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Preface
This report concerns wooden beams with a notch cut at a supported end.

It is a result of ressources pooled from many contributors. Grants have been given
from Building Research Council, Sweden and the Danish Technical Research Council.
Further, many researchers have contributed. From the Div. of Struct. Mech., Lund
Inst. of Technology: Bertil Enquist, Per Johan Gustafsson and Hans Petersson, who
have dealt with the measurements of the wood properties, specially fracture mechanical
ones. From the Dept. of Struct. Eng., Tech. University of Denmark: Ralph Bo Jensen
and Hilmer Riberholt, who have measured some wood properties and carried out the
tests with the notched beams. The word processing has been carried out by Inge Sgren-
sen and the drawings by Esther Martens and Bo Zadig.

Since two departsments have contributed the report is published from both.

H. Riberholt
October 1991.
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Summary

The report deals with wooden beams with a notch cut at the supported end. This re-
sults in stress concentrations leading to a severe reduction of the shear force capacity.

There is given a description of the test methods used to measure partly the shear capa-
cities of the notched beams and their mechanical behaviour. Because of the stress sin-
gularities the fracture energies of the wood for mode I and II have been determined.
The report present all material properties which have been judged necessary to calcula-
te the shear capacity of a notched beam with a theory based on fracture mechanical
concepts such as the fracture energies. The report can thus be employed to verify or
calibrate theoretical models.

Further, there is presented comparisons between measured and theoretical estimations
of the shear capacities of notched beams. It is shown that the analytical model propo-
sed by P.J. Gustafsson overestimated the shear capacity and so does a finite element
method based on non-linear fracture mechanics. Meanwhile, the two models give a
reasonable agreement between measured and calculated shear capacities.

Resume

Rapporten omhandler traebjaelker med en udskaering ved en understgtning. Denne for-
Arsager spaendingskoncentrationer, der medfgrer en vaesentlig reduktion af bjelkens for-
skydningsstyrke.

Der er givet en beskrivelse af forsggsmetoder anvendt til at méle dels materialeegenska-
berne, dels forskydningsstyrken af traebjaelkerne ved udskearingerne samt deres mekani-
ske opfersel. P& grund af spendingssingulariteterne er treeets brudenergi i mode I og 11
bestemt. Rapporten preaesenterer alle materialeegenskaber, som det er skgnnet ngdven-
digt at male for at beregne forskydningsstyrken af bjelker med udskeringer med mo-
deller baseret pa brudmekaniske begreber som fx. brudenergier. Rapporten kan sledes
benyttes til at eftervise eller kalibrere teoretiske modeller.

Endvidere er der foretaget sammenligninger mellem méilte og teoretisk bestemte for-
skydningsstyrker af bjelker med udskeeringer. Det er vist, at den analytiske model fo-
resldet af P.J. Gustafsson overestimerer forskydningsstyrken ligesom en finite element
metode baseret pd ikke—lineszr brudmekanik. De to modeller giver imidlertid en rime-
lig overensstemmelse mellem maélte og beregnede forskydningsstyrker.



Keywords: Timber, wood structures, glued laminated timber, notches beams, fracture
mechanics, fracture energy.

Nggleord: Tree, konstruktionstrae, limtree, bjselker med udskeeringer, brudmekanik,
brudenergi.

Sammanfattning

Denna rapport behandlar trabjilkar med urtag vid upplag. Urtag ger spinningskoncen-
trationer, som leder till betydande reduktion av tvirkraftkapaciteten.

Det ges en beskrivning av provningsmetoderna f6r méitningarna av dels materialegen-
skaper, dels tvarkraftskapacitet och brottbeteende hos Trébjilkarna med urtag. Med
tanke pd aktuell spinningssinguldritet har trats brottenergier i modus I och i modus II
bestdmts. Rapporten redovisar alla materialegenskaper som har beddmts nédvindiga
att bestdmma for att kunna berikna tvarkraftskapaciteten med modeller baserad pd
brottmekaniska begrepp som t.ex. brottenergi. Rapporten kan siledes anvindas for att
verificera och kalibrera teoretiska modeller.

Vidare presenteras en jaimférelse mellan uppméatta och beriknade tvarkraftskapaciteter.
Det visas att den analytiska modellen foreslagen av P.J. Gustafsson och &ven en finit
elementmodell baserad pé icke—linjir brottmekanik dverskattar tvarkraftskapaciteten.
De tv& modellerna ger dock rimlig Gverenstdmmelse mellan uppmétta och berdknade
tvirkraftskapaciteter

Nykelord: Tré, trikonstruktioner, limtrd, bjalkar med urtag, brottmekanik, brottener-
gi.



1. INTRODUCTION AND BACKGROUND.

This report deals with wooden beams, where a notch is cut at the supported end. This
results in stress concentrations which must be dealt with by means of fracture mechani-

cal concepts.

In previous reports test results have been published, see for example /Larsen & Riber-
holt, 1972/ and /Gustafsson & Enquist, 1988/. These contain results for notches cut
perpendicular to grain and the shear capacity of the beams were reduced severely by
the notches. So in this project there has been tested beams with inclined notches,
which has a larger shear capacity than the perpendicular notches. Further, the report
comprises results for full scale beams of a considerable size.
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Figure 1.1 Front views of beams, perpendicular and inclined notches. Range of
cross sectional dimensions.

1.1 Background

The background of this report is a common interest in fracture processes shared by col-
leagues employed at the Division of Structural Mechanics, abbreviated to BM (Bygg-
nadsmekanik), Lund Inst. of Technology and at the Department of Structural Enginee-
ring, abbreviated to ABK (Afdelingen for Barende Konstruktioner), Tech. University



of Denmark. Together they started the project with economic support from partly
Building Research Council, grant no. 890130-2, partly Danish Technical Research
Council, grant no. 16—4544.B.

There was a wish to carry out a more comprehensive series of tests comprising notched
beams of solid timber and glued laminated timber of sizes and qualities relevant to nor-
mal practice.

The tests were coordinated and planned so that all tests with one type of specimens we-
re carried out at only one of the laboratories. So test specimens were transported over
@resund each time a coordination meeting took place.

The cooperation is the reason why this report is published from both institutions. The
intention is that the report can be employed by other researchers to verify their theo-

ries. It will at least be used by the participants of this project.

1.2 Scope of the project

The scope of the project has been to carry out and report shear tests with beams not-
ched at the support. The beams were of sizes and qualities relevant to practice, and
both solid timber and glued laminated timber was tested. Also the strength improving
effect of inclined notches was investigated.

There was measured the mechanical properties of the wood assumed to determine the
shear capacity of the notched beam. The selected properties are listed in the next sec-
tion, which also gives an explanation and justification for the choice.

Further, the project had the scope to set up theories describing the fracture process in
the wood and predicting the shear capacity of the beams by means of the mechanical
properties of the wood. But it has not been included in the project to propose calcula-
tion methods for structural timber codes, it is expected that such methods will emerge
and the results presented in this report can be utilized for the calibration of the me-
thods.

1.3 Description of basic assumptions in possible theories

The intention of this section is to give an argumentation for the measured material pro-
perties.



It was early in the project decided to carry out the stress and strain analyses under the
assumption of a plane state. Meanwhile, wood could be described as a cylindrical or-
thotropic material so the stress and strain in planks cut from a trunk will in reality ine-
vitably deviate from the plane state. Yet, the wood has been assumed to be plane or-
thotropic with properties in the direction perpendicular to the grain depending on the
slope of the annular rings.

The slope or inclination of the annular rings in the cross sections have thus been deter-
mined so that the dependency of the inclination on the mechanical properties perpendi-
cular to grain could be investigated in the essential cases.

From experience and tests, see for example /Larsen & Riberholt, 1972/ it is known that
knots can counteract splitting of wood. So for such failure modes the lowest capacities
is found for wood without knots, that is for almost defectfree wood. Thus, since in the
critical case knots will not be present near the notch they will not disturb the stress or
strain field here meaning that stress analyses based on homogenious material is a rea-
sonable approximation.

The wood has been assumed to be linear elastic, but in the process zone at the crack tip
a non—linear model may be applied. In this zone it has been assumed that the fracture
energy required to form a crack is a controlling material property. Wood has so di-
stinct orthotropic properties that it has been assumed, that a crack always propagates
in the direction of the grain. It may propagate when subjected either to normal stres-
ses perpendicular to grain, Mode I, or to shear stresses, Mode II. It can of course also
propagate when subjected to a combination of these 2 stresses.

In order to perform a static analysis concerning crack propagation in the grain direction
it is thus necessary to know the following material properties.

Stiffnesses
Eg E~modulus in the direction of grain or in the longitudinal direction
of the timber member.
Ego,&  E—modulus perpendicular to grain, where a is the angle between
perpendicular stress and the annual rings.
G Shear modulus, parallel to — perpendicular to grain.
v Poisson ratio



Strength values
ft,00 Tension, perpendicular to grain.
v Shear, parallel to — perpendicular to grain.

Fracture energies

Gi,t Fracture energy per crack area in tension perpendicular to grain.
Gt,v Fracture energy per crack area in shear parallel to — perpendicular
to grain.

The tests for the determination of fracture energies have been carried out so that it has
not been necessary to assume anything about the stress—deformation relation. The
energy has been determined by integration of a force multiplied by a displacement,
both measured.



2. BASIC ASSUMPTIONS FOR THE TESTS

All tests have been performed as short term tests with a duration from start to failure
of approximately 5 min, except for tests where only a stiffness property was measured.
Here the duration was a few minutes. There was aimed at that the specimens were
conditioned at a climate of 65% * 5% relative humidity and 20°C * 2°C in temperatu-
re.

Further, there has been aimed at, that the specimens should be of practical sizes, and
that the wood volumes of interest were as free of knots as possible. This means that in
all notched beams there should be no knots in the vicinity of the inner corner, and in
the small specimens for the determination of the material properties there was no knots
in the tested volume.

2.1 Testing scheme

It was decided to test material relevant to practice, so planks, timber and glued lami-
nated timber (glulam) beams were tested in sizes and qualities as they occur in the
Nordic countries. All specimens were cut from planed wood.

Figure 2.1.1 shows the tested cross sectional dimensions and the orientation of the an-
nular rings.

The socalled "half timber" is cut from the trunk so that the result is two timber mem-
bers, which means that the height h is approximately twice the width b. The planks
have been cut from larger trunks and they have been selected so that the annual rings
were either standing or round as marked in figure 2.1.1 with S or R. In the glulam la-
minations the annual rings were typical lying, so compared with the solid timber mem-
bers they were oriented differently with regard to the stress components perpendicular
to the grain.

In table 2.1.1 there is an account of the parameters varied in the test series. In general
the sizes, the geometric design of the notch and the static eccentricity of the applied
reaction have been varied.

The geometry has been varied by cutting the notch more or less inclining with the lon-
gitudinal direction and thereby the strength improving effect of the inclination has
been investigated. There has been selected some very flat inclinations, which for solid



timber are flatter than the threshold value 1:3 for which the timber codes typical assu-
me the same shear capacity of the cross section as for an unnotched beam.

"Half
timber ™ Planks Glulam
Depth, Width,mm b:
mm h: 45, 85 45 90 90 160
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185 7 ] h:
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Figure 2.1.1 Overview of tested cross sections of timber and glulam.

The relative heights have been chosen so that also values smaller than those, recogni-
zed in the structural timber codes, have been tested. Again in order to investigate
what is behind this threshold.

The smallest eccentricity of the reaction was determined by requiring that the contact
compression stress was reasonably below the compression strength perpendicular to the
grain. In a few cases the contact compression stress reached values up to 4-5 MPa
which are close to the strength values when considering the limited loading length or
area. So it cannot be excluded that high compression stresses perpendicular to grain
just outside the notch corner has influenced (reduced) the shear capacity of the notched
cross section. The larger eccentricities were determined simply as twice the smaller
ones.
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Figure 2.1.2 Geometry and statics of the notched end of the beam specimen.

Table 2.1.1 Parameters varied in the test series.

Size Sheared area or volume
b Cross sectional width See
h Cross sectional height figure 2.1.1
Geometry o Relative effective height, he/h  From 0.25 to 0.875
for solid timber and from 0.5 to 0.833 for glulam
i/0 Inclination 1:1 or angle @.
From 6 = 900 to ¢ = 1690 (1:5) for solid timber

and to 1730 (1:8) for glulam.

Statics J/] Relative eccentricity of the reaction. # = a/h
From 0.16 to 0.66 for solid timber and from
0.12 to 0.30 for glulam.

The specific parameter values are given in chapter 4 in context with the description of
the tested notched specimens.

2.2 Material, selection and conditioning

Species

It was decided to employ European Whitewood (picea abies) from the Nordic countries.
This species is prevailing for the production of glued laminated timber and it is also
frequently used for solid structural timber.
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For the glulam and the solid timber of planed thickness 45 mm the growth places have
been in middle Sweden, whereas it for the timber 85 x 185 mm was Sjelland (Zealand)
in Denmark.

Qualities

The qualities of the timber were the normal ones used for glulam and structural timber.
The boards for glulam complied with the grading rules for T30, which for example re-
quire that the narrow—face knots shall be less than half the thickness b and the wide—
face knots less than a quarter of the cross sectional height h , both relative to the
cross—sectional size of the board. For the solid timber the similar requirements were
4/5-b and 1/2-h.

The range of the mean densities for the different timber dimensions and types of test
specimens were 410 kg/m3 + 30 kg/m3 (dry weight/wet volume).

Selection

The solid timber and the boards for the glulam were specially selected. They were gra-
ded according to the previously mentioned rules. Further, timber with extreme density
either high or low was sorted out. The intention was to have a reasonable homoge-
neous material.

All the solid timber pieces were weighed in the laboratory and based on the density di-
vided into 3 groups. The 6 replicants of each specimen type could thus be randomly
selected with 2 from each density group.

The intention with the density grading and weighing was to have a reasonable narrow
and controlled density variation. In this way density variations should not influence
too much the mean values over the 6 specimens in each type and thereby making densi-
ty corrections superfluous when comparing. But still there was a controlled and limi-
ted density variation so that a correlation between density and other mechanical pro-
perties could be performed.

Climatic conditioning

All wood were dried in kilns before delivery to the laboratory. Here it was kept in a
climate chamber at 65% * 5% relative humidity and a temperature of 200C + 20C for at
least 10 weeks. The range of the mean moisture content for the different types of test
specimens was 14% + 1,5%. This is a little high when compared with the climate and
it could indicate that the moisture content of the wood was not fully in balance with

12



the climate, which normally would result in a moisture content of 12%. — 14%

2.3 Cutting pattern for the test specimens

From the delivered beams of solid timber and glulam there was cut a pair of notched
beam specimens and some small specimens in between. The small specimens were em-
ployed for the determination of some of the material properties. Typical it was possib-
le to cut several of such paired specimens from each plank or beam.

The notched specimens were oriented as shown in figure 2.3.1. The material properties
measured by the small specimens were thus applicable to both notched specimens so in
this way the number of specimens for the material properties were halved.

Plank 17 {17-2-1
17-1-H
17-1-V & Fi7] 17-2-V N |, 7 17-2-H
fy-2-2
g
17-1-H
17-1-V
17-1-2

Figure 2.3.1 Cutting pattern for test specimens. End-notched beams, 17-1-V

and 17—1-H, and matching test specimens for measurement of mate-
rial properties, 17—-1—-1 and 17—1-2. Numbers consistently written on
the sapwood side, meaning that the different specimens always can be
related to each other.

The numbers were consistently written on the sapwood side, so that a test specimen
always can be traced to its original position in the plank.

The following identification was used:

13



End-—notched beams: Plank number — pair number — {ll’féﬁt g;
Test specimens for material properties: Plank number — pair number — speci-
men number (1 or 2)

Test specimens for moisture content: "F" — plank number

One of the two test specimens for measurements of material properties was used at BM
for measuring:

Ego Modulus of elasticity perpendicular to the grain
Gt Fracture energy, mode I

fi,90 Tensile strength perpendicular to the grain
Gt,v Fracture energy, mode II

fy Shear strength

The other test specimens were used at ABK for measuring Egg and fg,g0.

The modulus of elasticity in the grain direction, Eo, and the shear modulus, G, were
measured on the whole plank before it was cut.

In some cases the notch lamella changed between two beams in the glulam beam. 'This
resulted in different material properties in the notch areas of two neighboring speci-
mens. Thus, in this case it has been necessary to cut out a pair of test specimens for
each beam, see figure 2.3.2.

14



Finger joint causes a
/—chonge in notch lamelia

L7—=1-V [L7-1-V-1|L7-1-V-2 %—H—1 L7-1-H-2| L7~-1~-H

notch
famella
iy | B2 2,
W
N N N/ NN S
Testspecimens  Testspecimens
for beam L7-1-V  for beam L7-1-H
Figure 2.3.2 Test specimens in the case where the notch lamella changes between
two neighbour beams. A pair of test specimens is required for each
beam.

To avoid influences from knots, the test specimens were aimed to be free from knots,
see figure 2.3.1. For the end—notched beams there should be no knots within a cross—
sectional height from the notch, as a possible knot in this area could catch and stabilize
a propagating crack. For the small in between specimens knots were cut away if there
was any.

2.4 General about the determination of material properties.

Because of the large variability in the material properties of wood it would be advanta-
geous to determine all the properties by measurements of specimens as close as possible
to the notch. But this was difficult to obtain of two reasons. The first is that knots
and other growth defects sometimes prevented the cutting of small specimens close to
the notch, instead these were cut 1 m away may be. The second reason is that the tes-
ting method required a certain length of the specimen, and this made it impossible to
measure close to all notches. This was the case for the determination of the E~modu-
lus in the grain direction and the G—modulus.

It has thus in several cases been necessary to rely on that the material property measu-
red over a short length is representative for a larger length of the beam.

By employing the pair of neighbouring notched beams the number of the material pro-
perty tests were reduced, but it was still overwhelming.

So the moisture content was measured electric based on conductivity with a meter,
which was calibrated specificly for each wood parcel by means of the weighing and dry
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ing method.

Further, some material properties were only measured for a fraction of the specimens.
Still it was for a considerable number so that it was possible to establish a multiple re-
gression equation by which the property could be estimated for the other specimens by
means of some material properties, such as density, moisture content and so on. In the
next chapter this is described in details, but a few examples will be given here.

