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1.INTRODUCTION

In oldwood buildings, the structuralmembers aresolidsections
thatare normally produced fromasingletree. Largesizesofsolid
timbermembersarenot readily availablenowadays. Iflargesize
membersare needed, glulam membersareused.

Thegrao ngr.les .segat present are oes gneafor smais ze
tnioers. Tneaop ¢at onofeserutesio argesizermoerisaffc i,
andahigh percentage ofthese pieces wouldbe rejected ifthe same
rulesareapplied. Butinreality, largesizetimber beamshave been
in use and have beenfunctioning wellin service.

Theobijetivesofthisstudy were: (1} todevelopaprocedurefor
obtaining geometric and mechanical properties oflargesize, old
timber beams. and (2} tousetheinformation collectedtoestablish
simple grading rulesér methods to characterize the mechanical
propertiesofstructural membersin-situ.

The practicalimplication ofthestudy istodevelop rnethodsof
determining mechanical properties in-situ for existing structural
members. Information ofthisnaturewouldbeessentialtodevelop
amaintenanceschedulefor restorationofoldwoodbuildingsmade
of largesizestimber members.

As gmif cantamount of time was spenttogel as mucn ntormaton
aspossio etocnaracterize ine mecnamca proper eésol ine peams
Graphical and numericalinformationwerereco'rdedinbeam"cards".
Acompleteanalysisofthedatawillbe performed inthefuture.

2.METHODS

2.1 Gompilation ot Intormations of Each Piece

First,the beamswereinspectedandtheonesthatweredamaged
severely were rejecied. Three approaches followed tocharacterize
the mechanical properties of the beams: (1) ultrasonicmethod, (2)
mechan ca tesiing, ano 3 visua grad ng. Mo st.re content and
spec fic we ghiof samp ep eceswere a someas-reo

Before any of the ahove methods were applied, asignificant
amoJnt oi nformanon aoo.tine genera cnaracier sics of ine
peces,sucnasomensones permanentael ections nat.ra.aefects
(knots, checksand shakes, slope of grain, wanes, annual rings)
weremeasured.

Wood Beams:

The beamswere obtained fram two ald buildingsin theprovince
of Madrid. The beams were classified into two greups hereafter
reterreoto as Gro.p Aand Gra.pB.

Group Acons stea of 20f oor 0ists hav ngan aprox mate cross-
sectionof13cmx 18cm, and were 4 to 5 m long. These joists were
procured from a 130 years old building in Madrid City (the old
center).

Group B consisted of 14 roof rafters having an approximate
cross-sectionof 12 cm x 16 cm and were 4 m long. These rafters
were procured from a building in the center ot Vallecas, Madrid
province. The buildingisestimated tobe80to 80 years ¢ld.

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
suppertplane. The edgeof astraightglulambeamwas used asa

reference plane and all knot and check measurementsalong the
beamswere measuredwithrespecttothe referenceplaneshownin
Figure 1. They, and y, measurements in Figurel weremeasured
withrespecttothereferenceplaneMeasurementsofy, andy, were
made every 30 cm.

Permanent Deflection:

Permanentdeflectionswere measuredin the middle 2.70t03.60
msegmentofeach beam for Group A butwas impossible to do so
for Groun Bbecause ottheirirreqularities. Thespantodeflection
ratiosobtained fromthe measurementare givenin Table 1

As shownin Table 1, only 4 of the 17 beams had adefiection
largerthan 11360. Themaximum bendingstressinservicedueto
permanentloadswasestimated to be between 55 and 59 ka/cm?.

Knots:

Knots in each side orface ofthe beams were measured with
respect to the reference. As shown in Figure 2, x refers to the
disiancefrom thecenterof the knotto the reference point, and y
refersto thedistancefrom thecenterofthe knottothe reference
plane. Other knet dimensions taken include diameter (3 ) when
circular, and d,, d,and (Figure 2) if elliptical.

Checks and Shakes:

Checksandshakesineach face ofthe beamswere measured
anorecoroeo. 4n esstney werecons oe'eorooenegi g ole Tne
engin . woin a, anooepinp, ofsnakesanoihe riocat on nine
beamwere measured (Fig. 3).

Wanes:

Wanes in each face of the beams were measured every 30 cm
length. The dimensions of each waneand its locationonthe beam were
recorded. Measurements relative to wanes are shownin Fig. 4

Slope of Grain

Slopeofgrain wascalculated usingthedeviation ottheshakes
andchecks. Slopeswerecalculatedasthetangent oftheangle, (y,-
y, 1, (Fig. 3).

Rate of Growth:

Average tn ckness ofann_a ringswasoeiermineoaccoro ngio
tne Ecorom ¢ Comm ss on for Europe ECE; Recommenoed
Standardsforstressgrading of structural coniferoLs sawn timber.
Averagethicknesswas 1.8 mm for Groug Aand 2.4 mm for Group
B.

