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1. INTRODUCTION 

In oldwood buildinas, the structural members aresolidsections 
thatare normally pro&cedfrom asingletree. Largesizesofsolid 
timbermembersarenot readily availablenowadays. Iflargesize 
membersare needed, glulam membersareused. 

Thegrao ng r.les .?.eoatpreseniareoes gneolor sma I s  ze 
r nioers. Tne aoo cat on of rnese rures io arae size r moer iso fi c. t. 
andahigh per~~ntageofthesepieoeswouldberejectedifthesam~ 
rulesareapplied. But in reality, largesizetimber beams have been 
in use and have beenfunctioning well in service. 

Theobietivesofthis study were: (1) todevelopaprocedurefor 
~btaining~eometr icand mechanical propertiesof largesize, old 
timber beams. and i2 l  tousetheinformation collectedtoestablish 
simple grading rulesór methods to characterize Ihe mechanical 
propertiesofstructural membersin-situ. 

The practica1 implication ofthestudy istodevelop rnethodsof 
determining mechanical properties in-situ for existing structural 
members. Information ofthisnaturewould beessential todevelop 
amaintenanceschedulefor restorationofoldwood buildingsmade 
of largesizestimber members. 

As gnil cant amoJnioliimewasspeniiogeiasmucn nformat on hn asoossio e tocnaracterrzetnemecnanica orooen eso1 ineoeams 
V V 

~ r a ~ h i c a l  and numerical informationwere reco'rded in beam "cards". 
Acompleteanalysisofthedatawill be performed inthefuture. 

2. METHODS 

2.1 Compilation ot lntormations of Each Piece 
First, the beamswere inspected andtheonesthatweredamaged 

severelvwerereiected.Threea~~roachesfollowed tocharacterize 
the mechanicalpropeitiesof the beams:(i) ultrasonicmethod, (2) 
mechan ca iesiing. ano 3 v.sLa grau ng. Mo st4reconieni and 
sDec fic Ne ahi ol samo e D ecesNerea so meas-reo 

Before Gy of the ab&e methods were applied, asignificant 
anioJni oi nlormaiion aoo-i ine genera cnaracier si cs ol  ine 
P eces,sJcnaso mensones oermmeniaef eciions nat.ra.oefecrs 
(knots, checksand shakes,slopeof grain, wanes, annual rings) 
weremeasured. 

Wood Beams: 
The beamswere obtainedlrom two old buildings in theprovince 

o1 Madrid. The beams were classified into two groups hereafter 
reterreoto as Gro-p Aand Gro-p B. 

Grojo Acons sieool20f oor oisis nav naan aorox matecross- 
sectionif 13cmx18cm,andwére4to5m 16ng.ihesejoistswere 
procured from a 130 years old building in Madrid City (the old 
center). 

Group B consisted of 14 roof rafters having an approximate 
cross-section of 12 cm x 16 cm and were 4 m long. These rafters 
were procured from a building in the center 01 Vallecas, Madrid 
province. The buildingisestimated to be80 to90yearsold. 

Reference: 

The sides of the joists and rafters (hereafter referred to as 
beams) were marked 1 to 4, number 1 being the bottom or the 
supportplane.The edgeof astraightglulam beamwas used asa 

reference plane and al1 knot and check measurementsalong the 
beamswere measuredwith respecttothe referenceplaneshown in 
Figure i.They,andy,measurementsin Figure1 weremeasured 
with respecttothereferenceplane. Measurements ofy, and y,were 
made every 30 cm. 

Permanent Deflection: 
Permanentdeflectionswere measured in the middle 2.70t03.60 

msegmentofeach beamforGroupAbutwasimpossibletodoso 
forGrouo B because ottheirirreoularities. Thesoan todeflection 
ratiosobtained from the measurkent areqiven ;n Tablel 

As shown in Table 1, only 4ofthe 17 béams had adefiection 
largerthan 11360. Themaximum bendingstressin servicedueto 
Dermanent loadswasestimated to be between 55and 59 ks1cm2. 

Knots: 
Knots in each side orface ofthe beams were measured with 

resoect to the reference. As shown in Figure 2. x refers to the 
disiancefrom thecenterof the knotto theieference point, and y 
refersto thedistancefrom thecenterofthe knottothe reference 
plane. ~ l h e r k n o t  dimensions taken include diameter ( $ )  when 
circular, and d,, d,and (Figure 2) if elliptical. 