Because of the measuring methods the modulus of elasticity Eq in the direction of the
grain (the longitudinal direction) and the shear modulus G was measured over a small
gauge length (approx. 1 m) and at a certain position, respectively. It has been assumed
that these locally measured stiffness properties are applicable to the whole structural
timber member.

For the glulam members the modulus of elasticity Eo was not measured directly. In-
stead it was measured in flatwise bending tests with specimens cut from the lamina-
tions containing the notch point. The density and moisture content of these specimens
were measured and a linear regression equation Eg (density, moist) was determined.
Based on the density and moisture content of the whole glulam specimen Ego was cal-
culated from this regression equation.

Further, the wood density was in some cases determined as the density of the whole

notched beam specimen, whereas it in other cases was measured from small specimens
cut from the beam.

16



3. MEASUREMENTS OF MATERIAL PROPERTIES

Test type

By deciding the test type for measuring a material parameter there was aimed at tests
which gave a strain field and/or stress field of the same type as that occuring at the
notches in the timber members. In this way it was sought to come as close as possible
to the state in the wood around the notch point of the beams. For example the shear
modulus G was measured in a short span bending test by means of strain gages and
knowledge of the stress distribution from a FEM—analysis.

Size and shape of specimens

The size and shape of the specimens will influence the result, not only because of the
size effect originating in the brittle failure (weakest link) but also because of that wood
is cylindrical orthotropic. Since it has been decided to analyze the timber specimens in
a plane state it will be of importance to test the whole width of the cross section in or-
der to measure the relevant "mean value" over the cross section. Futher, by employing
specimens cut from the whole thickness one will measure the correct response in the
sense that it is a plane state response. Figure 3.1 shows an example, where one will
measure different E-moduli perpendicular to the grain for a small necked—down speci-
men and a full-width specimen.

o] Wiz
of notch 1
Full width
specimen 1
Necked—down
Full cross speclnen
section
Figure 3.1 Full width specimen and necked—down specimen from the same cross
section.

17



For the necked down specimen the elongation will originate in a combination of an axi-
al strain in the principal directions (radial and tangential) and a shear strain. The
strain field in the full width specimen will differ because the shear strain tendency in
some regions will be counteracted by the stiffness of other regions in the cross section.

This difference in strain and stress distribution between the two specimens could also
result in different values of the tensile strength perpendicular to the grain, when it is
determined as the failure force divided by the cross sectional area.

Testing scheme considering determination of material parameters by regression
Considering the overwhelming effort to determine by tests all material parameters for
all notched specimen it was decided to reduce the number of material parameter tests
specially those requiring a lot of labour or ressources. Table 3.1 gives an outline of the
material parameters which either were measured for all specimens or for a fraction.

Table 3.1 Fraction of specimens in which material parameters have been measu—
red. Doubtfull measurements have been disregarded.

Structural timber Glulam
Measured in: All Specified All Specified
specimens fraction  specimens fraction
% %
Moisture content X b'e
Density x 54
Density of notch lami.  Not relevant X
Eo X 0
Eo,notch lami Not relevant X
Eogo BMl) 84 0
Eqo ABK?) 84 87
G 43 23
fir90 BMY) 87 0
By ABK?) 99 87
i 86 94
Gy 90 88
Gty 72 il

1) BM: Measured at Dept. Struct. Mech., Lund
2) ABK: Measured at Dept. Struct. Eng., Lyngby

18



In the following sections each test type has been described in details.

Results

The results are presented in Annex 1. Annex 2 contains the mean and standard devia-
tion for each type of notched beam specimen. Further, some mean values are given in
the following sections together with the results of correlation and regression analyses.

3.1 Density and moisture content of the wood

Density
The densities were measured on 2 types of specimens, partly the whole notched beam,
and partly small wood blocks cut from the full length timber beam. See figure 2.3.1.

The density of the specimen was measured by weighing the "wet" specimen and deter-
mination of its volume by measuring the length of the sides. This wet density pyes
was transformed to a dry density from the following formula.

d
Pdry = Po ) = w_é% = pwet/(1 + w) (811

where w is the moisture content of the timber member which was in the range of 12%
to 15%. Based on an average moisture deformation perpendicular to the grain of app.
2% per change in percent—point of moisture the exact dry density can be calculated.

Moisture content

In general the moisture content was measured by means of an electrical moisture me-
ter, which measured the electrical resistance between 2 probes driven into the wood.
The brand: Gann, Hydromette HT 85 equipped with isolated needles (probes).

The moisture meter was calibrated for each timber parcel of a certain dimension. This
was done for a certain number of specimens cut out of the planks. Table 3.1.1 gives the
results of the calibration, which was based on the formula (3.1.2)

Weorrect = Welec- T Wadd (3.1.2)
where  weorrect moisture content measured by weighing and drying according to
ISO 3130.
Welec- moisture content measured electrical
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Wadd constant additive term.

Table 3.1.1 Results from calibration of electrical moisture meter

Timber: Number  Mean values Max single
Dimen— Nath-— Of spe— Weorrect Welec Wadd deVIa.tlon
sion nality cimens % % %

45 x 95 S 14 12.8 11.7 1.1 0.9

45 x 195 ) i 13.4 11.8 1.6 0.8

85 x 185 DK 13 14.2 12.4 1.8 0.9

33 x 90 S 14 11.9 11.8 0.1 142

33 x 160 S 7 12.7 12.5 0.2 0.5

From table 3.1.1 it can be seen that the maximum deviation between the estimation
from (3.1.2) and the correct measured moisture content is about 1%—point.

Results

The measured density and moisture content for each specimen is given in annex 1 and
annex 2 for each specimen type. In table 3.1.2 there is stated the mean v .lues and
standard deviations for each timber dimension.

Table 3.1.2 Mean values and standard deviations for each timber dimension

Timber: Glulam
Cross section 45 x 95 45 x 195 85 x 185 90 x 300 160 x 567
90 x 200
Pdry kg /m3 429 388 388 442 418
st. dev 27 32 25 16 9
pary Notch lam 441 386
st. dev 35 33
w % 12.8 14.0 15.1 12.0 12.8
st. dev 0.5 0.3 S| 0.6 0.5

Small specimens from compression tests, see subsection 3.4.4:
46 tests 17 tests 8 tests

Pdry [kg/m3] 416 378 360
st.dev. 28 36 37
w (%] 12.6 14.3 14.7
st.dev. 0.6 0.3 0.3

It appears from table 3.1.2 that the standard deviations are reasonable small and homo-
genious, meaning that the variation between test specimens is rather limited.
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3.2 Modulus of elasticity in the direction of grain, the longitudinal direction.

Test method — solid timber

The modulus of elasticity in the grain direction, Eg , was measured by placing the
whole plank in a 4-point—bending arrangement. A deflection difference upriqge was
measured in the middle section where the curvature was constant, leading to the deter-
mination of Eo.

cbridge

#*~——* __ Dial gauge

J2 =
) A ,
U bridge
Figure 3.2.1 Measurement of Eg. Eg can be determined from the measured deflec-

tion, Ubridge, Over the middle length with constant curvature.

The plank was laid on two trestles and symmetrically loaded at two points. Thus, in
the middle section, the bending moment and the curvature were constant.

A measuring bridge was placed in the middle section, and the deflection, Uy dge’ over

the length of the bridge, fyriage , was measured.

The deflection uprigge , 18 related to the curvature x by the equation Ubridge =
K - fBridge/8 , and using that & = M/EI, the following formula is obtained:

1M e%ridge

By &= 8T Ubridge

(3.2.1)
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Because of accuracy of the employed dial gauge, the deflection upridge should be of a
considerable size, at least 1/2 mm and preferable 1 mm. But for very stiff planks, this
could be difficult to obtain. As it can be seen from equation (3.2.1), the deflection,
Ubridge Can be increased by increasing the bending moment, i.e. the span. However, the
bending moment should be kept under a certain level (50% of the bending moment ca-
pacity). As an alternative the deflection could be increased by increasing the measu-
ring length, fhridge.

Measurements in pilot tests showed, that if the modulus of elasticity was measured
over different lengths, even for a small shift, results differed 5—10%, indicating a varia-
tion along the plank. Especially knots and irregular grain affected the modulus of elas-
ticity.

In general it is estimated that the E—modulus is measured with an accuracy of up to
10%.

The final arrangement for measuring E—modulus in the grain direction for solid timber
planks is shown in figure 3.2.2.

The load was applied manually by putting lead weights on the pan. A load distribu-
ting arrangement or a yoke was used to apply the 2 forces at the third points approxi-
mately. For the larger planks it was more convenient to apply the load through a hy-
draulic jack.
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45x95 measuring bridge
L a L b / L a | tilting bearing
1 1 —
1 e J 1 / i
: A 7 d r‘?ﬁ | ‘
—_—
== |

| ]

S

i L

7
ZLead weights load distributing arrangement
pan

L a 1|/ b %{ [o]
] ' 1P . ]
| \ Hydraulic jack '
l : g 4 )’/-yoke !
| 7 | e .
. 5 ﬂ . tilting bearing
1 T L SN[ |
; d 2 [
= . ] =5 ;
I *——‘Pbridge—“'l' ! %//
roller 45x195 measuring bridge
85x185
Load Load a b forid e ctedl)
Di : ridge R
TSR m (kg)  P(KN)  (m) m)  (m) TPriase
45 x 95 191.7 = 0.75 1.00 0.60 0.8
45 x 195 - 7.8 0.85 1.00 0.80- 0.7
85 x 185 = 12.8 0.95 1.00 0.80 0.8
1)Based on expected E-modulus, Eq = 13 GPa
Figure 3.2.2 Measurement of E-modulus in the grain direction for solid timber

planks.
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Test method — glued laminated timber

For the glued laminated beams the E—modulus for the notch lamination was of primary
interest. The E—modulus for the whole beam was estimated from the correlation with
the density and moisture content of the wood. This correlation was determined from
bending tests with the notch lamination.

The same test principles as for timber were employed for the laminations — only the
parameters were changed. The arrangement for measuring E—modulus in the grain di-
rection for the notch lamination is shown in figure 3.2.3.

In this case, however, the bending moment is not constant in the total measuring area
and a shear contribution to the deflection must be added. Because of the short lengths
it was necessary to employ a bridge length larger than the moment span, 24 cm.
Otherwise the deflection uprigge Wwas too small to be measured accurately with the

dial gauge.
18cm 12cm P Yoke o of
/ Aluminium plate
T 7 Fastening strap
! | I
acm iguR! % ‘ acm
| 1 J |
A & '
Z 24cm Z Z
hltlng | ’C,bridge=500m |
bearing / / 60cm

i L Dial gauge lp
Measuring bridge
Dimension  Load Expectedl) measuring device [5
P

Ubridge
(kN) (mm)
33 x 100 5 3.5
33 x 175 7 2.8
1)Bamsed on expected G-modulus: G = 750 MPa
Based on expected E-modulus: E = 13 GPa
Figure 3.2.3 Measurement of E—modulus in the grain direction of laminations in

glued laminated timber.
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It can be shown, that the E-modulus can be calculated from formula (3.2.2), when the
arrangement in figure 3.2.3 is employed.

B 2,629 - 10° . P/I (3:2.9)
0—‘ ubrjdge it 0078 ¢ P/G'A o

where P = applied load
I = moment of inertia
G = shear modulus (to be estimated)
A = cross—sectional area
Upridge = measured displacement

There was tested two different notch lamination dimensions, 33 x 100 mm? and 33 x
175 mm?2, corresponding to the beam dimensions, 90 x 200 mm2/90 x 300 mm? and 160

x 567 mm?2.

As it can be seen in figure 3.2.3, the relative accuracy of the measured deflection
Upridge 18 good when a dial gauge with an accuracy of 1/100 mm is used.

The determination of the moment of inertia, I = %—Qbh3, however, is encumbered with

considerable inaccuracies because of the sawn surfaces.

As the dimensions only can be measured within an accuracy of not less than 0.5 mm,
the moment of inertia is determined within an accuracy of 10%. Moreover, the cross-
—sectional dimensions are likely too vary along the length of the lamination. The cross-
—sectional dimensions were measured at the middle, giving a reasonable average value.

Test results

The results are given in table 3.2.1, showing the mean values and standard deviations
for each group of dimensions. Further, the individual values for each notched specimen
are given in annex 1.
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Table 3.2.1 Measured E—modulus for solid timber beams and notch lamella in
glued laminated beams. The E—modulus for the glued laminated
beams is estimated from the density relation. Mean values and stan-
dard deviations.

Dimensions Number E-modulus E~modulus Estimated
of measured on beam  measured on notch  E-modulus for
tests lamination beam

Eo(GPa) Standard notch standard Eo(GPa)
deviation Ey(GPa) deviation

45 x 95 45 13.9 1.7 = =

45 x 195 21 13.1 222 = -

85 x 185 24 12.0 2.3 = =

90 x 200 and

90 x 300 23 = 13.9 2.8 13.8 0.5
160 x 567 8 = 11.3 0.7 13.0 0.3

Comments to test results

It is typical that the E—modulus of the Danish grown 85 x 185 mm timber members is
a little lower than the Swedish planks of thickness 45 mm. The wider boards in the
glulam have a lower E—modulus because of thicker annual rings.

Correlation and regression analysis

The results of a multiple linear regression analysis between the modulus of elasticity Eg
and the free parameters the density p and the moisture content w of the timber
members are given in table 3.2.2. The employed regression equation was:

Mat.param = Intercept + k - w+ k -p (3.2.3)

o

where the material parameter was Eg of either the structural timber members or the
laminations.

26



Table 3.2.2 Parameters in the regression equation for the modulus of elasticity Eg
in the grain direction and with the free parameters moisture content
w and the density p.

Number  Coeff. of Intercept k by kp
of tests  correl. GPa  GPa/%  GPa/kg/m3
Structural timber:
bxh 45 x 95 mm 45 0.68 14 -0.515 0.0444
45 x 195 " 21 0.53 -32.9 1.485 0.0259
85 x 185 " 24 0.43 25.8 —0.914 Not signifi.
Glulam, notch lami.:
All dimensions 31 0.48 0.9 -0.124 0.0327
Ep.MPa

1
|
-

/—- Eg=14-0515u»0.0444-429

A

MOISTURE
6+ CONTENT. %

DENSITY
6+ KG/m?

w0 360 380 200 uzo o ugo0 ue0

Figure 3.2.4 Graphic illustration of the relation between E—modulus E; and
(moisture content, density).
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In almost all the cases the coefficient of correlation is of moderate size. The reason
why is that some inevitable growth defects disturbed the measurements and these de-
fects were not considered in the regression equation. For example, for the timber of
dimension 85 x 185 mm the density was not found to be significant at the 0.15 level,
but it is known from other research, that this cannot be correct.

3.3 Shear modulus G

Two different test methods were employed. At ABK the shear modulus was measured
on the planks subjected to shear in a 3— or 4—point—arrangement. In this way there
was aimed at having the same stress and strain distribution over the width of the cross
section as in the notched beams.

At BM the shear modulus was measured indirectly on a cubiform specimen cut out of
the plank and with a side length of 45 mm in the width direction. The stiffness proper-
ties for four directions, v = 09, 450, 900 and 1359, in relation to the material principal
axis, were compared and from this the shear modulus was determined.

The two methods will be discribed seperately in the following.

3.3.1 Shear modulus G from planks subjected to shear

The plank was supported at the ends and loaded with a concentrated force at the midd-
le of the span resulting in a constant shear force, equal to the half of the applied load.
However, for the solid timber planks of 45 x 95 mm?2 , a 4—point—arrangement was em-
ployed. In this case the shear force was also equal to half of the applied load.

The shear strain, vy, was measured in the shear span by means of strain gages positio-
ned at the middle of the cross section on both sides, where the normal stresses are ex-
pected to be zero. The position was selected so, that there were no knots in the vicini-
ty. The shear stress, 7, is calculated from the shear force, and the shear modulus, G,
can then be found from the wellknown equation:

T=G- 7 (3.3.1.1)

The arrangement is shown in figure 3.3.1.1.

28



O 05m

, 0.20m 0. 15m L 1.00m
5x95 H
E =] . .
) e — ]
8I g/__‘ — T —
roll/”—,
A v
Z P=5kN load distributing arrangement

Lead weights ona pan

Strain gauges
P
Hydraulic jack
Pressure head
| Steel plate
il g’g% ——— ¢

/,,,,E%,,, tilting g' b \Steel

bearin roll
45x195 k g Ky
85x185 . 5 b |, c I
90x300 = 1 !
90x200
s g Load a b c g k h
Dimension  p (kN) (m) (m (m) (W) (m) (m
45 x 195 10 0.40 0.40 0.80 0.25 0.08 0.195
85 x 185 20 0.40 0.40 0.80 0.25 0.08 0.185
90 x 300 40 0.44 0.44 0.88 0.25 0.15 0.300
90 x 200 40 0.29 0.29 0.58 0.25 0.15 0.200
Figure 3.3.1.1 Arrangement for measurement of the shear modulus G. The shear

strain 7 is measured by means of strain gages.
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The shear stress distribution over the cross section of a beam subjected to shear can
approximately be found from Grashof's equation:

3 (1 — EE)
(3.3.1.2)

7(2)

3V
Tmex = 3 p R

1<
=
ey

- - ﬂ L P Tmax

'_____

—_— —
]
g

Figure 3.3.1.2 Shear stress distribution under ideal conditions.

To determine the exact plane stress distribution and to investigate the influence of the
boundary conditions on the measurements, a series of Finite Element—Analysis were
carried out.

The employed Finite Element model for planks of 45 x 95 mm? is shown in figure
3.3.1.3. There was employed a triangular plane element with a complete cubical displa-
cement field. The measured orthotropic elastic constants for the actual test beams
were used in the FEM—analysis. These were in the range Eq ~ 11 —16 GPa, Egg ~ 150 —
250 MPa and Poisson's ratio ~ 0.5. The shear modulus G was estimated to be in the
range of G ~ 630 — 850 MPa.
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<
—_—

X

Figure 3.3.1.3 Finite Element model for the stress analysis employed by the de-
termination of the shear modulus , G, for planks of 45 x 95 mm?2.

Some deviations from the Grashof shear stress distribution were found, especially for
the glued laminated beams.