2.2. Visual Grading

Grading Rules:

The beams were visually graded according to the Economic
Commissionfor Europe (ECE) recommendedstandardsfor stress
grading of structural coniferous sawn timber (U.N. Economic
Commissiontor Europe, 1982). This Standarddistinauishes three
grades S0 S8and36 ofsaantmoer Knoteva uation #aspaseo
ontne conceplof Knot AreaRat o KAR,. Otner stanoardcrgrao ng
rules willbeconsidered inthefuture.

Grading Parameters:

Thefollowingdefects wereconsideredforvisually grading the
beams:

Xnots-ineiota anomarg n XAR were ca ¢4 ated accora ngio
rne ECE recommenoeosianoard nc .a ng KAR pro ect ons oftnose
«nots tnét were witnin a disranceol essthanoreq.alloine oepmn
ofthebeam, inthesectionof rupture. Graphic represantation of knot
projections were pertormedforthe ruptureseclion of each beam
(Fig.5).

Checksand Shakes -an average length of checksandshakes
was considered.

Slopeofgrain-calculatedfromtheslopeandchecksandshakes.

Wanes -the wanes near the rupture saction were evaluated by
takinatheratioofwanelenathtowidthordeathofthecrosssection.

Average thickness of annual rings - this parameter was also
consideredinthe visualgrading procedure.

Grading Criteria:

Two grading criteriawereemployed. Cne criteria {Criteria 1)
consiaers the str ciapp icat onof tne ECE recommenaedgraoing
r. €S, wnereastneseconocrteria \Crier a2, treats ¥anesas «nots

Thefollowing characteristics were consideredinthe visual grading
ofthemembers:



A.1. Knots -total KAR (ratio of the sum of prejected cross-
sectional areaofknots andtotalcross-sectional areaofthe piece,
KT),andmargin KAR (ratio of the sum of projected cross-sectional
areaof knots or portions of knotsin the margin section andihe cross
sectional area of the margin, KM). Margin is defined asthe areas
adjoining the edges of the cross-section with occupies one-quarter
ofthe totalcross-sectionalareaofthe piece. Definitionsketchesof
total KAR and margin KAR are shownin Figure 5.

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

Criteria 1 considersA.1, B, C, Dand E, while Criteria 2 considears
A2, B, C and E. Assigned grades include: $10, S8, S6 and SX
(where, SX is assigned to those pieces that did not satisfy the
requirementsforthe lowest grade). Table 2 summarizes the results
ofthevisualgradingprocedure.

23 Ultrasonic Method

Ultrasonicmethods have been inusetoevaluate load carrying
capacity of timber structures in service. Ultrasonic methods are
used to determine the dvnamic elastic modulus of timber. The
procedure followed in this study was the same as that used for
structuralmembers in-situ.

Equipment:

The equipment used was Steinkamp-ultrasonic Tester BP V.
Scale of measurement ranges from 0.1 10 9999.9 s. The testing
spikes were conical shape stainless steel ends. The conical shape
ends allow impulse emissionin aconcentrate way without using a
special connecting device. The frecuency oi the ultrasonic wave
ranges between 40 to 50 KHz. The transducer was made of lead
titanate-circonate.

Wave Velocity Meacurernentc:

Wave velocity measuremenis were perfarmed (1) perpendicular
to thegrain, and (2) parallel to the grain.

Wave velocity measurements perpendicular to the grain: In
these measurements, the spikes were aligned as shownin Figure 6.
This procedure is called the direct method. Wave velocity
measurementsweretakenat threepoints, markedas 1,2 and3in
Figure 6, at adistance of x=130 cm for Group A, and 120 cm for
Group Birom the originofthereference point. This section willbe
referredto, hereafter, as the initial section.

Theouterpositions, 1 and 3, in Figure 6, were 3cm from theends
and position 2 was in the middle. Thewavevelocity perpendicular
to the grain was calculated as the average value of the wave
velogities at the threepositions.

Wavevelocity measurements parallel (almost) to the grain: the
spikes werenotauitealignedin this measurement. Thisprocedure
israferredto as the semi-direct method. Six different readings were
takenbetweenthe initial section, where x =130 cmfor Group A, and
120 cm for GroLp B, and the final section, where x = 240 cm for
Group A and 220 cm for Group B, within the third middlesectionof
eachpiece. The spikeswere placed 100to 11Ocm apartatanangle
{0 )6to 7°from theaxisofthepiece (Fig.7). The ulirasonic wave
velocity of abeam paralleltothegrainwas taken as the averageof
the six wavevelocities.

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

E =v¥*d
were, E, = dynamic modulus of elasticity (N/m?)
v = ulirasonic wavevelocity (mls)
d = density of material (kg/m?).