Checks and Shakes: 
Checksandshakesin each face ofthe beamswere measured 

ano recoroeo. Jn esstney werecons oe'eorooenegi g ole Tne 
enain N orn a. anooeoinio ofsnakesanoihe rlocar on nine - ,,. , ,,, 
beam were me&red ( ~ i g .  3). 

Wanes: 
Wanes in each face of the beams were measured every 30 cm 

length.Thedimensionsofeach waneand its locationon the beam were 
recorded. Measurements relative to wanes are shown in Fig. 4. 

Slope of Grain 
Slopeofgrain wascalculated using thedeviation ottheshakes 

andchecks. Slopeswerecalculatedasthetangent oftheangle, (y; 
YJL (Fig. 3). 

Rate of Growth: 
Averagetncnnessofann.a ringswasoeiermineoaccoro ngio 

me Ecorom c Comm SS on lor E-rooe ECE, Recommenoed 
Standardsforstressgrading of structuial conife~oussawntimber. 
Averagethicknesswas 1.8 mm forGroupAand2.4mmforGroup 
B. 

2.2. Visual Grading 
Grading Rules: 
The beams were visually graded according to the Economic 

Commission for Europe (ECE) recommended standardsfor stress 
grading o1 structural coniferous sawn timber (UN. Economic 
Commissiontor EuroDe. 19821.This Standarddistinauishes three 
grades SI0 %ano ~6 o l s a ~ n i  moer Knoieva ~ a i i o n  Nasoaseo 
onrnecoicepioli<not AreaRai o i<ARl.Oiner stanoardcrgrao ng 
ruleswill beconsidered inthefuture. 

Grading Parameters: 
Thefollowingdefects wereconsideredforvisually grading the 

beams: 
Xnots-ineiota anomarg n XAR w e r e c a c ~  aiedacwro ngio 

rne ECE recommenoeo sianoard nc .o ng KAR proeci ons of rnose 
nnois rna ivere iviinina disranceol essihan orep.al lo rneoeorn 
ofthebeam, in thesectionof rupture.Graphicrepresentation'of knot 
projections were pertormedforthe ruptureseclion of each beam 
(Fig. 5). 

Checks andshakes -an average length of checksandshakes 
was considered. 

Slopeofgrain-calculatedfrom theslopeandchecksandshakes. 
~anes-che wanesneartherupturesection were evaluated by 

takinatheratioofwanelenathtowidthordeathofthecrosssection. 
~ ; e r a ~ e  thickness of annual rings - this parameter was also 

considered in the visualgrading procedure. 
Gradina Criteria: 
~wográding criteriawereemployed. Onecriteria(Criteria 1) 

c~ns~oersthe sir ci app ,cal on ol me ECE recommenaedgraoing 
r. es wnereastneseconocrteria ,Cr ier a2 ireats Nanesasnnors 

~hetollowin~characteristicswe'reconsideredinthevisual~radin~ 
ofthemembers: 



A.1. Knots -total KAR (ratio of the sum of projected cross- 
sectional areaofknots and totalcross-sectional areaofthe piece, 
KT), andmargin KAR (ratioofthesumof projectedcross-sectional 
areaolknoisorpononsolnnois ninemarg nseci onanoinecross- 
seciiona areaol ihemara n, XM Marain soewwas.neareas 
adjoiningtheedgesofth~ross-s'ectio~withoccupiesone-quarter 
ofthe totalcross-sectionalareaofthe piece. Definitionsketchesof 
total KAR and margin KARareshown in Figure5 

A 2  Knots-total KAR (KT') and margin KAR (KM') similartoA.1 
but treating theareasoccupied by wanesasareasof knots. 

B. Checksandshakes 
C. Slopeof grain 
D. Wanes 
E. Rate ofgrowth 
Criteria1 considersA.1, B, C, Dand E, whileCriteria2considers 

A.2, B, C and E. Assigned grades include: S10, 58, S6 and SX 
(where, SX is assigned to those pieces that did not satisfy the 
requirementsforthe lowestgrade).Table2summarizestheresults 
ofthevisualgrading procedure. 

2.3 Ultrasonic Method 
Ultrasonicmethods have been in usetoevaluate loadcarrying 

capacity of timber structures in service. Ultrasonic methodsaré 
used to determine the dvnamic elastic modulus of timber. The 
procedure followed in thk study was the same as that used for 
structural membersin-situ. 

Equipment: 
The equipment used was Steinkarnp-ultrasonic Tester BP V. 