The deformed Finite Element model for glued laminated planks of 90 x 200 mm? , is

shown in figure 3.3.1.4, which also shows the FEM shear stress distribution compared
with the Grashof distribution.
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45

47 FEM

Grashof
and Navier

Strain)
Gaugel i

55

157

59

T max,FEM =0.89 @/MPG @ /MPa

T mox.Grashot

Figure 3.3.1.4 Results from a FEM—analysis of a 90 x 200 mm?2 beam.

It can be seen from figure 3.3.1.4 that the maximum shear stress in the FEM analysis is
in this case only 89% of the maximum value from Grashof's formula. The correction
factors found for the other dimensions are shown in table 3.3.1.1.
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Table 3.3.1.1 Correction factor for equation (3.3.1.3) based on shear stress in the
strain gauge area determined by in FEM—analysis.

Correctionfactor k1

Dimension (Tma,x,FEM/TmaX,Gra-ShOf)
45 x 95 1.02
45 x 195 0.99
85 x 185 0.99
90 x 300 0.94
90 x 200 0.89

Thus the shear stress in the strain gauge area can be found from equation (3.3.1.3)

mar=lky + 51y (83.1.9)

The shear strain was, as mentioned, found from strain gage measurements. The strain
in two orthogonal directions, €450 and € 4507 as shown in figure 3.3.1.5, were measured.

Further, it was assumed that the stress and strain in the grain direction was zero be-
cause the gages were placed at the middle of the depth of the cross section.

Figure 3.3.1.5 Measurement of strains in two orthogonal direc’cions,e450 and e

1357

It can be shown, that the shear strain + is found from

P= g 58 i (3.3.1.4)

135 45

Thus, the shear modulus G = 7¢o,./7 is found from
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_1. .3 AV
G=k ey (3.3.1.5)

where ki = correction factor from table 3.3.1.1
AV = increment in shear force equal to half the applied load.
b,h = width and depth of cross section

A Ae450 = increment in measured strains

€
13597

According to the accuracy of the datalogger employed, the strain gage properties and
the measuring conditions in general, the accuracy of the strain gage measurement was
Ae = 0.038 %o.

In table 3.3.1.2 the actual accuracy on the measured strains for the different dimensions
are shown. The table shows that the strains are determined within an accuracy of less
than 6%.

Table 3.3.1.2 Accuracy of strain gage measurements.

Dimension 7¢or- 7 1) ; 2) —é—f
€
€q.(3.3.1.3)
(MPa) %0 (%o0) (%)
45 x 95 0.90 1.3 0.65 5.8
45 x 195 1.69 24 1.2 312
85 x 185 1.89 2517 1.35 2.8
90 x 300 2.09 3.0 1.5 2.5
90 x 200 2.96 4.2 2.1 1.8
1) Based on the assumption that G = 700 MPa
- N ]
2) €= |€45°l_|6135°|_ 5 7
Test results

The results are given in table 3.3.1.3, showing the mean values and standard deviations
for each group of dimensions. Further, the individual values for each notched specimen
are given in annex 1.
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Table 3.3.1.3 Measured shear modulus for solid timber beams and glued lamina-~
ted beams. The shear modulus was determined by measuring the
shear strain in a plank subjected to shear. Mean values and stan-
dard deviations.

Dimensions Number Mean G Standard deviation
of tests MPa MPa

Timber beams

45 x 95 9 787 139

45 x 195 3 730 149

85 x 185 4 678 124

Glulam:

90 x 200 and

90 x 300 12 733 155

The shear modulus was not measured for the 160 x 567 mm? glued laminated beams.

Correlation and regression analysis
In table 3.3.1.4 there is stated the results of an analysis of G(density, moisture). Equa-
tion (3.3.1.3) has been employed for the determination of G.

Table 3.3.1.4 Parameters in the regression equation for the shear modulus G
with the free variables moisture content w and density p
Coeff. of Intercept kw kp
correl. MPa MPa/% MPa/kg/m3
Structural timber:
b x h: 45 x 95 mm 0.71 ~2808 246 1.02
45 x 195 Only 3 measurements
b =45 & h = 95 or 195 mm 0.58 -714 40 2.25
85 x 185 mm 0.81 —4232 207 4.81
Glulam:
b =90 & h = 200 or 300 mm 0.37 1913 23.8 —3.331)
b=90&h=200or 300mm 034 174 11.3 0.782)

1) Density of the whole beam.
2) Density of the notch lamination.

It is surprising to see that the shear modulus is estimated to be positively correlated
with the moisture content. One reason to this could be that the range of the measured
moisture contents is limited and thus not suitable for a regression analysis.

Further, it is remarkable that the coefficient of correlation is very low for the glulam,
both for the density of the whole beam and for that of the notch lamination.
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3.3.2_Shear modulus G_from cube tests

Test method

In order to verify the shear modulus from beam tests in section 3.3.1, a few tests of
shear modulus were carried out on small cubes cut from the beams. In this alternative
manner only four specimens were tested. For these specimens not only G, but also
Eqo, Eg and » were determined. The cube test, in a previous study used for testing
Ego , Eg, G and v see /Gustavsson and Enquist, 1988/, is in this study used through-
out only for testing Ego in compression, see section 3.4.3.

Each specimen was uniaxially loaded in compression in four different directions, see fi-
gure 3.3.2.1. The E—modulus in the grain direction, x—direction, and perpendicular to
the grain, y—direction, were determined by loading and strain measurements in the x—
and y—direction, respectively. The Poissons ratio was determined by loading in the
x—direction and strain measurements in the y—direction. After this the corners of the
specimen were sawn away. In this way a new smaller specimen was obtained and the
load direction and also the direction of strain measurements were thus rotated 45°.

x4 saw cut q)zz'sot
2 N e
N
90 Mxli(- o 64 mw,AI i
N o P A - ° 45 N
A 45 \(
Af ¥ d P=45°
X 64
90
a) b)
Figure 3.3.2.1 Geometry of small test specimen used for determining the shear
modulus

a) Determination of Ey, Ey and vyy
b) Determination of E Y=45
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On the loaded surfaces of the specimen plates covered with square shaped pieces of rub-
ber were placed, see figure 3.3.2.2. The rubber faced the steelplates of the testing ma-
chine. Three layer of plastic film with grease between each layer was placed between
the fibre board and the specimen. This arrangement was to allow for lateral expansion.
Moreover, together with the centric application of load the actual setup should give
fairly uniform stresses and strains within the specimen.

The gauge length was in all cases 40 mm and the tests were carried out with a constant
rate of piston movement, 1 mm/min. Deformation was recorded as the mean value
from two gauges, one placed at the front of the specimen and one at the back. The test
was stopped and the specimen unloaded at a load corresponding to approximately 20%
of the short term failure load.

Three layer with 0. 1mm plastic film
and with greace betweeneachlayer Spherical end
on the piston

N o

;—— Steelplate

Specimen

e Steelplate

Rubber glued to hard m

fibre board

Figure 3.3.2.2 Support of small specimen in compression

Test results
Knowing Ey = Egg, Ex = E¢ and v from the initial tests of the cube, G is obtained
from:
—1
g B0 1 pps 1
T | Ao E_ (1-2v) E_
45 X y

where Aeys is the recorded change in strain for the direction of load ¥ = 450, produ-
ced by an increase in load corresponding to the increase Acys in stress. In the present
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tests the choice Agyss = 0.48 MPa was made, this increase starting from a load corre-
sponding approximately to 45 = 0.04 MPa.

The test results indicated by "cube compression" are given in Table 3.3.2.1. In this
table the corresponding results for E, and G as obtained in the tests of the whole
beams, see sections 3.2 and 3.3.1, are also given. Moreover, Ego as obtained by two
tensile test methods, see section 3.4, are also given.

Table 3.3.2.1 Results from tests of four small specimens, E—modulus, Poissons
ratio and shear modulus. For comparison the values measured by
ABK on whole beams or full width specimens have also been gi-

ven.
Specimen Eo Ego Uxy G
[MPa] [MPa] [MPa]

Cube Whole Cube Small Full Cube Whole

comp. beam comp. tens. width comp. beam
30-2-1 27726 14700 321 188 223 0.93 432 704
17-1-1 10131 13500 154 136 276 0.66 2253 808
15-1-1 15196 16700 152 212 0.44 418 1102
11-2-1 10899 12500 1539 188 197  0.71 486 653

Specimen denoted 17—1—1 should be neglected because it had some small knots that
became visible when the specimen was cut to the smaller size, figure 3.3.2.1.1.b).

3.3.3 Comments to the two test methods for the G—modulus

In the beam tests with the planks there has been aimed at to measure the stress—strain
relation for a state, which is as close as possible to the state in the notched beams.
Further, the shear modulus was measured directly from 2 strain gage measurements.
On the other hand the cylindrical orthotropic and the inhomogeneous properties of the
wood means that the measurements were not carried out on a specimen with a homoge-
neous stress—strain field at the strain gages and with exactly zero strains in the grain
direction.

FFor the cube tests can be argued that the stress distribution is inhomogeneous. The
reason why is that wood can be perceived as a fibre reinforced material, and when the
fibres are inclined with the surfaces the boundary condition at a free surface is that
they shall be stress free, see figure 3.3.3.1. But inside the material they shall carry
their share of the stresses. So in a boundary layer at the surface the axial stress in the
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fibres will decrease to zero meaning that large shear stresses occure in the matrix mate-
rial. The size of this boundary layer is not known. But if it has a relatively large size
compared with the size of the test specimens then the stresses and strains over the mea-
suring length will be larger than assumed. This will lead to smaller values of the
G—modulus.

In this relation, it can be seen from table 3.3.1.4 and 3.3.2.1 that the G—moduli from
cube tests are smaller than those from beam tests.

Figure 3.3.3.1 Stresses at a free surface of a fibre reinforced material with incli-
ned fibres.

Further, when comparing the E—modulus E, it must be remembered, that E, measu-
red from beam tests represents a mean value over the gauge—length, whereas the cube-
—test results in an E-modulus measured locally. For the G—modulus the beam test re-
sults in a G—value which is influenced from the properties over the whole cross section,
whereas the cube tests reflect the properties in a smaller part.

It has been decided to employ the G—modulus measured by beam tests in the further
analyses in this report, partly because very few cube tests were carried out.
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3.4 E—modulus and tensile strength perpendicular to grain.

3.4.1 Shape and size of test specimens. Possible explanations of differences between

measured values.

The shape and size of the test specimens are discussed in this section 3.4. Further, it
appears from this section that the strength and stiffness properties perpendicular to
grain depend on the shape and size of the test specimens. In the following there is gi-
ven some possible explanations of this. One is based on that wood can be described as
a fibre reinforced material. Another is based on an orthotropic continuum material
model and the difference originates in different stress and strain states in the narrow
and in the full width specimens allowing more or less shear deformation.

The models have been developed by members of the project team, and have been dis-
cussed with the whole team. But no final clarification has been reached.

General about the stress—strain state and the type of test specimens

It was the intention to employ a test specimen, which as far as possible reflected the
stress and strain field in the notched beams at the failure zone. This zone is very limi-
ted, figure 3.4.1.1 shows the tensile stress distribution along the process zone and in-
ward along the grain. The stress distribution have been calculated by means of the Fi-
nite Element Program specially developed for this project.
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Figure 3.4.1.1 Distribution of tensile stresses perpendicular to grain at failure in

some selected specimens. The stress analysis has been carried out
by a special FEM-program and the material parameters are given
in appendix 1.
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In figure 3.4.1.1 there is marked the lengths over which the tensile stresses were above
half the maximum value fi,90 (the tensile strength perpendicular to grain). The range
of these lengths are from 5 to 16 mm.

Because of the size effect in a brittle inhomogeneous material as wood it is of importan-
ce to employ test specimens with a length in the grain direction of the same size 10—15
min.

The dimensions perpendicular to the grain were:

In the depth direction 20-50 mm
In the width direction Either 16 mm or the total width.

The specimens with a width of 16 mm were employed by BM in Lund, whereas the spe-
cimens with a width equal to the width of the notched beams were employed by ABK.

There was performed a stress analysis of the employed specimen types. It was carried
out by means of the group of programs in PAFEC. A rectangular plane stress element
with 8 nodes and the following orthotropic constants were used. These were determi-
ned from tests with narrow specimens, width = 16 mm. The following values have
been used in the FEM analysis. They were determined before the results had been ana-
lyzed so they do not reflect the findings shown in figure 3.4.3.2 where Ep

=E >E.=E They reflect the measured mean values given

v mean = 0 T v mean = 90
in table 3.4.2.2.
E—modulus:
Tangential direction Ep =300 MPa
Radial direction ER = 200 MPa
Shear modulus G =100 MPa
Poisson ratio I/R,T =05

Figure 3.4.1.2 shows the elements. The shaded part models glued—on steel parts with
E =210 - 103 MPa and v = 0.3.
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gauge |
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£ =19mm
: O,L % // // / 7.
P 45 PO |- 2P
Full width Narrow
s pecimen
Figure 3.4.1.2 Elements in the plane model of specimens for tension perpendicu-
lar to grain, and to the right specimen number 10-1 after failure.
Sizes in mm.

The model of the 45 mm wide specimens in case 2 and 3 were loaded with a concentra-
ted force in the middle of the steel part. The force was 45 N resulting in a average
stress of 1 MPa. The narrow specimen was subjected to a boundary tensile stress of 1
MPa.

The results of 3 cases are reported here. They are:

Case 2 A model of specimen 10-1
"3 A 45 mm wide specimen with the orthotropic axis inclined 45°.
"4 As case 3 but with a width of 15 mm.

For the model of specimen 10—1 each element had allocated homogeneous material pro-
perties with the orthotropic T—axis parallel to the average inclination of the tangent of
the annular rings in the element.

Figure 3.4.1.3 shows the undeformed and deformed models. Deformations exagerated.

It is remarkable to see the slanting deformation field originating in the material aniso-
tropy, specially the low G—modulus.
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Case 2 Case 3 Case 4

| —

Figure 3.4.1.3 Deformed and undeformed models of the tensile specimen.

From figure 3.4.1.4 it can be seen that there is not a homogeneous stress field in the
tensile specimens. At the glue—line between steel parts and wood there is a pronounced
stress peak at the sides. In the middle of the wood there is also a ununiform stress di-
stributions.
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CASE 2:

CASE 3:

CASE 4:

Figure 3.4.1.4
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Stresses over the wood from side to side. Left: Stresses at the glue-
—line. Right: Stresses in the middle of the wood. Notice: The x—a-
xis is not a length scale, but gives the node members, so all models
are shown with the "same width" even though they have different
geometric width.
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The stress peaks in the corners of the wood part could indicate that there is a tendency
to, that the stresses are transferred as scew normal stresses from corner to corner.
There will be dealt with this effect in the following.

From the FEM analysis the average strain €,y,y over the gauge length 19 mm em-
ployed for the specimens with glued—on steel parts were determined from the displace-
ments. The E—modulus in the tensile direction (the y direction) for case 2 was calcula-
ted from

—3

Ey = Uy/fav,y = 10/3476 -+ 10 = 288 MP& (3411)

From the well known formula for a continuum the E—modulus can be determined

By
E, = (3.4.1.2)
Y costv + (EO -2y, )sin?v cos?v + o sinta
@ 90,0 Eqq

= 288 MPa

In formula (3.4.1.2) the zero—direction is the tangential direction and the angle v = 90
— 570,38, where 570,38 is the average inclination of the annular rings of specimen
10—1 in case 2.

It can thus be concluded that the inhomogeneous stress field does not influence the
measurement of the E—modulus in this case. Further, it has been demonstrated for the
specimen that the shear deformation in the wood could occur freely, there has been no
blocking effect of the deformation field from one part of the specimen to another. This
blocking effect will occur when the annular rings are symmetrical in the specimen. But
it must be remembered that in both cases a continuum mechanical description has been
employed.

A _description of wood as a fibre reinforced material

As already mentioned in section 3.3.3 wood can be understood as a fibre reinforced ma-
terial. The aligned cell walls in the latewood constitutes in a way a stiff and strong
band, which statically acts as a fibre. For fibre reinforced materials the fibres at free
boundaries will have zero stress at their ends and the axial stress will over a zone in-
crease rapidly to a level compatible with inner part of the material.
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In the following there is described a simple material model by which the apparent
E—modulus can be calculated. It is assumed that the difference between the apparent
E—moduli measured in the narrow and full width specimens originates in that the stress
distributions are different. So the two stress states should illustrate the effect on the
E—modulus of the above mentioned boundary effect and the effect from the tendency to
have only scew normal stresses in the directions of the principal axes of the material.

In both models it has been assumed that the "annular rings" are straight and with a
constant inclination «. This appears reasonably for the small specimens.

0
N y
2:90
P +— Latewood
Pe Ll
Py Earlywood
Figure 3.4.1.5 The cell structure and a plane model of the wood in a plane per-

pendicular to the grain.
The earlywood and latewood are modelled as a orthotropic continuum and they consti-
tute each a part p e/p ¢ of the wood. So the sum P, + Py is equal to 1.0. The neces-

sary material constants are:

E G

e,0 e,90 e Ye,0,90  Ye90,0 T
Latewood: Bio Eroo Gy Y000 Y0900 =V

Earlywood: E

The Poisson ratios are signified by Ve and vy which both are related to Eg. They
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shall be assigned "large values".

The modulus of elasticity for each part of the wood can thus be calculated from formu-
la (3.4.1.2).

The orthotropic constants

Eeo Feg0 Ego Ergo

can be found from 2 basic tests with axial stress in the principle directions of the mate-
rial.

Further it is here, for simplicity, suggested to assess the E—moduli of the earlywood
from

E =k E
&0 70 740 (3.4.1.3)

Eq 90 = Kg0 E g0

€,90

The factors ky and kg are judged from the difference in cell sizes, density, alignment

of cell walls and so on. There is a limitation on these factors because the apparent E—
modulus E originating in the average deformation shall be equal to the measured va-
lue.

When the stress is applied perpendicular to the annular ring then

| N Pe i Py
Ego Ee 00 Er oo

Ey 90 = Egg (g + Pe/kgp) (3.4.1.4)

When the stress is applied parallel to the annular rings then the strain is equal in both
layers so

Eo €= Ee,o I & EZ,O Pyt

E
B = ] (3.4.1.5)
2,0 Kopf + D,
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The shear strain for a homogeneous shear stress will be

T(pe + pp) = —G— i
P
G 4 ¢
P, P
T= 1/(G§ + Gﬁ) (3.4.1.6)

0p

Figure 3.4.1.6 Left a narrow tensile specimen. Right a wide tensile specimen
bonded to steel parts.