The density oithe material was obtained from a small piece
taken outfrom the beam cross-section. Thedvnamic modulus of
elasticity aregivenin Table 3.

24 Mechanical Tecting

Two bending tests were performed on each piece in order to
obtain the longitudinal modulus of elasticity, shear modulus and

modulus rupture. The pieces were tested accordingto the procedures
outlinedinthe “Timber Structures -Soelid Timber and Glued Laminated
Timber-Determinationof Some PhisycalandMechanicalProperties”
prEN408(1991).

Test 1. Apparent Modulus of Elasticity

Thefirstiestwas a non-destructive testiodetermine the apparent
modulusofelasticityin bending (E_). The specimenwas supporied
overacentralspanlengthofl (|, = 82cm for Group A, and 84 cm for
Group B). Aconceniratedforce was applied ai the middle point. The
distance between supports (I.) was approximately equal to 5d,
where d was the depth of the beam, as recommended in the
Standard. One of the supports was located a distance of |, fromde
endofthebeam {|,=13% cmforthe Group A, and 128 cmior Group
B). The test setup used for determining the apparent modulus of
elasticity isshownin Figure 8.

Test 2. Modulus of Elasticity and Modulus of Rupture

Inthis test, the specimen was supported overa span of |, where,
lwas 3.30 mfor Group A, and 3.00 m For Group B. Two concentrated
forces were applied at third peints of the span. The slenderness
valuein each Groupwas|, = 18d, as recommended inthe Standard
(d=depth of beam). Theset upforthistestingprocedure isshown
in Figure 9.

Relative deflections were measured at the middle third of the
piecewhere shear forceis egualto zero. Therefore, “true” moduits
of elaticity (E), with noinfluence of shear could be deiermined.

Todetermine the modulus of rupture { 6), the load was increased
untilthebeamwas ruptured. The modeof rupturewasgraphically
recorded. Oncethe "true"and apparent modulus of elasticity were
obtained, the shear modulus {G) was calculated. Theresults of the
mechanical test are given in Table 4. The shear modulus was
calculatedfrorntheexpression

G=Kg*d?/(I2* (1/Eap- 1/E))

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

d =depth of beam

I, =lengthatwhich deflectionwasmeasured

E .=apparentmodulusofelasticity

E ="true" modulusof elastiticy

IfE, isgreaterthan E,G will be negative which is meaningless.
Theorefically, Eshould begreaterthan Ewbecause bethvalues are
obtained irom deflection measurementsin thesameportionofthe
beam, andin thetestfor E_(Test 1), the shear deflection reduces
the apparent moduluselasticity whereas in the test for E (Test 2},
shearisequaltozero,

Inthis study, however, some test results show that E is lower than
E, and thisratio EIG isvery variable. The apparent reasonforthis
reverse case is that knots or natural defects, are not necessarily
uniformly distributed along the portion where deftections are
measured. Secondly, the bendingmomentinthesectionof interest
is not constant for the case in Test 1 but is constant for Test 2.
Therefore, defects could have more impact in Test 2 (measurements
for E)thanin Test 1 (measurements for E_ ) because of the bending
momentdistributionin the bearn.

Moicture Content

Moisturecontentofeach beam was obtained accordinato the
procedures cutlined inthe pr. EN 408, a European siandard being
developed based onthe [SO 8375. A 4 cm thick slide was cut out
fromthecross-sectionnexttotheruptureareaofthe beam andwas
kiln dried at 103z 2°C until a constant weight was obtained. The
averagemoisturecontent obiained was 9.72% for Group A, and
9.92% for Group B.

Specific Weight

Spacific weight was obtained from a rectangular 4 cm thickpiece
cutoutfrom eachbeam closeto the rupture area. The pisces were
free from knots and resin pockets. The pieces were cutout almost
parallel to the radial and tangencial directions of the wood. The
resultsaregiven in Table 3.
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3.RESULTSANDDISCUSSION

31 Visual Grading

Three grades, 510, S8 and S6, were considered. The fourth
"grade"”, wasassignedtothe piecesthatwere rejected by the ECE
rules. Two grading procedures were employed. Procedure 1
considersallthegradingparametersincludingnots, checks, wanes,
slope of grain and rateof growth. Praceduse 2 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 only knots were used as the basis for aradina. A strict
application of the grading rules reiected ahigh percentageofthe
test speciments in Group B mainly because of higher existence of
wanes. This aradina rule is perhaps inadeauate to be used for
grading gross cross-sectiontimber. Table 5 summarizesthe resulted
gradesandthe numberof pieces (N) assignedtoeachgrade.