Scale of measurement rangeslrom 0.1 lo 9999.9 s. The testing 
s~ikeswereconicalsha~estainlesssteel ends.Theconical shape 
endsallow impulseemi&on in aconcentrate way without usinda 
spec aiconneciing oev ce The Irec-ency oline .lirasonicca,e 
ranaes oetween Lolo 50 X n z  Tneiranso-cer ivas maoeofleao 
titanate-circonate. 

Wave Velocity Meacurernentc: 
Wavevelocitymeasurementswereperformed(1)perpendicular 

to thegrain, and (2)paralleltothegrain. 
Wave i e  oc iy measurements oerpeno CL ar 10 me grain In 

tnesemeas-remenis ihesp kesxerea aneoassno:.n n F a ~ e 6  
This procedure is called the direct hethod. Wave v&ocity 
measurements weretakenat threepoints, markedas 1,2 and3 in 
Figure 6, at adistance of x = 130 cm for Group A, and 120 cm for 
Group Bfrom the originofthereference point. This section will be 
referred to, hereafter, as the initialsection. 

Theouterpositions, 1 and3,in Figure6, were3cmfrom theends 
andposition2was in the middle. Thewavevelocity perpendicular 
to the grain was calculated as the average value of the wave 
velocities at the threepositions. 

Wavevelocity measurementsparallel (almost)tothegrain:the 
s~ ikes  werenotauitealianed in this measurement. Thisorocedure 

ianenoeweenine n i  a,seci on. .vhereh= 1 3 0 c r n ' o r ~ r o ~ ~ ~ . a n d  
120 cm lor G ~ O L D  B and ihe I na seclion. vrhere x = 240 cm lor 
Group A, and 2 2 0 ~ 1 ~  forGroup B, withinthethird middlesectionof 
each piece.Thespikeswereplaced 100 to 11 Ocm apartatanangle 
(cc)6to7"from theaxisofthepiece (Fig. 7).Theultrasonicwave 
velocity of a beamparallel tothegrainwas taken as the averageof 
the six wavevelocities. 

The dynamic modulus of elasticity was calculated (without 
correctionfor Poissoncoefficient) usingthefollowing expression: 

E, = v2' d 
were, E,=dynamicmodulusof elasticity (N/m2) 

v = ultrasonic wavevelocity (mls) 
d =density of material (kg/m3). 

The density oithe materialwas obtained from a small piece 
taken outfrom the beam cross-section. Thedvnamic modulus of 
elasticity aregiven inTable3. 

2.4 Mechanical Tecting 
Two bending tests were performed on each piece in order to 

obtain the longitudinal modulus of elasticity, shear modulus and 

modhr-pi.re Thepeceswereiesieaaccoro ngotneproieo.res 
o.! nedinine T mcerSir~ci.res-So :dTinioeranoGl.eo-amnaieo 
Timber- Determinationof Some Phisycaland Mechanical Propeiiies" 
prEN408(1991). 

Test 1. Apparenl Modulus of Elaclicily 
~hefirsttestwasanon-destructivetesttodeterminethea~~arent 

modulusofelasticitvin bendina (E ~.Thes~ecimenwassu~~or ted , . 
overacen~ralspan'en~inol l ,~,  =92cmio~~ro .p~ ,ano84cmlo r  
G r o ~ p  B Acorcentraleolorceivasappliedaiinemidd e p3 ni Tne 
distance between supports (1,) was approximately equal to 5d, 
where d was the depth of the beam, as recommended in the 
Stanoaro 0neofines.pporis nias ocaiedao stanceolI,lromoe 
enooltheoeam, .= 139crrfortneGro~oA ano 1 2 8 c m I o r G r o ~ ~  
B).~hetestset $usedfordetermining'theapparent modulusof 
elasticity isshown in Figure8. 

Test 2. Modulus of Elasticitv and Modulus of Ruuture 
nin siesi.inespec men wass.pponeoo~eraspanol . ninere 

was3 30 mlorGro~pA.and3 00m For G r o ~ p  B Tv.oconceniraied 
forces were a ~ ~ l i e d  at third ooints of the sDan. The slenderness 
value in each ~ i o u ~ w a s  1, = i8d, asrecommended in thestandard 
(d=depth of beam). Theset upforthistestingprocedure isshown 
in Figure9. 

Relative deflections were measured at the middle third of the 
piecev.neresnearlorce seq~al lozero Tnerelore true m o d h s  
ol eiai ciiv IE iv i h  no nl "erice ol shearco~ d oeoeiermineo 

until thebeamwas ruptured.The modeof rupturewasgraphically 
recorded. Once the "true" and apparent modulus of elasticitv were 
obtained, theshearmodulus (~ j~asca lcu la ted .~heresu l t~o f the  
mechanical test are given in Table 4. The shear modulus was 
calculatedfrorntheexpression 

where, kg = constant depending on the shape of the cross 
section (forarectangularsection, kg = 1.2). 

d = depth of beam 
1, = length atwhich deflectionwas measured 
Eap=apparent modulusofelasticity 
E = "true" modulusof elastiticv 
If Ea isgreaterthan E,Gwill bénegativewhich is meaningless. 