The apparent E—modulus of a narrow tensile specimen

In the narrow specimen it is assumed that there will be a homogeneous stress field with
the principal stresses o1 = oy and o9 = 0, see figure 3.4.1.6. So the elongation in the
y—direction can be calculated from a summation of the elongations in the 2 materials

p. P
e+1,’

g

e= Y=g )o

¥
Ea Ee,a Ef,a

This gives the apparent E—modulus
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p p
E,=1/(—+—%) (3.4.1.7)
e, o

where the E—moduli for the inclined material bands can be determined from formula
(3.4.1.2).

The apparent E—modulus of a wide tensile specimen

In the wide specimen it is assumed that the directions of the principal stresses coincide
with the principal axes of the material. This stress state is illustrated in figure 3.4.1.6,
to the right. It is obvious that this stress state is only possible in the inner parts of the
wide specimen. So the boundary effects are neglected.

Equilibrium of the triangle in figure 3.4.1.6 results in the following equations when the
shear stress is zero.

(3.4.1.8)

The strains in the principle axes are calculated from the equations (3.4.1.9). A geome-
tric transformation results in (3.4.1.10)

g = 2¢ - Ypa00 sz(l_ v Yoy

E() Ego EO EO
(3.4.1.9)
o= L W00 0y _( 1 Yy,
Eso Eo Eoo Eo
ey = gp 082 + €gp Sina (3.4.1.10)
This strain is per definition equal to oy /E o 50
B Eq (3.4.1.11)

1Y
Eo
cos?a + F sin2a — v
90
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Comparison between E—moduli measured from narrow and wide specimens

By employing the apparent E—moduli measured from narrow specimens, E, = 300
MPa, Ego = 200 MPa, and the Poisson ratio wvgg,0 = v = 0.5, 0.25 or 0.0 the formuli
(3.4.1.7) and (3.4.1.11) result in the E—moduli given in table 3.4.1.1.

Table 3.4.1.1 E—moduli Ea calculated for narrow and wide tensile specimens

with the angle o= 45°.

Poisson ratio Specimen:

V90,0 = V Narrow Wide
0.5 201 400
0.25 200 300
0.0 201 240

The constants used for the calculations of the narrow specimen were

Earlywood: pe=2/3 k0=1/4 k90=1/3
)
5(E, o + E_ qn)
2( e,0 e, 90/ __
Ge"‘ 2(1 I V) = 51 MPa
Latewood: py=1 /3
1
5(E; n + Ejon)
3Epo + Epgo)
GZN 30 ¥ 7) = 178 MPa

Besides this effect there is the boundary effect, which results in a reduction of the axial
stresses in the direction of the stiffer latewood cells close to the sides of the specimen.

Orthotropic continuum material model. Different stress and strain states

This explanation is based on that the deformations are substantially less constrained
for the narrow specimens resulting in essential lower E—-modulus values.

For narrow specimens it is assumed as in the previous model that

Uy':P/A
Ux=0
Txyzo

a1



where the stresses refer to the coordinate system shown in the figures 3.4.1.5 and

3.4.1.6. This results in an apparent E—modulus, which can be calculated from

(3.4.1.2).

For the full width specimens it is assumed that the strain and stress state can be appro-

ximated by

O't‘—‘P/A
fxzo

Txyz 0

This results in the following apparent E—modulus

where Cjj are the compliances given in the rotated coordinate system.

_ 1 4 i Y0 ,90\qin2 2 1 o4
Cy = 1%5 costa + ((1; 2 Tl—g() Jsin2acos2a + E_fo sinta

= i Y9 0,0\gip2 2 4
Caa Els sin al+ ((iT 2 "By DsinZacos?a + Eyg COs*

= ) 2 10,90( cog4 in4
Cio (EE L G)sin2acos?a + Ty * (costa + sintaw)

(3.4.1.12)

(3.4.1.13)

By using material properties of wood found in the litterature (not all available by this

investigation) a ratio between the apparent E—moduli of narrow and full width speci-

mens of say 0.6 could be explained.

3.4.2 Tensile tests with narrow specimens

The specimens were first sawn to the dimensions in figure 3.4.2.1 a) and then milled to

there final dimensions, figure 3.4.2.1 b). This means that material taken from the cen-

tre part of the width of the beam cross section was tested. The tensile test specimens

were all cut from the test beams at such a hight that their mid—section was taken from

the same height as the location of the notch tip. Because of this some of the specimens

had to be furnished with an extra piece of wood to get sufficient length.
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Figure 3.4.2.1 Narrow tension test specimen. a) Geometry after sawing, b) Final

geometry.

The gauge length was 40 mm and along this length the specimen had a constant cross
section. Tensile force was transferred to the specimen via chains of steel and alumini-
um profiles glued to the specimen. The rate of the piston was constant, 1 mm/min,
and time to failure about three minutes.

¥ I

|

Steelchain connected to
the testingmachine

o
&

kL
0

Figure 3.4.2.2 Experimental setup. Tension test.
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Test results

Mean values and standard deviations are given in table 3.4.2.1. For individual values,
see annex 1. In table 3.4.2.2 test results relevant for illustrating possible effects of loca-
tion and orientation of test piece are presented.

Table 3.4.2.1 Tensile strength and E—modulus both perpendicular to grain mea-
sured by narrow specimens.

Mean {4,090 St.dev. Mean Eg9  St.dev.

MPa MPa MPa MPa
Structural timber
bxh: 45 x 95 mm 3.40 0.53 236 91
45 x 195 mm 3.00 0.48 237 101
All with b = 45 mm 3.31 0.54 236 93
85 x 185 mm 3.50 0.83 143 45

It is remarkable to see the small differences between the mean values, both with respect
to different cross sectional dimensions and with respect to location and orientation of
the tested volume.

The tensile strength of narrow specimens was only measured for the structural timber
beams. For the glulam beams the full width specimens were used only.

71 specimens were tested. For three specimens no value of f,990 was obtained because
of failure in the glue between the wood and the aluminiumprofile. Due to problem with
a strain gauge for two specimens no value of Ego was obtained.

In all tests the performance was approximately linear elastic. Egy was determined
from change in deformation produced by increase in stress from about 0.45 MPa to
about 1.78 MPa.

The tensile strength, f;,90 , was in average 3.3 MPa and with 18 percent coefficient of
variation. The modulus of elasticity, Ego, was in average 220 MPa and with 45 percent
coefficient of variation.
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Table 3.4.2.2

Results from tests of tensile strength E—modulus perpendicular to
grain for groups of tested material

Approximate o ft,90 Ego Number
location of (he/h) average  C.0.V. average  C.0.V. of tests
tested volume [MPa) (%] [MPa) (%]
A
AN ] 0.5 3.3 15.8 258 35.9 40
= 0.75
= 0.8 33¢ 170 169 54.9 20
0.75
0.95 3.8 22.4 127 22.2 4

e

It appears from table 3.4.2.2 that the E~modulus decreases, as the angle between the
annular rings and the stress increases. But there is a discrepancy between the bottom

most mean value of 127 MPa and the measured angular dependency shown in figure

3.4.3.2.

Correlation and regression analyses

In table 3.4.2.3 there is stated the results of an analysis of fi,g0 (density, moisture).

Equation (3.2.3) has been employed.

Table 3.4.2.3 Parameters in the regression equation for the tensile strength and
E—modulus perpendicular to grain for narrow specimens. Only
structural timber.

Coeff. of Intercept kw kp
correl. MPa MPa/% MPa/kg/m3

Tensile strength perpendicular to grain:

bxh: 45 x 95 mm No significance

45 x 195 mm 0.64 —0.88 - 0.01008

All with b = 45 mm 0.30 1.30 - 0.00479

85 x 185 0.50 8.02 -0.293 -
E-modulus perpendicular to grain:
bxh 45 x 95 mm 0.28 808 —67.0 0.678
45 x 195 mm No significance
All with b = 45 mm No significance
85 x 185 0.95 114 22.7 —0.825
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3.4.3 Tengile tests with full width specimens

The specimens were cut from the full cross section with their middle positioned at the
level of the notch tip. They were bonded to steel parts by means of Araldit. The di-
mensions varied with the width of the cross section, but the dimension in the grain di-
rection was always 10 mm.

Dimensions in mm Hole with
thread
a b hS
D
T
Struc. 25 45 10 h
timber: 25 85 30 “'
a
Glulam 25 90 30 .L !
50 160 60 h f
s
b / 10 mm
Ve = —t
Figure 3.4.3.1 Full width tension test specimen. The wood was bonded to the

steel parts. The tensile force was applied by thin threaded rods
screwed into the holes.

The force was applied to the specimen by thin (4—6 mm) threaded rods with a length of
150200 mm. They were flexible and they had almost no bending capacity, so the force
was applied at the middle of the tensile specimen.

On both end grain sides of the wooden specimen there was put a deformation transdu-
cer in a similar way as shown in figure 3.4.2.2. The gauge length was 19 mm.

The threaded rods were clamped to the testing machine. The piston velocity was 0.5
mm/min resulting in failure in 3 to 5 minutes.

Besides the mechanical properties the inclinations of the annular rings at the positions
of failure were measured in both sides of the specimen.
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Test results
Mean values and standard deviations are given in table 3.4.3.1. For individual values

see annex 1.
Table 3.4.3.1 Tensile strength and E—modulus perpendicular to grain measured
by full width specimens.
Mean fi,90 St.dev. Estim.fi,00 Mean Egg St.dev.
MPa MPa, MPa MPa MPa
Structural timber:
bxh: 45 x 95 mm 3.40 0.53 3.32 392 117
45 x 195 mm 2.91 0.75 3.01 374 119
All with b = 45 mm  3.24 0.77 388 117
85 x 185 mm 2.79 0.76 2.65 410 141
Glulam:
b=90 h=200&300 mm  3.58 0.68 2.97 576 156
b=160 h=567 mm 1.69 0.15 2.02 568 161

It appears from table 3.4.3.1 that the modulus of elasticity increases when the width b
increases. This supports the idea proposed in section 3.4.1, that for wide specimens ti;2
applied tensile force will cause a 2—dimensional stress field which results in higher E—
moduli than for a uniaxial stress field.

Further, there is a tendency to that the tensile strength increases for increasing density
and decreases for decreasing volume of the test specimen. From the regression analyses
reported later it appears that there is the following incremental relation

A fi,90 = 0.0075 Ap (3.4.3.1)

This can further be combined with a brittle failure decription by employing a Weibull
theory. The reference volume is chosen to be a = 25 mm, b = 45 mm and t = 10 mm ,
see figure 3.4.3.1. Since t is 10 mm in all specimens it vanishes so with a reference
tensile strength of 3.1 MPa the relation between tensile strength and density plus volu-
me becomes for the employed specimens

0.2
| T— (‘f—j,gé) (3.1 MPa + 0.0075- (p — 400 kg/m3)) (3.4.3.2)

Formula (3.4.3.2) has been used to calculate the estimated tensile strength values given
in table 3.4.3.1. The average values of the 5 measured and the 5 estimated values are
equal and the co—variation appears to be good. It must here be remembered that the
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patterns of annular rings are quite different in the specimens and the width of the tensi-
le specimens varied between 45 mm and 160 mm.

Correlation and regression analyses

For glulam only a regression analysis between the dependent variables tensile strength
and E—modulus and the free variable density has been carried out. The variation of
the moisture content was too narrow. For glulam there was employed the density of
the notch lamination.

From table 3.4.3.2 it can be seen that the coefficients of correlation are small, specially
for the glulam there is no significance. The regression for glulam is useless.

Table 3.4.3.2 Parameters in the regression equation for the tensile strength and
‘ E—modulus perpendicular to grain for full width specimens.

Coeff. of Intercept kw k

p
correl. MPa MPa/% MPa/kg/m3

Tensile strength perpendicular to grain:

Structural timber:

bxh 45 x 95 mm 0.55 1.42 —0.0491 0.00597
45 x 195 mm  No significance

b=45 h=95&195 mm 0.32 0.16 = 0.00736
85 x 185 mm 0.33 2.84 —0.155 0.00589

Glulam:

b=h h=200&300 mm  0.05 4.08 — -0.0011/

bxh: 160 x 567 mm 0.05 1.56 - 0.00028

Modulus of elasticity perpendicular to grain:

Structural timber

bxh 45 x 95 mm 0.30 915 -74.0 0.662
45 x 195 mm  No significance

b=45 h=95&195 mm 0.17 406 -19.8 0.240
85 x 185 mm 0.37 —400 - 2.07

Glulam:

b=90 h=200&300 mm  0.07 422 - 0.360

bxh: 160 x 567 mm 0.46 —288 — 2.25

The relative poor correlations in table 3.4.3.2 indicates that another free variable
should be incorporation into the analyses. It is obvious to consider the ratio between
the density of the earlywood and the latewood but this ratio is difficult to determine.
Instead the angles of the annual rings at the failure position in both sides of the speci-
men were incorporated in the regression analysis. The regression analyses of the tensile
strength were based on partly the maximum angle vpax , partly the minimum angle
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vpin and the regression equations were of the following type. This allows a curved va-
riation with the angle.

f¢,00 = Intercept + kp p+ k|v | Vmax |+ kVI%ax Vet (3.4.3.3)

maxl

fi,00 = Intercept + k_ p+ Xk, . |vmin|+ Kk 2. VEin (3.4.3.4)
p IVm1n| Vmin

For the E—modulus the regression analysis was based on a similar relation but with the
mean value of the angles in the two sides as free variable. Further there was added a
term proportional to the numerical value of the angle difference between the 2 sides.

The regression analyses showed that the maximum angle vpax gave the best correla-
tion with the tensile strength, but vpin gave an almost equal good correlation. The
results are given in table 3.4.3.3.

For the E-modulus the average angle resulted in a weaker correlation, see table 3.4.3.3.

Table 3.4.3.3 Parameters in the regression equation for the tensile strength and
the E—modulus perpendicular to grain for full width specimens

Coeff. of  Intercept kp k ko 'klV diff|

v
corel. MPa MPa/kg/m3 MPa/deg. MPa/deg.2 M

Pa/deg.

Tensile strength perpendicular to grain:

Structural timber: V = Vinax

bxh: 45 x 95 mm 0.59 20.6 0.00814 -0.575 0.00385
45 x 195 mm 0.39 2.8 0.00470 —0.069 0.00058
85 x 185 mm 0.54 10.4 0.0032 -0.263 0.00186

Glulam: V = Vpax

b=90 h=200 300 mm 0.54 57 0.00006 -0.062 0.00037

Modulus of elasticity perpendicular to grain:

Structural timber:

bxh: 45x95 mm 0.25 218 0.542 -5.33 0.0516 1.38
45 x 195 mm 0.72 7 1.352 -13.70 0.1376 3.05
85 x 185 mm 0.89 1247 —0.458 -36.40 0.334 3.20

Glulam: V = Vnean

b=90 h=200&300 mm 0.22 405 0.316 -1.36 0.0079 4.30

For the glulam with bxh = 160 x 567 mm the number of test results was too little for
a reasonable regression analysis.
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The variation with the annual ring angle is visualized in figure 3.4.3.2 and figure 3.4.3.3
for structural timber and glulam respectively. For the test results from the narrow spe-
cimens there is shown a similar relation in table 3.4.2.2) but it gives only the relation
between the relative height position « and fi,g0 and Egg. The same type of table is
given in table 3.4.3.4 for structural timber.

Table 3.4.3.4 Results from tests of tensile strength and E—modulus perpendicu-
lar to grain for structural timber. Mean values and coefficient of
variations for the different cross—sectional sizes and locations of
the full width specimen given as @ = he/h.

Cross—sec. Location Number  fion Eap
sizes bxh a=he/h of tests  Mean .0.v. Mean €.0.v.
mm MPa ) MPa %
45 x 95 0.5 22 3.6 20 435 30
0.25&0.75 20 249 20 364 35
45 x 195 Standing annular rings
0.5 6 2.9 28 401 13
0.75 3 2.8 1 334 18
45 x 195 Round annular rings
0. i 3.3 25 418 44
0.75 6 2.6 37 339 40
85 x 185 0.5 8 2.6 33 327 31
0.75 12 29

21 457 25
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f',90 MPa
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All
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Figure 3.4.3.2 Structural timber. The variation in the tensile strength f,90 and

the E-modulus both perpendicular to grain on dependence of the
annular ring angle, the maximum angle for fi,00 and the mean
angle for Egg
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Figure 3.4.3.3 Glulam, width b = 90 mm. The variation in the tensile strength

ft,90 on dependence of the maximum annular ring angle.
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It is remarkable to see that all the curves in figure 3.4.3.2 and 3.4.3.3 are hollow to the
same side. Further, for the E—modulus this is theoretical to be expected from the theo-
retical considerations in clause 3.4.1.

The regression equations given in table 3.4.2.3 have been emploied to estimate fi,90 or
Egp when a value have been missing. This is marked with E (estimated) in annex 1.

Comparison between results from narrow and full width specimens
For the structural timber there has been performed tests with both narrow and full
width specimens.

A correlation analysis showed that the tensile strengths measured from narrow and full
width specimens were poorly correlated. But the mean values for each timber size are
very equal, please compare table 3.4.2.1 and 3.4.3.1. This could indicate that the per-
pendicular tensile strength varies within a timber member, because the narrow and full
width specimens are cut from each of the 2 timber pieces between 2 neighbouring
notched beams. This should be remembered by the interpretation of the test results of
the notched beams.

For the E~moduli the correlation between the narrow and full width specimens were
poor. But here there is a significant difference between the mean values, see table
3.4.3.4. The ratio between the two E—moduli is discussed further in clause 3.4.5.

Table 3.4.3.4 E—modulus. Ratio between the mean value for narrow specimens
and full width specimens.

Plank dimension bxh, mm 45 x 95 45 x 195 85 x 185

EQO)narrow/EQO,full width 0.60 0.63 0.35

3.4.4 E—modulus in compression perpendicular to grain, density and moisture content
by drying.

The E—modulus in compression perpendicular to grain, Ego, was tested exactly in the
same manner as described in section 3.3.2, but of course in this case only the uniaxial
load in compression perpendicular to grain is relevant. Specimen geometry and test
setup is shown in figure 3.4.4.1.