32 Linear Regression Analysis

Linearregression analysiswas 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 scme test problems or beams knowntobe broken
peforethe test aere exclaeafromine ana ys s Tnereecteatest
peces wereho 14 and 15from Group A anoho 3.4, t1ano 12
fromGroup B

2 Group A Tnesamplesizefarin sanays swas 18
3 Gro.pB Thesamp es zefortn sanays s vas 10

Thefollow ngvar anleswere nc Jded ningar aws s

E =modulus of elasticily obtainedfromthemechanical test

G =shear moduius abtained from the mechanical test

EIG=EtoGratio

0 =modulus of rupture

d = specificweight at known moisturecontent

E =dynamicmaodulus of elasticity

KT =totalKAR ofthe rupture section

KM = margin KAR ofthe rupturesection

KT'=total KAR butconsideringwaneareasas knotareasatlhe
ruptureseclion

KM'= marginKAR butconsidering waneareas asknot areasat
the rupturesection

The correlation coefficients betweenthevariablesaregiven
n Taole 6. Tne mean. stanaara ae. at on ano the coettic ent of
.aratonolEtoGrat.os weiea soca ¢J atecenatne res. isare
giveninTable 7.

Thecorrelationcoefficientbetween modulusof elasticity(E) and
modulus of rupture {6 ) was 0.76 for Group A, but dropped to 0.42
for Group B probably because of the higher dimensional irregularities
with the iatter. The mean value of the ratioof E toG was 16 (Table
71, and showed highvariability.

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

Therewere higher correlation between mechanical proparties
when grading was based on real knots than when area of wanes
werealso consideredas knots. When only knots are considered |he
effects of local deviation of grain around knots on mechanical
propert es sere nc uded o.tines2 effects ages notex stwnenarea
of wanes are assLmeq as area ot wnols

ThecorrelationbetweenKAR and modulusofrupturewas higher
than that between KAR and modulus of efasticity. This may be
because theconsidered KAR values were limited to the rupture
sectionwhereas modulusof elasticity dependsonlhe KAR of the
entire section of Ihe middle third of the beam under test, The
correlationbetweenthe mechanicalpropertiesand KAR was small

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 specimensareaccesibleiromthreesides.

The majorinconvenience in usingthemethod isthedifficulty in
calculatingthe density ofmembers in-situ. Density is requiredto
calculate the dynamic modulus ofelasticity. The relation between
modulusofelasticity anddensity islinearbutthe relation between
modulucof elasticitvand veloctity is squared. Therefore.ilwould be
reasonably acceptable to use density valuesfromthe literature.

The correlation coefficient between the dynamic modulus of
elasticity obtained using theultrasonic method (E) andtheelastic
modulus determined by non-destuctivetesting (E) was 0.61 for
Group A. Similarly, the correlation between E and modulus of
rupture (o) was 0.59 (Table 6). The correlation between E,and E
droppedie 0.41 forGroup B. Thisdiscrepancy maybeduetothe
highersize irregularitiesof this Group.

Identicalultrasonicmeasurementswerealso takenwhenthe
beamswereunder loadand nosignificantdifferencewasobserved
compared to the results obtained when the beams were tested
withoutload.

5.SUMMARY

Thirty fourtimber beams (20 floar jeists, 13 x 18 cmin cross-
section, and 14 roof rafters, 12 x 16 cmin cross-section) thatwere
90to 130 years oid weregraded using {1} visual grading rules, (2)
ultrasonicapplication, and (3) non-destuctivetesting.Beforeany of
the grading procedures were applied, complete and accurate
measurementsofdimensions andnatural characteristicsof each
piece were taken. A data base of each piece was established for
futureanalyses.

Tnepeamswerev sua yGrageaaccora ngtotnegraongr. es
recommenged oy ine Econom ¢ Comm.sg ons for Europe ECE.
1982) referred to as the KAR system. The dynamic modulus of
elasticity (E,) was calcuiated from ultrasonic wave velocity
measurements. Modulusofelasticity {E), shear medulus (G} and
modulus of rupture (o) were calculated from load-deflection
characteristics. Correlationscoefficientswere obtained between
KARand ¢(0.55t00.63, E,and ¢(0.59), and E and ¢ (0.786) for
Group A. Futher analysis of the data and more accurate visual
grading methods wili be exploredinthefuture.

6.FUTURE WORK:

Future workwillfocuson:

(1) Microscopic identification and characterizationofthe pieces.

(2} Establishrelationship betweenmechanicalpropertiesand
utrason cmeas.rementsofsma c.ear spec mens

.3, Determ nai onefine effect otoens tyonmoa. usofe asi ¢ 1y
calculated usingthe ultrasonic method.

(4) Establish grading procedure based on the mechanical
propertiesobtainedfromtest resultsandthen deducingthe natural
characteristicsofeach group{reverse aproach).

(5) Computersimulation ofload carrying capacity of floor joists.
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