimg [INHIDFE) [1LH0

DOUGLAS FTR Crhing {ROTE LMY G.H
Etding SR IATGNT [N

Filirh na1all 13205

MAROGANY Chiny (ROONG2 ] 1.32%
Rilin} MOTDAREG 02445

Pl .09 RIS

RLIWOOT) Lilin} (1LAKIT595 A RibE
Rilim NELYEE Y 3820

The NMR parameters have been abbreviated as follows: the
intensity of magnetisation of physwal protons as caleulaled by o
bi-linear 11w the FIR s enmed Pilins, The remaining abbreviion
are similar, Alse included in the Table are the averame values ol the
NMR panumuiers for each specics.

The reproducibitity of maost of the parameiers (s very gowd. Tor
cxample, Piliny. Ciling and R{lin} ull exhibit extremely stable results.
The pereentuge change in the value of the X coctlicient of the
regressions of unly one or two percent shows that the correlation
belween these pariimeters is viable and reproducible.

1 shoukl be goted that the X cocificient for the regression between
the ptuysical proton intensily amd the modsture eonlent appeuars e
wiceahly difterent {ur the three species Gsoe Piling in the Table),
Alleugh more tests nued 10 be rue in order 1o prove this result. i
dues represent a possibbe comrelation between an NMR parameter
il spreies type,

Summary and conclusions

The feasibility of using NME speciroscopy e measure the
mechanical praperties of woml non-destructively has been
investimanel. Specifically, swoaples of Douglas Fir, mahogany, and
redwonsd were tested i compression and 2 correlation was sought
for with paramerers caleulited by NMR wating methuds,

The mom-destructive testing was carried aut on g soall, portahle
NME pectrometer. Conventanad speetrometers, due o their size

and expenae, gre ot suted for use in field operations. Samples of

Dewglics B matogany, and redwinnd were wested ol mamsiure contents
very <l 1o that used inthe des ive tests, Fromn the FilY and the
ceho cvelope curves, the NMER purameters were Cabenlaled.

T NMR paramuters were toend 1o cormelate well widh the
nensture content of e winad. The inwensity ol magnensation ol the

physical protens Hree water). and the rio o the physical to chemicul
protats bath vary dincetly with the moisture content.

A correlition was suught for beween the NMR parameters and
the destructive propectics of the wood sarples. It is thought tha
this represents the (st attempt o link NMR praperties wthe sirenglh
uf wood, The compressive strength of The woud wis plotted versas
the intensity of magnetisution of the physical pratons and verses the
vatio of physical by chemical provons. The correlation between the
paramelers i< ¢xcellent. The presenee uf fibre saturation paitt” ul
which the strenyth of the wood begios 1o increase rapidly is readily
appavent in the graphs.

These prelimmoary results aee very promising. MMR spectroscopy
appears [ be capable of estimiing the moisture content. und when
calibruted. the compressive strength of a wood sumple. The Tuct tha
this s o m-destructive teehnigue makes it remarkable. Furthermore,
these el s were developed using 2 small spectromeler thut could
be wsed m the field, which is o necessity iF the sirength ol existing
structures s o he investipied, Additional research iv necded w
develop techniyues and dalubuses for estimating strength of wood
wimnples in the field.
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