After the compression test, the specimen was used to determine density and moisture
content of the wood. In this case the moisture content was determined by drying.
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Figure 3.4.4.1 Specimen geometry and test setup. Compression test.

A total of 71 specimens cut from the structural timber were tested. For glulam Ego
was tested in tension only. Individual test results and mean values are given in Annex
1 and 2, respectively.

In all tests the performance was approximately linear elastic. gy was determined
from change in deformation produced by an increase in stress from about 0.28 MPa to
about 1.10 MPa.

The average of Egp as obtained by the compression tests is 204 MPa and its coefficient
of variation is 43 percent. In table 3.4.4.1 average values for certain groups of the tes-
ted material are presented in order to illustrate the effect of the location of the test spe-
cimen.

The density (dry weight/wet volume) for the same specimens was in average 403 kg/m3
(9 percent c.0.v.) and the moisture content (weight of water/weight of dry specimen)
was in average 13.2 percent (7.8 percent c.0.v.). The actual moisture content values
were obtained by weighing the specimens before and after drying in an owen with the
temperature 1050C. The specimens were of clear wood, free from knots and other de-
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fects.

Table 3.4.4.1 Results from test of E-modulus in compression perpendicular to
grain for narrow specimens.

E-Modulus, Egg Density, pdry Moist, w Number
Mean C.0.V. Mean c.0.v. Mean c.0.v. of
tests
MPa % kg/ms3 % % %
Structural timber
bxh: 45%x95 mm2 213 37.6 416 6.7 12.6 5.0 46
45%x195 mm? 212 5145 378 9.4 14.3 2.2 17
All with b
= 45 mm 213 41.3 406 8.4 13.1 0.2 63
85x185 mm? 139 45.9 360 10.1 14.7 1.7 8

Table 3.4.4.2  Results from tests of E-modulus in
compression perpendicular to grain
for groups of tested material and for
narrow Sspecimens.

Approximate o Ego Number
location of average C.0.V. of
tested volume  he/h MPs % tests
N7z

\ % 0.5 209  42.5 35
wl? 0.75 207 40.5 28

N % 0.25

@ 0.75 177 41.3 4

NN\ 2 0.25

3.4.5 Comparison and conclusion

Tension tests have been carried out for structural timber by use of both narrow and full
width specimens. Also compression tests have been performed.

A correlation analysis showed that the tensile strengths measured from narrow and full
width specimens were poorly correlated. But the mean values for each timber size are
very equal, please compare table 3.4.2.1 and 3.4.3.1. This could indicate that the per-
pendicular tensile strength varies within a timber member, because the narrow and full
width specimens are cut from each of the 2 timber pieces between 2 neighbouring
notched beams. This should be remembered by the interpretation of the test results of
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the notched beams.

For the E—moduli the correlation between the narrow and full width specimens were
poor. But here there is a significant difference between the mean values, see table
3.4.34.

In clause 3.4.1 there is given some theoretical models which can explain this difference.
Ratioes between the two measured E—moduli of 0.5 til 0.84 can be explained by the
theories and the chosen material properties. A ratio of 0.6 could be typical. The mea-
sured ratios for the timber width b = 45 mm correspond to this, but for b = 85 mm
the measured ratio is considerably smaller.

For the E—moduli the correlation between the narrow tension and the wider compres-
sion specimen is shown in table 3.4.5.1. It is quite interesting to note the possible influ-
ence of fibres oriented in the radial direction.

Table 3.4.5.1 E—modulus. Ratio between the mean values for narrow tension
specimens and wider compression specimens.

L ti in the "plank" o
ocation in the "plan NS EZA PR

i 1 127
EQOmatrow tension/EQO,wider compr- %‘%% = 1.21 2‘8% = 0.81 177 = 0.7

So it can be concluded that the apparent E—modulus E will depend on the stress sta-
te. This means it will depend on the width of the specimen because it is only in a rela-
tively wide specimen that the apparent E—~modulus will increase.

Since the stresses perpendicular to the grain in a notch are limited to a very little volu-
me it seems likely that the surrounding material will act as the glued—on steel parts.
So the relevant modulus of elasticity should be the one determined from tensile speci-
mens with a width equal to that of the notched beam.
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3.5 Fracture energy in tension, Gf,z. Mode I

Description of test method

The fracture energy for tensile fracture perpendicular to grain, Gg,¢, was determined by
three point bending of notched beams, see figure 3.5.1, according to a CIB draft stan-
dard , see /Larsen & Gustafsson, 1990/. The fracture energy is here defined as work of
fracture divided by the area, bt, of the fracture cross section. The work of fracture is
determined as the work carried out by the load, P, and the weight of the beam, mg,
when the beam is being brought to complete failure in a stable manner. This can be
expressed as

R
Gt,¢ =b—t(j0 P dé + mg &)

where ¢ is the piston movement and & its value when the load P has reached zero,
see figure 3.5.1.d). The integral, corresponding to the work carried out by the load P,
is obtained from the area under the recorded P — § curve.

To get required beam length the specimen, 48x45x80 mm3, was glued between two
blocks of wood, 45x80,240 mm3, figure 3.5.1 a) and b). A notch, 48 mm deep and
about 1 mm wide, was then sawn in the middle of the specimen. This gives a remai-
ning cross section area of bxt = 45x32 mm?2. The beam was supported on steel plates
with centre distance 480 mm. One support, a steel cylinder, permitted translation and
rotation of the beam in its plane and the other support with a steel ball permitted in
principle free rotation. A compression force was transferred via a steel ball and a steel
plate placed centrically over the notch. A layer of rubber was placed between the diffe-
rent steel prisms and the wood. The rate of the piston was constant, 1 mm/min, and
time to failure about 6 to 10 minutes, corresponding to a beam deflection of 6 to 10

mim.

The specimens were all cut from the test beams at such a height that their mid section
was taken at the level of the notch tip.

For the beams with a width greater than 45 mm the test specimen was cut at the cen-
tre of the cross section.
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Figure 3.5.1

Fracture energy, mode I, Specimen and test setup
a) Specimen geometry

b) Test setup, geometry

¢) Complete test setup

d) AP —édcurve
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Test results

A total of 102 specimens were tested: 31 made of glulam and 71 of solid spruce. Most
of the tests, 87, performed in a stable manner as illustrated by the two examples in fi-
gure 3.5.2. Fourteen of the tests were partly unstable, see figure 3.5.3a in the sense
that shortly after the maximum load the force dropped 50—100 N without any increase
in piston displacement.

One of the specimens was reinforced through the fracture area with a knot, which first
became visible after the test. The result of this reinforcement is shown in figure 3.5.3b.
This test is not included in the statistical evaluation of the test results.

The mean and standard deviation of Gg,; for each group of dimensions are given in
table 3.5.1. The individual values are given in annex 1.

Table 3.5.1 I\;Iean and standard deviation of the fracture energy in tension (mode
I Gf)f.
Mean Gg,y Standard dev.
Nm/m?2 Nm/m?

Structural timber:
bxh: 45 x 95 mm 294 49

45 x 195 mm 255 56

85 x 185 mm 307 35
Glulam:
b =90 h = 200&300 mm 304 52
bxh: 167 x 567 mm 304 14

The fracture energy in tension, Gg, , was in average (101 specimens) 298 Nm/m? (21.1
percent c.0.v.) and the maximum load in average 188 N (19.3 percent c.0.v.)

To illustrate the possible effect of the location of the tested specimen mean results for
certain groups of specimens are compiled in table 3.5.2. For the different locations
within the glulam cross section the orientation of the annual rings is approximately the
same.

Both for the groups of cross—sectional sizes and for the groups of locations it is notice-
able to see how uniform the mean values are.
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Figure 3.5.2 Examples of stable performance, recorded in most tests.
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Figure 3.5.3 Results from test of fracture energy in mode 1
a) Partly unstable test performance
b) Fracture area reinforcement with a knot
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Table 3.5.2 Results from tests of fracture energy in tension

Approximate a Gi,¢ Number
location of (he/h) average  C.0.v. of tests
tested volume [Nm/m?]  [%]
Structural timber
Y %
2 ’ 287 22. 41
&\&l 7 0.5 8 2.6
=
= i 286 15.4 20
0.75
0.25 316 14.4 4
4N 0.5
'l@ 0.75 319 22.8 31
W 0.83

Correlation and regression analysis

In table 3.5.3 there is stated the results of an analysis of Gg,t, (density, moisture). For

glulam the density and moisture content is that of the notch lamination. Equation

(3.2.3) has been employed.

Table 3.5.3 Parameters in the regression equation for the fracture energy in ten-
sion with the free variables moisture content w and density p
Number of Coeff. of Intercept kw kp
tests correl. Nm/m? Nm/m2/%  Nm/m?2/kg/m3
Structural timber:
bxh 45 x 95 mm 61 0.21  No significance
45 x 195 mm 14 0.60 1066 -90.7 1.169
All with b =45 mm 75 0.36 = 0.601
85 x 185 mm 13 0.24  No significance
Glulam:
All with b = 90 mm 36 0.46 7.33 0.657 U
bxh 160 x 567 mm 7 0.51 17.0 0.008 U

1) Density and moisture content of the notch lamination.

Generally the correlation is poor, mean values could be used just as well.
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3.6 Shear strength, fy,, and fracture energy in shear, G¢,.. Mode I

The shear strength and fracture energy test was carried out on quite small specimens,
cut out of the timber pieces between the test beams as described in chapter 2.3. Du-
ring the test shear stress—deformation performance of the specimens was recorded both
during increase in stress and deformation and during the gradual fracture softening re-
sulting in a decrease in force during further increase in deformation. This means that
both shear strength, f,, and shear fracture energy, Gg,y, could be determined from the
same test result. In addition, from the test result it is possible to evaluate the fracture
softening shear stress—slip performance of a shear fracture process region. While peak
load, and accordingly fy, is comparatively easy to determine it is more difficult to
achieve a good test performance for evaluation of Gg,y.

The test setup is shown in figure 3.6.1. It has previously been used for testing wood
adhesive bonds /Wernersson, 1990/ and it is designed to give a pure and reasonable
uniform shear stress along the fracture section. Pure shear is achieved by antisymme-
tric loading of a symmetric specimen and uniform stress is achieved by making the tes-
ted section short. The small overall dimensions of the specimen and the generous de-
sign of the steel parts are to meet significant requirements regarding stiffness and stabi-
lity, partly decisive for valid results when testing fracture softening.

The details of the specimen design with a narrow sawn notch in the lower part and a
smooth milled notch in the upper part are intended to force fracture to start at the cen-
tre of the specimen and to allow some inclination of the fracture surface according to
possible inclination of grain. The specimen is attached to the steel parts by epoxi resin.
The steel ball placed between the steel parts in V—shaped notches and tightened by a
spring counteracts bending and torsion of the specimen during testing and previous
handling.

Deformation was recorded as the mean value from two clip—gauges, one placed at the
front side of the setup, and one at the back side each giving the relative displacement
between the two steel parts. By means of closed—loop facilities of the testing machine,
all tests were carried out with constant rate of deformation. This rate was 0.0625
mm/min.

Shear strength fy, was evaluated as peak load divided by the size of the cross—sectional

area, nominally 0.90 cm2. Shear fracture energy, Gg,y , was evaluated as area under the
recorded load—deformation curve divided by the cross—sectional area.
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Figure 3.6.1 Experimental setup. Fracture energy, mode II
a) Setup
b) Attachment of the wooden specimen
¢) Geometry of the specimen
d) Complete experimental setup
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Test results

In Figure 3.6.2 two types of force displacement relations are shown. Out of a total of
102 tests (31 of these with specimens of glulam) only 29 were obtained in accordance
with Figure 3.6.2a and 52 tests in accordance with Figure 3.6.2b. It was possible to
determine shear strength, fy, for 99 specimens and for these the average of f, was 8.4
MPa (18.3 percent c.0.v.). The fracture energy, G,y was determined for 81 specimens
and for these the average of Gt,y was 965 Nm/m?2 (23.1 percent c.0.v.). For the 29
stable tests the mean of f, is 8.9 MPa (14 percent c.0.v.) and the mean of Gg,y is 945
Nm/m? (20 percent c.0.v.).

For the different groups of dimensions the mean values of Gt,y and f, for the 81 and
99 specimens, respectively, are shown in table 3.6.1. In table 3.6.2 the corresponding
results for some different locations of the tested piece of wood are shown.

Table 3.6.1 Mean and standard deviation of the fracture energy in shear (mode
II) Gt,v and shear strength fy

Number of Mean Gy,y Standard dev. Mean f, St. dev.

Gg,y test Nm/m? Nm/m? MPa MPa
Structural timber:
bxh 45 x 95 mm 50 999 226 8.7 1.3
45 x 195 mm 12 877 201 7.9 0.8
85 x 185 mm 9 1084 304 6.7 0.8
Glulam:
All with b = 90 mm 28 932 190 8.9 1.8
bxh 167 x 567 mm 3 1077 83 7.4 1.8

Efforts were made to get as many stable and valid tests as possible (in accordance with
Figure 3.6.2a) and details of the specimen design, see figure 3.6.1c, were chosen after
having tested a number of different alternatives. Better results had probably been at-
tained if the width (T—direction, figure 3.6.1c) of the specimen had been decreased to
about the half, i.e. 5 mm.

From the recorded relation between force and displacement a shear stress—slip relation
of the fracture zone can be evaluated. Here this evaluation is carried out at the as-
sumptions that all deformations outside the fracture region are elastic and, accordingly,
that the post peak stress slip in the fracture region, w, can be evaluated as indicated in
figure 3.6.3. In figure 3.6.4 a mean 7r—w performance as obtained from the 29 stable
tests is shown. In this figure also a straight line simplification of the 7—w curve is
shown. The straight line is determined from the mean shear strength, 8.9 MPa, and
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the fracture energy, i.e. the area under the r—w curve, 945 Nm/m2. The slip, w,, cor-
responding to zero shear stress is for the straight line simplification (2-945

Nm/m?2)/(8.9 MPa) = 0.21 mm.
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Figure 3.6.2 Principle results from tests of fracture energy, mode II
a) Stable test
b) Partly unstable test
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Table 3.6.2 Results from tests of strength and fracture energy in shear.

Approximate o fy G,y Number of
location of (he/h) average C.0.v.  average C.0.V. tests
tested volume MPa % Nm/m2 % T Gt,v
Structural timber
TS
M% 0.5 8.3 16.5 959 2265 35 32
Y, 0.25
= i 86  13.6 081 260 24 19
6.7 114 956 15.5 4 2
8.8 20.9 948 19.9 32 24
Force A
W

TS
Displacement

Figure 3.6.3 Evaluation of shear slip, w, from recorded force—displacement curve.
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Figure 3.6.4 Mean shear stress—slip performance of fracture zone in wood determi-

ned from 29 stable tests of spruce specimens.

Correlation and regression analysis

In table 3.6.3 there is stated the results of an analysis of G,y (density, moisture). For
glulam the density and moisture content is that of the notch lamination. Equation
(3.2.3) has been employed.
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Table 3.6.3 Parameters in the regression equation for the fracture energy in shear
Gs,y and the shear strength f, with the free variables moisture con-

tent w and density p.

Number of Coeff. of Intercept kw

k

p
tests correl. Nm/m? Nm/m2/% Nm/m?2/kg/m3

Fracture epergy in shear G,y
Structural timber:
bxh 45 x 95 mm 50 0.10  No significance

45 x 195 mm 12 0.54 2134 -195 3.81
All with b = 45 mm 62 0.17  No significance

85 x 185 mm 9 0.93 -1200 172 -1.07
Glulam:
All with b = 90 mm 28 0.13  No significance 1)
bxh 160 x 567 mm 3 Too few measurements 1)
Shear strength f,:
Structural timber:
bxh 45 x 95 mm 50 0.46 —-1.46 = 0.0239

45 x 195 mm 12 0.51 2.9 = 0.0126
All wigh b = 45 mm 62 0.52 0.7 = 0.0220

85 x 185 mm 9 0.20  No significance
Glulam:
All with b = 90 mm 28 0.28 2.52 = 0.0144 1
bxh 160 x 567 mm 3 0.84 —11.66 = 0.0486 1

1) Density and moisture content of the notch lamination.
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4. TESTING OF END-NOTCHED BEAM

In table 4.1 there is given an overview of the performed tests with end-notched beams.
The number of repetitive tests in each serie is 6 and 4 for structural timber and glulam

respectively.
Thl,, |
; hy VJ
Table 4.1 Overview of the L fe o¥
performed tests 5t A
Test se~ Cross sec. Rela.eff.height  Inclination  Eccentricity
rial no. b x h, mm a = he/h 0,deg cotl a, mm
Structural timber:
45 x 95 0.25 90 ) 31
45 x 95 0.50 90 0 31
3 135 1:1
4 153  1:2
5 162 1.3
6 169 1:5
7 45 x 95 0.75 90 ® 31
8 135 1:1
9 162 1:3
10 0.875 90 I
iL]; 45 x 95 0.50 90 0 63
12 162 13
13 0.75 90 ©
21S 1) 45 x 195 0.50 90 ® 31
21R 1
225 1 0.75
22R 1
31 85 x 185 0.50 90 0 31
32 162 1:3
33 0.75 90 ©
34 162 13
Glulam
1 90 x 300 0.50 90 I 45
2 135  1:1
3 153 1:2
4 169  1:5
5 173 18
6 0.722 90 ©
7 0.833
8 90 x 300 0.50 90 0 90
9 153 1:2
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cont.

10 90 x 200 0.5 90 35
11 0.75
12 160 x 567 0.50 0 70
13 153 1:2
1) Signifies: S Standing annular rings, see figure 2.1.1.

R Round annular rings
The number of repetitive tests of similar specimens were:
Structural timber: 6 pieces

Glulam 4 pieces

4.1 Development of the test method and measuring methods

The test method was developed in the beginning of the testing program of planks with
a cross section of 45 x 95 mm. The objectives were primarily to measure the failure
load of the notched beam and to measure the beam displacements and some characte-
ristic fracture mechanical strains at the notch.

While the methods for measuring failure load and beam displacement are well devel-
oped, the measuring of strains in the notch zone turned out to be more problematic. In
the following there is given a review of the development of support conditions and mea-
suring methods.

The load application was controlled manually. The load was increased in steps and
kept constant during the reading of the instruments. The time period from the begin-
ning of the test to the final rupture was typical 5 min. to 10 min.