~heoreficall~, Eshould begreaterthan Eapbecause bothvaluesare 
obtainedlrom deflection measurements in thesameportionofthe 
beam,andin thetestfor Eap!Test I),thesheardeflection reduces 
the apparent moduluselasticity whereas in the test for E (Test 2), 
shearisequal tozero, 

Inthisstudy, however,sometestresultsshowthatEislowerthan 
Eapand this ratio EIG isvery variable.Theapparent reasonforthis 
reverse case is that knots or natural defects, are not necessarily 
uniformly distributed along the portion where deiiections are 
measured. Secondly.the bending moment inthesectionof interest 
is not constant for the case in Test 1 but is constant for Test 2. 
Tnerelore nelecisco. onavemore mpaciinTesi2 meas.remenis 
lor E tnan nTesi1 meas~remenislor E , beca~seolineoend no 

Upl 

moment distributionin the bearn. 
" 

Moicture Content 
Moisturecontent ofeach beam was obtained accordinato the 

proceo.reso~i neo nthepr. ~ ~ 4 0 8 , a ~ ~ r o p e a n s l a n o a r Ó o e  ng 
deve opedoaseo on tne ISO8375. A4cm inicnsl:oe o a s c ~ i o u i  
from thecross-section nexttotheruptureareaofthe beam andwas 
kiln dried at 1O3I 2°C until a consiant weight was obtained. The 
averagemoisturecontent oblained was9.72%for Group A, and 
9.92%forGroup B. 

Specific weight 
Specificweightwasobtainedfromarectangular4cm thickpiece 

cutoutfrom each beam closeto therupturearea.Thepieceswere 
freefrom knotsandres noocneis ~hepieces i~~erec~io . ia lmosi  
para le io ine rao al ano ianaencia o rections ol  me :rooo Tne " 

resultsaregiven in Table3. 



3. RESULTSA NDDlSCUSSlON 
3.1 Visual Grading 
Three grades, S10, S8 and S6, were considered. The fourth 

"grade", wasassignedtothe pieces thatwere rejected by the ECE 
rules. Two grading procedures were employed. Procedure 1 
considersallthegradingparametersincluding knots,checks,wanes, 
slope of grain and rateof growth. Procedure2 considersonlytotal 
and margin KAR of knots. Both criteria were applied to see the 
difference in results when aslrict application of the grading rules 
and when onlv knots were used as the basis for aradina. A strict - " 

application of'thegradinq rules reiected ahigh percentageofthe 
test speciments i n ~ r o u ~ ~  main~~becauseof higher exictenceof 
wanes. This aradina rule is ~erhaas inadeauate to be used for " - 
gradinggrosscross-sectiontimber.~able5su~marizestheresulted 
gradesandthe numberof pieces (N) assignedtoeachgrade. 

3.2. Linear Regression Analysis 
Linear regression analysis was performed forthefollowing test 

data: 
(1) Group (A+B): Data from Group A and B were combined 

together for this analysis. The sample size was 28. The data 
associated with sometest tIrOblems0rbeamS known to be broken 
oeforelheiesi hereexcl~aeolromineana ys s Tnereiecieaiesi 
peces wereho i4ana151romCro4pA anoho 3.4.11 ano 12 
from GrOuD B 

2 ~ r o ' . ~ ~  Tnesamplesizel~r in s a l a  ys s was 18 
3 Gro.pB Thc'samp e s z e l ~ r r n  sanaiys s ~ a s  10 

TnelOllO~ naiaraoleswere nc .neo ninearaivss 
E =modulu~ofelaslicity obtainedfromthemechanical test 
G =shearmodulusobtainedfrom the mechanical test 
EIG = E to G ratio 
o = modulus of rupture 
d = specificweight at known moisturecontent 
E, =dynamicrnodulusofelaslicity 
KT =total KAR ofthe rupture section 
KM = margin KAR ofthe rupturesection 
KT1=total KAR butconsideringwaneareasas knot areasatlhe 

ruptureseclion 
KMi= margin KAR butconsidering waneareas as knot areasat 

the rupturesection 
Theconelalioncoefficients between thevariablesaregiven 

n Taole 6. Tne mean. sianoaro oet a1 on ano me coeflic en! of 
,ar.at onol E i o G  rai.os weiea soca CJ aieoenotneres- isare 
given inTable7. 