Support conditions

At first the support conditions were as shown in figure 4.1.1. A tilting bearing with an
underlayment of teflon, permitting a limited horizontal movement, was used to support
the notched end. At the other end a larger freedom of movement was obtained, by
using a roller bearing. At the point of force application only a limited horizontal move-
ment was permitted.
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Figure 4.1.1 Support conditions for the first tests. FEarly results indicated that
torsion was induced. Tests with b x h 45 x 95 mm planks.

These support conditions were soon changed, as early results indicated, that torsion
stresses were induced because the planks had twisted during drying. Instead a ball bea-
ring, still with an underlayment of teflon, was used to support the notched end as
shown in figure 4.1.2.

Ee

Teflon surface ball bearing
]
Figure 4.1.2 New support conditions at the notched end intended to eliminate tor-

sion at the notched end by a force application at the geometric
middle of the cross section.
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Measurement of beam displacement

The beam displacement was measured by using displacement transducers (HP, type
7DCT 1000, measuring range 50 mm, accuracy: 0.125 mm). A small piece of wood was
nailed underneath the beam, providing measuring points for the transducers, see figure
4.1.3. The beam displacement was measured symmetrical on both sides.

transducer

/

copper pin 7

]
szfonlzggz: to/,/ }W\!Amognetic aottachment

Elevation

holder

Ny .
connection to
datalogger

paimy ey

CXLLY LLA

=
/ b [T ——transducer
[ holder
[ /copper pin
// plate with hole for pin

magnetic attachment
/ <

" ITO T4

2\

nails
piece of wood

Cross section

Figure 4.1.3 Measurement, of beam displacement by use of displacement transdu-
cers.

Measurement of strains in the notch area — transducers

According to the fracture mechanical theory, local strains of a considerable size arise in

the notch zone, where the crack will propagate.

Both the vertical opening modes displacements (mode I) and the horizontal sliding mo-

de displacements (mode II) are of interest. According to the physical material parame-
ters the strains at the crack tip are of the magnitude of 100—300 ym, when the crack is
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starting to propagate. In order to measure these strains, measuring devices with a high
accuracy are required.

At first, displacement transducers with high sensitiveness were used (H.F. Jensen, Ty-
pe: LDI 8/1, measuring range 2 mm, accuracy: 5 pm).

The transducers were attached to the beam with specially made fittings. Holes were
drilled into the beam, and the fittings were screwed on the beam. The transducers
were fastened to the fittings by screws. Other screws were screwed on the beam and
used as measuring points for the transducers, see figure 4.1.4.
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Figure 4.1.4 Displacement transducers used for measuring local strains at the
notch. The transducers were attached to the beam by specially made
fittings, which were screwed on the beam. Further, strain gages have
been bonded to the wood surface for comparison, see picture.
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The holes for the screws were drilled to avoid the introduction of local stresses, when
the screws were screwed in. The right size of screws and hole diameter were found after
a few experiments. If the holes were too small, stresses were introduced. On the other
hand, if the holes were too large, the fittings became flexible or loose and the measure-
ments would become inaccurate.

The strains were measured as close to the notches as possible. The position of the
transducers is shown in figure 4.1.5. As it was not possible to measure a horizontal dis-
placement with the described equipment, the horizontal displacement was measured
indirectly, by placing a transducer diagonally.

For beams with inclined cut—offs, screws could not be used as measuring points, and as
an alternative small steel pieces were glued on the cut—off edge, providing the required
measuring points, see figure 4.1.5 right and photo in figure 4.1.4.

0 =90° steel piece ©=135°
11 glued on o
=g edge =25
Figure 4.1.5 Examples of positioning of measuring points. AV) is referred to as

the vertical displacement and AV, the diagonal displacement (indi-
rect horizontal displacement).

The strains were measured on both sides.

In the first tests the strain measurements appeared unreliable, basicly there were two

problems:
1) Considerable deviations between the measurements on the front and the back.
2) Irregularities.
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Some examples of the two described problems are shown in figure 4.1.6.

A P AP
—

Av, Avy
Lo
0
Figure 4.1.6 Two examples of measurements of vertical strain, AVj, by use of dis-

placement transducers. Left: Systematic deviations between the

{rilgsa,surements on the two sides. Right: Non—systematic irregulari-
The first, which can be considered as a systematic deviation from the expected, could
perhaps be explained by the static behaviour of the cross section. This could for
example be subjected to a torsional moment, see later explanation. Because even
though the beam is centrally supported as shown in figure 4.1.2, the stiffness variation
over the cross section results in an eccentricity as shown in figure 4.1.7.

(.

wooden Analogue
cross—section steel profile

3

Figure 4.1.7 Stiffness variation of the cross section results in a shift of the shear
center as for the analogue steel profile.
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An eccentricity at the support implies a torsional moment giving additional shear
strains with different signs on the two sides. This torsional moment would reduce the
strains on one side and increase the strains on the other, resulting in a systematic de-
viation between the two sides.

The irregularities, as shown in figure 4.1.6, are more difficult to explain. They must
arise from local inhomogeneties or mechanical movements of the measuring devices ori-
ginating in loose fittings.

Additional strains from torsions
In order to investigate whether torsion would be the reason for the systematic devia-
tions, the strains from torsion were calculated theoretically. The rectangular cross—sec-
tion in figure 4.1.8 is considered:

a a

|

© : Rotation
¢': Torsional curvature

\T\

Y
y

Figure 4.1.8 Geometry of rectangular cross—section.

The cross—section is assumed to be isotropic. We seek a solution to the following equa-
tion from /Timoshenko & Goodier/:

2 2
28{??+qu;=*2 Gy (4.1.1)

where ®(x,y) = Timoshenkos Stress Function
G = Shear modulus
@' = Torsional curvature

According to /Timoshenko & Goodier/ the following stress function is a solution to
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equation (4.1.1) for the cross—section shown in figure 4.1.8:

© 1
32 G ¢ a? 1 h 2
020G e ¥ Ley? [-gntaldlelx )

n=1,3,5,...

If the stress—function (4.1.2) is inserted in (4.1.1), it can be seen that (4.1.2) is only a
solution if

0 n-1

y ili(‘l) P = (4.1.3)
n=1,3,5

This can be shown graphically.

The warping function w(x,y) is found by

w_ _ Txz
X~ TG Y
(4.1.4)
ow_ Tyz
Jy = TGy X
where the shear stresses are found as
7 = 0P
xz ~ dy
(4.1.5)
3 el 00
vz~ 0x

If the shear stress functions found from (4.1.5) are inserted in (4.1.4), this results in
two warping functions w(x,y), which are identical if

® n-1
1 2 2
2 H(—l) sin Tn;rx:%r_ g (4.1.6)
n=1,3,5,.x-

This can also be shown graphically for different values of %.
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The warping function for the cross—section shown in figure 4.1.8 is then given by

0
32 a2 |, g |sin git
(A)(X,y) o= —Wg— n—g('— ) —T sin 2— (417)
n=1,3,5 coshyg >

The cross—sectional displacements w along the axis are now found from the equation
(4.1.8):

w(xy) = —¢' « w(x,y) (4.1.8)

The warping function w(x,y) is shown graphically in figure 4.1.9, illustrating the form
of the cross—sectional displacement field:

\ +0.562

0.43
z 0.23
- X
-0.23
~0.43
NN, \ -0.52

Y
+0.52
0.32 Y

@) +1000/m?

Figure 4.1.9 Warping function w(x,y) for rectangular isotropic cross section.
The relation between the torsion moment, M, and the torsion curvature, ¢', is given

by the following equation from /Timoshenko & Goodier/, still assuming the cross—sec-
tion to be isotropic:
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M, =0.23G ¢ (2a)3(2b) (4.1.9)
when b/a = 2. Equation (4.1.8) and (4.1.9) results in

M
W(XaY) == 0.93- a 75) W(X,y) (4110)

To give an idea of the magnitude of the cross—sectional displacements along the axis
due to a torsional moment, an example is calculated. The following is assumed:

Load P = 10 kN, reaction V = § kN, Eccentricity e =1 cm
Torsional moment: My =V - e = 0.05 kNm
Shear modulus G = 700 MPa
Cross—section 2a = 0.045 m
2b = 0.095 m

From (4.1.10) the following is obtained
w(x,y) = —0.035 » w(x,y)
This gives a maximum displacement at the corner

Weorner= * 18 um

At the notch the cross—section is reduced and according to /Timoshenko & Goodier/
the torsional moment now is given by

My =0.15 G ¢'(2a)3 (2b) (4.1.11)

The corner displacement at the notch is calculated in the same way

otch __
Webrher= * 57 pm

Not surprising the displacements increase when the cross—section becomes smaller and
the area available to distribute the torsional rotation is decreased.

There must be a zone between the reduced cross—section and the total cross—section,
where only a part of the cross—section is effective as shown in figure 4.1.10.
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wa= 20 um
B E w;% 35 um
0 = W4= 33 um
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\;’Q) A(AVV)"V—' 17 um
32
18 um
Figure 4.1.10 Cross section displacement along the axis due to a torsional mo-

ment M, = 0.05 kNm

With the assumed numbers in figure 4.1.10, it can be seen that the torsional rotation
gives an additional strain A(AVy) = 17 ym on each side. The strain will be positive
on one side and negative on the other. The difference between the two sides will there-
fore be the double: A(AVy) = 34 pm. The vertical strain, AVj, is not affected.

The example shows, though the method is approximative and the applied torsional mo-
ment is overestimated, that torsion could imply a systematic deviation between measu-
rements on the front and back side of the beam.

Comparison between strain/deformations measured by displacement transducers and
strain gages:

To investigate further the behaviour of the displacement transducers, it was decided to
carry out a number of tests, where the measurements from the transducers were compa-
red with simultaneous strain gages measurements.

The strain gages were fixed, so that they had the same direction as the transducers,
and covered the same area on both sides of the expected crack. As the strain gages on-
ly had a length of 17 mm, the measuring length was considerable smaller than for the
transducers, see figure 4.1.11.
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Therefore the strain gage measurements of the relative displacements are expected to
be a factor smaller than the transducer measurements.

Figure 4.1.11 Simultaneous strain gage and transducer measurements of strains
at the notch.

The results from 5 tests are shown in figure 4.1.12.
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strain AV, in notch area measured by partly displacement
transducers, partly strain gages.
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Test results from 5 tests.
in notch area measured by partly displacement

strain AV,

transducers, partly strain gages.
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In general, there is good agreement between transducer and strain gage measurements,
though a few transducer measurements seem unreasonable, f.ex. AVy in test 14-1-V,
AV) in test 14—3—H and AV) in test 14—2—H.

If the mean value between front and back side for the transducer and strain gage mea-
surements is compared, then there is a good agreement, when it is considered, that the
transducer measurements were expected to be larger than the strain gage measure-
ments because of the longer gage length. In general however, the strain gage measure-
ments seem more reliable and less sensitive to torsion.

Finally, a test was carried out, where the influence of increased lateral eccentricity at
the support, as discussed earlier in this section, was attempted verified. In the test the
relative displacements were measured for different eccentricities of the support. There
was employed eccentricies in steps of 5 mm where the support was moved from 10 mm
left to 10 mm right of the symmetric line, as shown in figure 4.1.13.

10 10
LI LT JLI1l] LI i SN NEN] [HEBEEN
10—10L To—Sl 1l Gl 10=5 10—10R
Figure 4.1.13 Test of the influence of possible eccentricities. Different eccentrici-

ties tested.

The beam was only loaded to a certain load level, approx. 25% of the expected failure
load, and then unloaded again. This to secure, that all 5 tests with different eccentrici-
ties were carried out under the same elastic conditions.

This also means that the measured strains were small (5-10 pm) compared to the
strain at failure load (50-150 pm). Especially the transducer measurements have pre-
viously proved to be inaccurate in the elastic area. This is probably due to local inho-
mogeneties which dominate in the elastic area, but for higher load levels become over-
ruled by the global mode of operation. The results are shown in figure 4.1.14.
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Figure 4.1.14a Vertical strains or relative displacements. Results from tests with
different eccentricies, Avy, = Horizontal displacement and Avy =
Vertical displacement. 10-10 R indicates that the support has
been moved 10 mm to the right (10—10 L 10 mm to the left).
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It can be seen from figure 4.1.14, that the measurement at the front and back side can
be brought to be equal at a certain eccentricity for the AV,—measurement. This is the
case for both the strain gage and transducer measurements. When this is observed, it
seems unreasonable, that the mean values at this eccentricity for the strain gage and
transducer measurements do not correspond.

For the AVi—measurement, it can be seen that equality between front and back side
measurement can not be obtained for any eccentricity. On the other hand, a reasonab-
le agreement between strain gage and transducer measurement can be observed.

In general, strain gages seem most reliable and what is most important, the mean value
for strain gage measurements is most insensitive to variation in eccentricity.

Chosen test method and measuring methods
The test method in figure 4.1.2 was chosen. For this the position of the support force
was known. The described method for measuring beam deflection is implemented.

The strains in the notch area were chosen to be measured by strain gages, as measure-
ments with displacement transducers had proved to be unreliable, probably influenced

by local inhomogeneties and more sensitive to torsional moments.

4.2 Selected test methods

The basic test method is shown in figure 4.1.1 and figure 4.1.2 Depending on the requi-
red force, two different arrangements were employed. For solid timber beams with
cross sections b x h 45 x 95 mm and 45 x 195 mm a standard 60 Mp—universal testing
machine was used. For the solid timber beams with cross section b x h 85 x 185 mm
and the glued laminated beams of 90 x 200 mm, 90 x 300 mm and 160 x 567 mm, indi-
vidual arrangements were set up on the strong floor.

The load application was controlled manually. The load was increased in steps and
kept constant during the reading of the instruments. The time period from the begin-
ning of the test to the final rupture was typical 5 min. to 10 min.

Testing in 60 Mp—universal testing machine

In this machine, the test specimen was placed on a traverse, which with an upward mo-
vement, pressed the beam against the pressure head at the middle point of the beam.
In this way the desired mode of operation was obtained, see figure 4.2.1.
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Zh, 6h Sh

3h . 3h
pressure head E{Steel plates
T a, B I
A 1 |
4 — ball bearing : l
bolt rﬁ‘;%t =

T /’/4’/“/%;2(/,
Traverse Steel 1
Teflon surface steel block eel ro

Steel plates

- L]
[
l
Dimension A B h a
mm mm mm mm
45 x 95 50 100 95 31-63
45 x 195 50 100 195 31
Figure 4.2.1 Test arrangement for 45 x 95 mm? and 45 x 195 mm? specimens.

The employed measuring range of the testing machine was with a maximum of 30 kN
for both dimensions.

The load application was controlled manually. In this way measurements could be ta-
ken at appropriate chosen load levels where the force was constant in time. The mea-
surements were intensified in the last non—linear stage with automatic data scans at
intervals of a few seconds.

The bearn displacement was measured by use of displacement transducers (HP 7
DCDT 1000, measuring area 50 mm, accuracy: 0.125 mm) as shown in figure 4.1.3.
Displacements on both sides were registered, and in the following working up of the re-
sults, a mean value was calculated, representing the value for the assumed two—dimen-
sional plane model.
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The strains in the notch area were measured by use of strain gages (gages factor 2.27,
gage length 17 mm). Both a vertical opening mode displacement (mode I), AV}, and a
diagonal (horizontal) displacement AV, , an indirect measure of the horizontal sliding
displacement (mode II), were measured. The strain gages were placed as close as pos-
sible to the notch. The position of the strain gages depending on the notch angle @ is
shown in figure 4.2.2.

0 =153~ 1:2 O=162° ~1:3

©=169% ~ 1:5 undimensioned sizes in mm
Figure 4.2.2 Positiog of strain gauges in the notch zone depending on the notch
angle 4.

Strains were registered on both sides, and an average value was calculated in the fol-
lowing working up of the results.
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For the beam with a large notch angle (flat notches), the strain gages had to be placed
so far from the notch, that it's doubtfull, whether the strains were measured within the

fracture zone.

As mentioned previously in section 3.3, the accuracy on the strain gauge measurements
was Ae = 0.038 %o0. As the length of the strain gages were 17 mm, the absolute accu-
racy on the strain gage measurements was 0.65 pm.

Individual testing arrangements for larger specimens

For the larger specimens the testing was performed on the strong floor of practical rea-
sons. Bearings were arranged on the floor providing the appropriate support condi-
tions. A hydraulic jack was hanging up over the beam. Different hydraulic jacks were
used according to the required force. As for the smaller specimens, the force applica-
tion was controlled manually. The test arrangement is shown in figure 4.2.3.

P
! hydraulick jack

steel rolls

pressure head steel plates ’
|

.5, L]

47 J‘

ball bearing \ / steel /7'“ N\
lateral steel plates

: roll
bracings

Ly Lh

2 3h 5 3h y'?f B
Cross A B h a force
sec. mm mm mm mim mm Mp
85 x 185 50 1001) 185 31 5-20
90 x 200 50 250 200 35 10
90 x 300 70 250 300 45-90 10-20
160 x 567 100 250 567 70 25

1) Only steel plates were used at the load fixing point, as shown in figure
4.2.1.

Figure 4.2.3 Test arrangement for specimens with cross sections 85 x 185, 90 x
200, 90 x 300 and 160 x 567 mm?2.
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The beam displacements and strains in the notch area were measured in the same way
and with the same equipment as in the case with testing in the 60 Mp universal testing
machine, see previous subsection.

Bracings were established in the middle of the span in order to prevent lateral deflec-
tion. The surface between the bracing and the beam was covered with teflon, so that
displacements in the bearing plane were almost without friction.

4.3 Test results

Table 4.3.1 gives a review of the test results for each type of notched specimen. The
results for every notched beam are given in Annex 1. The number of repetitive tests of
similar specimens were:

Structural timber: 6 pieces

Glulam 4 pieces

The maximum shear capacity Vpax of the notch is determined as half the applied for-
ce at the catastropic failure. Static equilibrium results in this. The dead load of the
specimen has been disregarded as negligible. The catastropic failure was defined as an
event where the crack propagated for decreasing applied force without any tendency to
that the crack could be stable.

The average shear stress at the catastropic failure was calculated from

Vcat = Vcat (4‘3‘1)

Tmax = B5ah) = b he

In some cases a pre—failure crack was visible. Table 4.3.3 gives the results for the ca-
ses, where this happened. In very few cases the catastropic crack propagation was bloc-
ked by a knot resulting in that the final failure occured at a higher level than the cata-
stropic failure. These cases are also stated in table 4.3.3.
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Table 4.3.1 Shear capacities at catastrophic failure of the notched beam for each

type of notched beam.

Type o Incli. of necking Eccen. Average shear stress at fail, MPa
no. he/h 0, deg tan @ a, mm Mean St.dev. min max
Structural timber 45 x 95 mm
1 0.25 90 0 31 1.44 0.24 1.17 1.87
2 0.50 90 0 31 1.46 0.06 1.40 1.57
3 135 1:1 1.38 0.30 1.08 1.89
4 153 1:2 2.85 0.91 2.01 4.56
5 162 183 2.80 0.81 1.94 3.95
6 169 1:5 3.86 0.29 3.44 4.26
7 0.75 90 © 31 2.22 0.48 1.79 2.93
8 135 11 2.29 0.36 1.67 3.79
9 162 1=3 3.14 0.57 2.59 3.90
10 0.875 90 P 31 2.90 0.22 2.62 3.15
11 0.50 90 I 63 1.07 0.19 0.87 1.38
12 162 123 1.51 0.53 1.68 3.20
13 0.75 90 I 63 1.96 0.39 1.42 2.56
Structural timber 45 x 195 mm
21S1 0.50 90 I 31 0.99 0.16 0.79 1.20
21R1 1.04 0.11 0.88 1.16
2251 0.75 1.52 0.17 1.28 1.70
22R1 1.45 0.29 1.00 1.75
Structural timber 85 x 185 mm
31 0.50 90 © 31 1.32 0.14 1401 1.48
32 162 1:3 2.04 0.51 1.46 2.70
33 0.75 90 P 2.29 0.65 1.59 3.00
34 162 153 2.01 0.45 1.51 2.79
Glulam 90 x 300 mm
L1 0.50 90 0 45 1.44 0.15 1.30 1.65
L2 135 1:1 1.66 0.41 1-31 2.19
L3 153 1:2 1.84 0.15 1.69 2.05
L4 169 &5 2T 0.49 2.41 3.46
L5 173 1:8 2.79 0.11 2.65 2.90
L6 0.722 90 ® 45 1.63 0.31 1.25 2.01
L7 0.833 2.06 0.34 1.63 2.43
L8 0.50 90 ) 90 1.27 0.19 1.10 1.47
L9 153 1:2 1.90 0.41 1.29 2.20
Glulam 90 x 200 mm
L10 0.50 90 I 35 1.59 0.27 1.22 1.87
L11 0.75 2.56 0.44 2.04 3.11
Glulam 160 x 567 mm
L12 0.50 90 ) 70 0.97 0.16 0.85 1.19
L13 153 1:2 1.10 0.15 0.96 1.24

1 Signifies Standing or Round annual rings.
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The measured shear strength values can be compared with those found in other re-
search projects where timber of the same species and type has been employed. Some
mean values have been stated in table 4.3.2. In /Gustafsson & Enquist, 1988/ there is
stated some test results for some other wood types. The shear strength values in table
4.3.2 have been determined as the average shear stress at failure as defined in formula
(4.3.1). So in the case where the Grashof shear stress distribution has been employed
in the original test report the shear strength has been divided by 1.5.

Table 4.3.2 Mean values of the average shear stress 7pax at failure and the den-
sity p and moisture content w of the wood.

Species Cross section he/h Incli. Eccen. mpax Dens.  Moist.
b x h, mm o 0 a, mm MPa pkg/m3 w, %

/Larsen & Riberholt, 1972/

Spruce and 63 x 125 1 90 50  (3.0) 438 16
fir. Picea 0.75 1.9
Abijes and Pinces 0.50 1.4
Sylvest. 0.25 1.2
/Gustafsson & Enquist, 1988/
Fir. Pinus 44 x 48 0.75 90 24 2.75 406 15
Sylvest. 44 x 192 0.75 96 1.30
45 x 50 0.50 90 25 2.00 = 12
45 x 100 0.50 50 1.46
45 x 200 0.50 100 1.18
45 x 45 0.50 90 23 1.82 = 18
45 x 195 0.50 90 98 0.95 18
/Mohler & Mistler, 1978/, Structural timber
Spruce 32 x 120 0.917 90 30 2.36 440 15
0.833 1.93
0.750 1.68
0.667 1.52
0.583 1.50
0.500 1.59
0.333 1.48
/Mohler & Mistler, 1978/, Glulam
Spruce 100 x 600 0.917 90 250 1.00 409 15
0.833 1.61
0.750 0.88
0.667 0.86
0.500 0.75

A comparison of the mean values in table 4.3.1 and table 4.3.2 shows that the shear
stresses at failure are very similar.

In table 4.3.3 the tests where prefailure crack propagation took place, are listed. In
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these tests a crack was observed at a load, Vcra, lower than the catastrophic load. In
these cases the visible (by the naked eye) crack length was measured by yardstick and
registered together with the applied force. After the formation of the crack the load
could be increased until the catastrophic load, V¢as, defined previously.

In some tests the load could be increased further, until a higher level, Vyax, was
reached. This could be observed when the notch area was reinforced by knots. This
can be seen from the load displacement curves in figure 4.3.1.1, which in some cases
show similarities with the load—displacement curve in figure 4.3.1.

Shear force
A Vmax

Vicat | ——"—="=

Vera|[—

Crack propagation

o

Displacement

Figure 4.3.1 Ilustration of the principle load—displacement relation.
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Table 4.3.3 Pre—failure crack propagation. Shear force Vera at the prefailure
crack formation and the corresponding crack length ¢ IFurther
maximum shear forces Vmax larger than the registered catastro—
phic load V¢t in cases where this occured.

Identi— a 0/ a Veaga € Vear Vg: Vmax Comments

ty incli. mm kN mm kN kN

Timber 45 x 95 mm:

type 1

11-2-v 025 9 31 125 8 1.25 1.00 1.3

type 2

20-1-V 0.50 90 31 3.0 20 3.0 1.00  3.05

3-1-V 2.9 20 3.15 0.91

8-1-V 4.5 80 4.5 1.00 6.7

9—2-H 3.05 10 3.05 1.00 3.1
Mean 0.98

type 4

202-V 0.50 153 31 3.95 20 4.3 0.92

type 7

22-1-V 0.75 90 31 5 8.7 0.95

type 8

202-H 0.75 135 31 10 7.65 0.80

14-1-V 8.0 8.0 1.00 12.2 Knot prevents crack

propagation until ben-—
ding failure

15-1-V 12.15 12.15  1.00 12.4  Reinforced by knot

Mean 0.93

type 9

42-3-H 0.75 162 31 885 15 885  1.00 9.0

type 10

10-1-H 0.875 90 31 10.9 10.9 1.00 11.1

22-2-H 85 10 11.5 074  13.75 Reinforced by knot

Mean 0.87 bending failure

type 11

14-2-H 050 90 63 0.5 1.85 0.27 Not in Mean value

15-3-V 2.95 2.95 1.00 8.0 Bending failure

17-1-H 2.0 2.0 1.00 3.5

30-2-H 1.5 3 235 064 24

Mean 0.89

type 13

16-3-H 0.75 90 63 6.45 25 8.056 0.80 Reinforced by knot

15-2-V 6.3 6.3 1.00 11.7 Bending failure

Mean 0.90
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Vcra

Identi— o 0/ a Vega £ Vea = Vmax Comments
ty incli. mm kN mm kN kN
Timber 45 x 195 mm
Standing annular rings:
type 215
61-1-V 0.5 90 31 4.5 53 085
Round annular rings:
type 21R
69-2-V 0.5 90 3t 33 20 41  0.80
68-—2-V 3.85 10 385 100 4.6 £ = 200 and blocked
by knot
64-1-V 45 25 49 092
68-1-V 45 20 50  0.90
71-1-V 3.8 5 4.45 0.85
Mean 0.89
Standing annular rings:
type 225
67-2-H 0.75 90 31 7.75 8.35 0.93 -
60-1-V 1075 15 112 0.96
64—-1-H 9.5 25 10.2 0.93
65-1-V 95 20 105 0.90
60-2-H 9.0 10  10.95 0.82
63-1-V T2 20 8.45 0.90
Mean 0.90
Round annular rings:
type 22R
69-1-V 0.75 90 31 5.0 6.6 0.76
68—2-H 90 20 114 079
69-2-H 7.5 30 8.1 0.93
66—2—H 9.0 10 113 0.80
62-1-H 8.25 10 10.7 0.77
Mean 0.81
Timber 85 x 185 mm:
type 31
118-1-V 0.50 90 3t 8.5 50 10.75 0.79  16.05 Crack 300 mm as-
sumed as catastrophic
load, V¢at. Beam turs
over at Vpax
115-1-V 885 50 104  0.85 - Test stopped after ca—
tastrophic crack propa-—
gation. However,
stable crack — possibi-
lity to increase load
a.ftel‘ Vcat
Mean (.82
type 33
110-1-V 0.75 90 31 181 (-) 342 0.53 —  Test stopped after ca—
tastrophic crack propa—
gation. However,
stable crack — possibi-
lity to increase load
after Vcat
type 34
110-2-V 0.75 162 31 27.7 (-) 32.9 0.84
108-1-V 25.9 259  1.00 29.7 Partially Reinforced by
Mean 0.92 knot. Bending Failure
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Identi— a 0/ a Vea £ Vea % Vnax Comments
ty incli. mm kN mm kN kN

Glulam, 90 x 200 mm:
No cracks registered for loads below Va

Glulam, 90 x 300 mm:

type L1

L6-1-V 0.50 90 45 15.1 17.55 0.86

type L2

L2-1-V 0.50 135 45 17.7 18.6 0.95

L6-1-H 0.50 135 17.65 17.65 1.00
Mean 0.97

type L6

L8-1-V 0.722 90 45 343 50 39.15 0.88

1L.8-2-V 28.9 31.9 0.91
Mean 0.90

Glulam 160 x 567 mm:

type L12

L13-1-V 0.50 90 70 48 100 54.0 0.89

L12-1-H 44,5 100 38.7 0.63

L13-1-H 41.5 300 45.0 0.92
Mean 0.81

type L13

L14-1-V 0.50 153 70 43 53.1 0.81

132

A thorough analysis of the shear strength in dependency of the geometry will be given
in section 4.4. But here some observations will be presented.

The cutting angle of the necking appears to influence the shear strength of the structu-
ral timber. For flatter neckings the shear strength increases up to the flattest cut—off
1:5. For the glulam this is also the case, but there is found a negligible increase in the
shear strength when the inclination of the necking is altered from 1:5 to 1:8.

For the structural timber of a cross—sectional size of 45 x 195 it has been found that
there is no influence on the shear strength from the pattern of the annual years. It does
not matter whether they are standing or round in the cross section. This finding is in
accordance with that the failure energy in tension perpendicular to the grain is indepen-
dent of the annual ring pattern.

A comparison between specimens of almost the same cross—sectional height and force

application shows that notched glulam beams have a higher shear strength than struc-
tural timber beams, see table 4.3.4. Further, from this table it can be seen that the

109



narrower cross section 45 x 195 mm has a lower shear strength than the wider 85 x 185
mm. The mean values of density and moisture content are also given in the table be-
cause there is a systematic difference between structural timber and glulam.

The reason for these relations could be that the drying cracks in glulam are smaller or
positioned differently (they do not form crack surfaces perpendicular to the tensile
stresses perpendicular to grain). Further, drying cracks of a certain depth result in a
larger reduction in the shear strength of narrow cross section.

Drying cracks could be registered on the 85 x 185 mm? beams of structural timber
(depth 2—5 mm). However, while cutting out the test specimens, it was ensured, that
no cracks appeared within a considerable distance from the notch. In this way drying
cracks had no influence on the test results.

Table 4.3.4 Mean values of shear strength 7pax at catastrophic failure.
Structural timber and glulam notched beams of almost equal
cross—sectional height. Further, means of density p and mois—
ture content w.

Type no a 0 Tpax Tstruc/ Tglulam Y w
MPa kg/m3 %
Structural timber 45 x 195 mm
21S+21R 0.50 90 1.02 0.64 385  14.0
225+22R 0.75 90 1.49 0.58 393 14.0
Structural timber 85 x 185 mm
3. 0.50 90 1.32 0.83 387 154
33 0.75 90 2.29 0.89 394 14.6
Glulam 90 x 200 mm
10 0.50 90 1.59 426* 12.0
1l 0.75 90 2.56 466* 11.2

* Density of the notch lamination.

Pre—failure crack propagation

From table 4.3.3 it appears that pre—failure cracking occurred in several cases, specially
for the specimens of structural timber. It is also typical that pre—failure cracking oc-
curred for "neckings" cut perpendicular to the grain, that is for 4 = 90°. It can be
seen from the table, that the pre—failure crack propagation in average occurred at
stress levels from 0 to 19% lower than the catastrophic load.

Further, during the tests, cracking sounds from the beam occured from an earlier stage
for the beams with perpendicular or steep neckings. Thus, for the beams with perpen-
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dicular or steep neckings, the failure seems to be more ductile. See also table 4.3.5.

In a few cases a knot acted as a reinforcing element by stopping the crack propagation.'
The same effect is reported in /Larsen & Riberholt, 1972/. The final failure at Vipax
was in these cases a bending failure.

Characterization of fracture surface

The character of the fracture surface can roughly be separated into two cases as shown
in figure 4.3.2, a "clean" fracture surface or an irregular fracture surface.

rl>
PN

/ /

e DO o D\

Figure 4.3.2 Characterization of fracture surface.
a. "clean" fracture surface.
b. irregular fracture surface.

Tests showed, that a clean fracture surface, where the crack ran from the notch hori-
sontally through the beam, was obtained for beams with perpendicular neckings (6 =
900). In the case of inclined neckings, the character of the fracture surface became mo-
re casual, both clean and irregular fracture could be observed. In table 4.3.5 observa-
tions from the tests concerning brittleness and fracture character are shown schemati-
cally.
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Table 4.3.5: Observations concerning failure characteristics during tests.

Type Dimension Geometry Failure Characteristics
a= 4 incli  eccen. Failure; . Fracture Surface
he/h (0)  (1:x) a Brittle Ductile Clean Irregular
(mm)

Structural timber

1 45 x 95 0.25 90 - 31 b'd X X
2) 0.50 90 - 3.1 X X
3 135 1 31 b'd X
4 153 2 R (x) X (x)
5 162 3 X X X
6 169 5 X X X
7 0.75 90 - 3l X e
8 135 1 X X
9 162 3 b'd X e
10 0.875 90 - 31 X (x) X
11 0.50 90 - 63 X X
12 162 3 X b X
13 0.75 90 - 63 (%) b'e X
21 45 x 195 0.50 90 - 31 X x
22 0.75 90 - 31 X 57
31 85 x 185 0.50 90 - 3 e X
32 162 3 X X X
33 OL7o 90 - 31 X X
34 162 3| X X X X
Glulam
L1 90 x 300 0.50 90 - 45 X X X
L2 135 1 X X X X
L3 153 2 X % X
14 169 5] b'd X
L5 173 8 b'd X
L6 0.722 90 - 45 X X
L7 0.833 90 - 45 X X
L8 0.50 90 - 90 b'e X
L9 153 2 X X
L1090 x 200 0.50 90 - 35 X X
L11 0.75 90 - 35 X X
L12 160x567 0.50 90 - 70 X X
L13 153 2 X X

* Refers to measured load—deformation behaviour, see for example figures 4.3.1.3

to 4.3.1.6 and the typical curves in figure 4.3.1.14.

For the glulam beams groaning could be heard in all cases, independable of geometry
and failure characteristics. The groaning seemed to be caused by internal fracture, pos-
sibly sliding fracture along the glued lamination surfaces.
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It can be seen from the figure 4.3.1.1 and 4.3.1.2 that there is a certain difference be-
tween the mid span deflections on each side of the specimen. Apparently some torsion
takes place. But generally, non—linearities are observed in both deflections at the same
load level.

Strains at the notch tip on each side of the specimen

The figures 4.3.1.3 to 4.3.1.6 show the load—elongation relations for the strain gage
meagsurements at the notch tip. The elongation is equal to the average strain along the
gage multiplied by the gage length 17 mm. It appears from them that the load—strain
curves follow each other, but typical they are not identical. So the strain field is not
plane, not constant in depth.
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Load—deformation relations for structural timber

The following figures show the load—deformation relations for the mean values measur-
ed on both sides of the specimens. The figures show the relations for mid span deflec-
tion &, vertical elongation (vertical strain) Av) and diagonal (horizontal) elongation
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Figure 4.3.1.7 Load—deformation relations for structural timber of cross section

45 x 95 mm. The cut—off angle 6 is constant, 900 and the relative
effective depth « varies.

120



'
|
1
]
W]
]
]
I
U
]
1
|
b
0
)
'
]
)
1
J
)
'
'
]
[
1
'
b

Meon volues

Mean values

0.150

eyl i
>t |
0! '
i '
) (SIS e —
un 1
= '
1 1
1 t
@i LTSRS
1
ja]] 1
uh +
m_ 1
| PSR P
({1 '
S 1
z, '
1 1
Q... 2
Z '
L '
)
1

||||| SIS S

e I 1
Zz '
= '

i '

a

(= ©)

w

Q <
[ e S

o0 ROMMmNOm

OnmN o
<

& O fEBey|
=3
Co)

s ©
III>TII>
LTI

£ —e—oNNN

S L1t hiat

K NN DO OO

i

10.0 PN NSRS (AP SR——

IP

Mean values

e b Srm e S L L

45 x 95 mm. The relative effective depth « is 0.50 and the incli-

Load—deformation relations for structural timber of cross section
nation angle 6 varies.