Thecorrelationcoefficientbetween modulusof elasticity (E) and 
modulus of ruDture ío)was 0.76forGrou~A. bu td ro~~edto0 .42  
for~rou~~~r~babl~bicauseofthehi~herdimensional' i;re~ularit ies 
with the iatter. The mean valueoithe ratioof E toG was 16 (Table 
7'1, and showed highvariability. 

There is strong relationship between specific weight and 
mechanical properties of small clear.wood specimen. But this 
relationshipwasnotevidentforthestructural size membersinthis 
study probably because of higher influence of knots and other 
natural characterislicson slrengtnthanspecificweight. 

Therewere higher correlation between mechanicalproperties 
when grading was based on real knots than when area of wanes 
were also considered as knots. When onlv knots are considered. lhe 
effects of local deviation of grain aroúnd knots on mecha&al 
popen es Nere nc -neo o.iines?effectsooes noreh si\hnenarea 
of wanes are assuneo as areaoi m i s  

Thecorrelation between KARand modulusofrupturewas higher 
than that between KAR and modulus of elasticitv. This mav be 
because theconsidered KARvalues were limiled to the ruiture 

for Group B, however. 
4. Ultrasonic Method 
The main advantage in using ultrasonic methods for 

characterizing timber is its ease of taking measurements in-situ 
providedlhattest specimensareaccesibleirom threesides. 

The majorinconvenience in usingthemethod isthedifficulty in 
calculatingthe density ofmembers in-situ. Densityis requiredto 
calculateIhedynamicmodulus ofelasticity. The relation between 
modulusofelasticity anddensity islinearbutthe relation between 
modulucof elasticitvand veloctily issciuared. Therefore. ilwould be . . 
reasonably acceptabletousedensity valuesfrom theli'terature. 

The correlation coefficient between the dynamic modulus of 
elasticity obtained using theultrasonic method (E,) and theelastic 
modulus determined by non-destuctivetesting (E) was 0.61 for 
Group A. Similarly, the correlation between E, and modulus o i  
rupture (o) was0.59(Table6).Thecorrelation between E,andE 
dropped to0.41 for Group B. Thisdiscrepancy may bedue to the 
highersize irregularitiesof thisGroup. 

ldenticalultrasonicmeasurementswerealso takenwhenthe 
beamswereunder loadand nosignificantdifferencewasobserved 
compared to the results obtained when the beams were tested 
without load. 

5. SUMMARY 

Thirty fourtimber beams (20floorjoists, 13 x 18 cmin cross- 
section, and 14 roof rafters, 12x 16cm in cross-section) thatwere 
90tO 130 years old weregraded using (1) visual grading rules, (2) 
ultrasonicapplication, and (3) non-destuctivetesting. Beforeany of 
the grading procedures were applied, complete and accurate 
measurementsofdimensions and natural characteristicsof each 
piece were taken. A data base of each piece was established for 
future analyses. 

~neoeamswerev S-a {gtaoeoaccorongiotnegrao ngr. es 
recommmoed o\ ine Econom cCommss onslor E,io~e ECE 
1982) referred tÓ as the KAR system. The dynamic modulus of 
elasticity (EJ was calcuiated from ultrasonic wave velocity 
measurements. Modulusofelasticity (E),shearmoduluc(G)and 
modulus of rupture (o) were calculated from load-deflection 
characteristics. Correlationscoefficientswere obtained between 
KARand o(0.55to0.63, E,and o(0.59), and E and o(0.76) for 
Group A. Futher analysis of the data and more accurate visual 
grading methodswill be explored inthefuture. 

6, FUTURE WORK: 

Future workwillfocuson: 
(1) Microscopic identdication and characterization ofthe pieces. 
12) Establishrelationship betweenmechanicalpropertiesand 

~ i a s o n  cmeas.remenijofsma c.ear spec mens 
3 Determ nai onoftneeilecioioensiionmoo.  sof fe a s i c i i  

(4) ~stabl ish grading procedure based on the mechanical 
properties obtained fromtest results and then deducingthe natural 
characteristicsofeach group (reverse aproach). 

(5) Computersimulation of load carrying capacity of floorjoists. 
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sectionwhereas modulusof elasticity dependsonlhe ~ ~ ~ o f l h e  
entire section of lhe rniddle third of the beam under test, The 
correlation between the mechanical propertiesand KARwassmall 