Figure 4.3.1.8

121



Annulor rings

a

£
S
o
o

END—NOTCHED BEAMS 45X195

P (kN)

Beam

Figure 4.3.1.9

w
[~ 2 o o
Loto ‘e, oo
B lcfole S cfolc
[-S-N--] . €I3CD
Ko 5 8282
HhEHE 3 BERE
Q © & o4
) TR
o o 5y o ©
I>I> r>T>
rad - R @
oy 3 - SR Y i
=3 T ] 2 E D OO~ 2 E
DO g £ oD QOO 9 E
11t c = 11t c 2
{1t m s 13t m s
s d . 9 CAGA S A
- -
[o o [o
[ e [
L > L
[ 7] L
. < L
b L
+ m G
Fo Fo
[o U &
[c m [
[ o L
- Wi -
L ot g
[ O L
L .nw i
R = (3
[2 | Lo
[c [a) [c
[ z L
N t L
L g
b - L
b £ i
H # = F
(3 o &
= N\ =
oo N\ <o
o] N x o
(=
" 2 e
m©@mn 6 oD
o og fall o B
e 22 & 2¢
v X ™y ©
0 0
3 I
o 5 ©
Ic
Tt WO TI11
—_ e 0 — - o
[ 9 = E 170 @ K|
—-~ O~ = 13 O —~ON~ 2
oA ] € O e~ o 5
> . 1 > N
t c = GH ! ; 1 c o
{ 8 a S { ] <
. = . =

Load—elongation relations for structural timber of the cross sec-
tions 45 x 95 mm and 45 x 195 mm.

122



It appears from the two figures, that the load—deformation curves tends to become
straight lines when the inclination of the necking becomes flatter. The failure seems to
be more brittle for flat neckings.

It is also remarkable that the elongations are so alike for the different geometries of the
specimens. In this context it must be remembered that for the flattest neckings it was
not possible to position the strain gages as close to the crack tip as for the steeper neck-
ings. So these strain gage measurements become more or less linear because the gages
were not positioned directly over the process zone at the crack tip.

P (kN}

50.0

40.0

- ?, -

200 o ---gf---L---—-—

Mean values
10.0 Py - - -t o oo o

B e

0.000 0.050 0.100 0.150

R

5

:ylo
(o7
p
W
ST

g

Figure 4.3.1.10 Load—elongation relations for structural timber of the cross sec-
tion 85 x 185 mm.
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It appears from figure 4.3.1.11 that the same observations can be done for glulam as for

structural timber
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A comparison between the figures 4.3.1.12 and 4.3.1.13 gives that the flat cut—off re-
sults in relatively brittle failures. This is observed for all specimens independently of
that the wood is structural timber or glulam. The general load—deformation relation
depending on the geometry is shown in figure 4.3.1.14:

‘Lood
a= 0.75
O~ )
o= 0,75
O~ 1:1
a= 0.75
— O~ 90°
e's 0,50
O~ 1:3

Deformation

Figure 4.3.1.14 Load—deformation curves in dependency of geometry.

For the perpendicular cut—off notches and those with steep inclination the load—elonga-
tion curves indicate that a non—linear process takes place in the vicinity of the notch
tip. From visual observations it is known that in some cases a crack became visible at
a certain load level and it increased slowly but jumping in size until the catastrophic
failure occurred with a rapid crack propagation. Based on table 4.3.3 it can be stated
that in those cases where a crack was of a visible size this occurred at load levels from
80% to 100% of the catastrophic failure load.

Comparisons with FEM—analyses

The finite element method is described in section 5.3. The notched beam has been mo-
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delled by orthotropic linear elastic elements and some specially developed cracked
elements simulating the non—linearity in the process zone.

In the FEM—calculations the relation between the load and the length of the developed
crack could be found. Three basic cases could occur as shown in figure 4.3.1.15. The
three cases are pre—failure crack propagation, normal crack propagation and post—failu-
re crack propagation.
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Figur 4.3.1.15 Three basic cases of failure. Pre—failure crack propagation, normal

crack propagation and post—failure crack propagation.
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The difference between the three cases is whether the crack is fully developed before,
at, or after the catastrophic failure. By a fully developed crack is meant, that the
stress at the tip is equal to the material strength and that the stress further out in the
crack becomes zero.

Case A, Pre—failure crack propagation corresponds to the ductile failure mode descri-
bed previously. In this case a crack is visible at a certain load level, V¢ra, before the
catastrophic load—level, V¢ra.

Case B and C, Normal and Post—failure crack propagation corresponds to the brittle
failure mode described previously. In these cases, once the crack is fully developed, the

shear capacity is reached and the load cannot be increased.

In table 4.3.6 test observations and FEM—calculations are compared and there is seen
to be good agreement, when the above physical explanation is considered.
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Table 4.3.6: Comparison between test observations and FEM-—calculations

Type Dimension Geometry Test Observations FEM
a= 1 incli  eccen. | Failure Measured Calculation
he/h  (0) (1:x) a Brittle Ductile | Load—deforma—
(mm) tion
IP : IP :--- IP IP tP
Av %% Q¢ dc dc
Structural timber
1 45 x 95 0.25 90 - 31 X e b'd b'd
2 0.50 90 — 31 X X X
3/ 135 1 X Xe b
4 153 2 (x) o% % X
5 162 3 5 X b'd
6 169 5 X X X
i/ 0.75 90 - 31 X X X
8 135 1 X b'q X
9 162 3 X X X .4
10 0875 90 - 8iL (x) X X X
11 0.50 90 - 63 X X X
12 162 3 X: X X
13 0.75 90 - 63 X (x) X X
21 45 x 195 0.50 90 - 31 X X X
22 0.75 90 - 31 X X X
3l 85 x 185 0.50 90 - 31 X X X
32 162 3 X X e
33 0.75 90 31 X X X
34 162 3 X b'd X b4
Glulam
L1 90 x 300 0.50 90 - 45 X X b X
L2 135 il ¥ X X X
L3 153 2 X X X
L4 169 5 X X
L5 173 8 X X
L6 0.722 90 - 45 X 5% b'e
LT 0.833 90 - 45 X X X
L8 0.50 90 - 90 X X X
L9 1153 2 x X X
L1090 x 200 0.50 90 - 35 X X X
L11 0.75 90 — 35 X X X
L12 160x567 0.50 90 - 70 % X X
L13 153 2 X X X
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From table 4.3.6 a general picture can be drawn. For beams with perpendicular neck-
ings the failure is often ductile, in some cases pre—failure crack propagation can be ob-
served.

For beams with inclined neckings the failure is often brittle and no crack propagation is
observed before failure.

4.4 Analyses of the shear capacity in dependence on the geometry.

By the planning of the experiments with the structural timber members there was
aimed at that all timber should have the same moisture content and that the specimens
had a density with a rather narrow range. The 6 specimens of a certain type/geometry
was selected as 2 with medium density, 2 with a little higher and 2 with a little lower
density. The groups of specimens of each type should thus match each other. So with-
in the same cross—sectional dimension the mean values can be compared directly.

By comparing results from tests with specimens of different cross section it must be
considered that the timber differs slightly in density and moisture content. Further,
the pattern of the annual rings differs.

For the glulam there is also a difference in density between the specimens of a thickness
of 90 mm and those of 160 mm.

The mean values for each cross section are stated in table 4.4.1, and those for each spe-
cimen type can be found in annex 2.

Table 4.4.1 Mean values of density and moisture content for the wood of different
cross—sectional sizes. For the glulam it is the density measured from
the whole notched specimen.

Cross section b x h Density kg/ms3 Moist. content %
Structural timber

45 x 95 429 12.8

45 x 195 388 14.0

85 x 185 389 15.1
Glulam

90 x 20 and 90 x 300 442 12.0

160 x 567 418 12.8

In the following there is in some figures shown the dependency between the failure
shear stress and partly the necking angle #, partly the relative effective depth o =
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he/h. The failure shear stresses are mean values for each specimen type.
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cut—off.
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Relative effective depth o

It appears from the figures that the failure shear stress (shear strength) increases with
increasing relative effective depth. This applies to both perpendicular cut—offs and in-
clined neckings. A phenomenological explication could be that for a large relative effec-
tive depth the "separate beam" that will be peeled of at failure is small so it will be fle-
xible and the necessary tensile stresses perpendicular to the grain to curve the "separa-
te beam" are small. So the eventual splitting failure will occur at a larger curvature
level, that is at a relatively higher load level.

Inclination of the necking ¢

From the figures it can be seen that the flatter inclination of the necking the larger be-
comes the shear capacity of the notch. This effect is explicable as the previous. But
for glulam there is apparently no increase in the shear strength when the inclination is
changed from 1:5 to 1:8, see figure 4.4.5.

Sizesbx h

Figure 4.4.1 and figure 4.4.3 show that the shear strength of the so—called half—timber
45 x 95 mm and 85 x 185 mm approximately are equal. It must here be remembered
that the timber 45 x 95 mm has a higher density than 85 x 190, see table 4.4.1. But
the planks 45 x 195 mm have a lower shear strength.

For the glulam specimens there is a pronounced tendency to that the larger size 160 x
567 mm has a lower shear strength than the smaller sizes. Further, the size 90 x 200
mm tends to have a higher shear strength than the size 90 x 300 mm, see figure 4.4.4.

See also the subsection: Structural timber — Glulam.

Support eccentricity a

When the support eccentricity a from the force application to the notch tip is doubled
it results in a minor decrease in the shear strength of the notch. See the figures 4.4.4
and 4.4.5.

Structural timber — Glulam

In figure 4.4.6 there is shown all mean values of the shear strength for variations in
partly the relative effective depth, partly the necking inclination. It appears from this
that the glulam specimens have a little lower shear strength than those of structural
timber.
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A comparison between strength properties and fracture energies of partly structural
timber, partly glulam shows, that there are no essential differences between these pro-
perties. The only exception is the tensile strength perpendicular to grain for glulam of
the size 160 x 567 mm, and this has most likely contributed the low shear strength of
the glulam.

But anyhow, considering the figure 4.4.6 there appears to be a tendency to that the
shear strength decreases with increasing cross section. Specially that the shear strength
decreases with increasing slenderness h/b of the cross section. The structural timber
dimension 45 x 195 mm is a pronounced example, because the mechanical properties of
the wood of this size do not deviate essential from those of the other sizes.

So apparently the differences in shear strength between structural timber and glulam

cannot be attributed to the kind of wood, timber or glulam. It seems more controlled
by the very size of the cross section, specially the slenderness h/b.
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4.5 Analysis of the shear capacity in dependence on geometry and material properties.

The analyses in section 4.4 do only consider the geometry of the specimen as variable,
other material properties have not been included. So in this section there is given a
report of regression analyses in which both material properties and geometry has been
included.

4.5.1 Shear capacity in dependence on geometry, wood density and moisture content.

Analyses clearly showed that the moisture content of the wood is not a significant vari-
able in the tests. The reason why is most likely that the range of the moisture content
is too narrow.

From the figures in section 4.4 it can be seen that the shear capacity appears to vary
non linear with the relative effective height o and the necking angle 8. So regression
analyses have been carried out with the following free variables

b,h cross—sectional dimensions, mm

a force eccentricity, mm

w density, kg/m3

a,02,08 relative effective depth, he/h

1,i2,i3  inclination, cot @
Structural timber
The specimens of structural timber were analyzed and the non—linear regression analy-
ses resulted in coefficients of correlation in the range of 0.80 to 0.88 depending on the
combination of free variables and the set of cross—sectional dimensions. It appears
from the analyses that incorporation of the non—linear terms of o« and i does not re-

sult in an essential improvement in the coefficient of correlation.

So from a linear regression analysis the following formula for the estimation of the
shear capacity of a notched beam of structural timber has been determined.

Tmax = Vcat/(bhe)
= -0.79 - 0.0121 a — 0.00471 h + 0.00552 p + 1.98 o + 0.344 i
Coef. of correl. = 0.82 (4.5.1.1)

In table 4.5.1.1 there is for the structural timber specimens given the mean value and

the predicted value for each specimen type together with the minimum and maximum
of the residual = 7pax — Tpredict- Further there is stated the mean and standard devia
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tion plus minimum and maximum values of the following variable, which can be inter-
preted as the relative residual since it is the normalized residual of the shear capacity.

Trelsresi = Tresidual/Tmax = (Tmax = Tpredict)/Tmax (4-5~1~2)

Table 4.5.1.1 Structural timber. Measured and predicted shear capacity of the
notched cross section together with the minimum and maximum
values of the residual. Mean value, standard deviation, minimum
and maximum of the relative residual.

b x h Eccen. Annual o« incli. Shear capacity, MPa Relative residual, %
a,mm Trings Mean: Residual: = Mean St. Min Max
Meas. Estim. Min Max dev.

45x95 31 R 025 0 144 1532 —0.07 0.35 8 11 -6 23
type 2 0.50 0 144 1.75 -0.40 -0.18 —20 6 -28 -12
3 1 1.38 2.05 -1.09 -0.17 -54 33 =101 -9

4 ) 2.85 2.41 -0.47 2.00 10 22 =23 44

5 3 280 213 -0.87 122 4 30 45 31

6 5 3.86 3.52 -0.04 0.78 9 7 1 18
type 7 0.75 0 222, 2.30 —0.65 043 -7 21 =36 16
8 1 229 2.55 -0.54 0.04 -13 13 -32 1

9 3 3.14 322, —0.71 0.68 -5 19 27 17
type 10 0.875 0 290 2.53 0.10 0.68 13 7 4 22
type 11 63 R 0.5 0 1.07 1.27 -0.48 0.22 21 24 -56 T
12 3 251 2.38 -0.34 0.66 2 17 =20 21
type 13 0.75 0 1.96 1.89 -0.39 0.47 1 17 -28 2
45x195 31 R 0.5 0 1.04 1.03 —0.22 0.15 1 15 -25 15
type 22R 0.75 0 145 1.57 -0.45 0.30 -10 19 -32 18
type 21S S 0.5 0 0.99 1.03 -0.30 0.11 -6 17 -38 11
228 0.75 0 1.52 1.56 -0.37 0.17 4 17 18 10
85x185 31 R 05 0 1.32 1.09 -0.02 049 17 14 -2 36
type 32 3 204 214 -071 067 -10 29 —49 25
type 33 05 0 229 1.62 -0.23 148 24 25 -15 50
34 3 201 2.60 -0.97 0.18 -34 26 —65 6

From table 4.5.1.1 it appears that the regression formula (4.5.1.1) generally can estima-
te the mean values within an error of approximately + 20%. But for 2 test results the
error is bigger, they are:
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Type no. b xh a o incl. 6

3 45 x 95 31 0.50 1 135
34 85 x 185 31 0.75 3 162

It has been investigated why these two test types have resulted in such low shear capa-
cities, but no convincing explanation has been found.

It is remarkable that the standard deviation of the relative residual is large, typical be- -
tween 15% and 30%. From annex 2 it also appears that the standard deviation of 7pax
is large. So the statistical deviation of the shear capacity is relatively large.

Glulam

For glulam there has been carried out the same regression analysis as for structural
timber. For a multiple, linear regression the following relation was found where pp1 is
the density of the notch lamination.

Tmax = 1.34 — 0.00187a — 0.00235h — 0.000143 pn1 + 1.98a + 0.192i
Coef. of correl = 0.86 (4.5.1.3)

Meanwhile, the 2 variables: force eccentricity a and the density of the notch lamina-
tion pn1 were not significant at a 15% level. By omitting them the following is ob-
tained. It is remarkable that the coefficient of correlation is the same.

Tmax = 1.156 —0.00244 h + 2.07 o + 0.194 i
Coef. of correl = 0.86 (4.5.1.4)

Further, it has been checked that a substitution in (4.5.1.3) of the density of the notch
lamination with the density of the beam does not alter the coefficient of correlation,

and this density is not significant.

For the glulam specimens there has also been performed an analysis of the residuals, see
table 4.5.1.2.
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Table 4.5.1.2 Glulam. Measured and predicted shear capacity of the notched
cross section together with the minimum and maximum values of
the residual. Mean value, standard deviation, minimum and maxi-
mum of the relative residual.

b x h Eccen. o incli. Shear capacity, MPa Relative residual, %

a,mm Mean: Residual: Mean St. Min Max
Meas. Estim. Min Max dev.

90x200 35 0.50 0 1.59 1.69 047 017 -9 21 -39 9
type 11 0.75 2.56 2.21 -0.17 0.90 12 15 -8 29
90x300 45 0.50 0 1.44 1.45 -0.15 020 -2 10 -12 12
type 2 1 1.66 1.64 -0.34 055 -3 24 26 25
3 2  1.84 1.84 -0.15 0.21 0 8 -9 10

4 5 2407 2.42 —0.01 1.04 11 14 0 30

5 8 2.79 3.00 -0.36 -0.10 -8 4 -14 -4

type 6 0.722 0 1.63 1.91 -0.66 0.10 —-20 24 52 5
T 0.833 2.06 2.14 -0.51 0.29 -6 19 31 T2

type 8 90 0.50 0 127 1.45 -0.35 0.02 -16 18 -32 2
9 2 1.90 1.84 -0.55 0.36 -2 28 43 17
160x567 70 0.50 0 0.97 0.80 0.05 0.39 16 13 6 33
type 13 2 1.10 1.19 -0.22 0.05 -8 13 -23 4

From table 4.5.1.2 it appears that the simple regression formula based on geometry va-
riables (4.5.1.4) can estimate the mean values with an error of + 20%.

The standard deviation is large as for structural timber, typical in the range of 10% to
25%.
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5. WORKING UP OF TEST RESULTS

This chapter contains some comparisons between measured shear capacities and theore-
tical estimated capacities. The data have been processed by the statistical analysis sy-
stem SAS, versions 5.18 and 6.06, see /SAS, 1979/.

Further, there is presented a new method based on Taylor series expansion. With this
method the comparison can be carried out considering the measured values of the indi-
vidual tests. Further, if discrepancies are observed the method enables to suggest the
terms in the theoretical formula which should be modified.

5.1 A method to compare test results with theoretical estimations.

5.1.1 General description

The method is based on a comparison between the terms in a Taylor series expansion of
the theoretical formula with the terms in a multiple regression analysis. The mathema-
tical description of the method is given in the following.

The comparison between the terms for each variable gives an indication of how well the
formula fits the measured results. Further, if discrepancies are observed, then they can
indicate where the theory should be modified to fit the measurements better.

The method is applicable to a series of tests where the variation of the variables are
limited, so that the error by expanding the theoretical formula in a Taylor series can be
disregarded.

The method is recommended instead of other methods based on linearization by certain
transformations of the theoretical formula. The disadvantage by transformations is
that the statistical analysis typical is carried out on variables in the transformed space.
So the least squares method is applied in this space resulting in a minimization of the
transformed errors, not the direct errors.

Mathematical description
The theoretical formula is given by (5.1.1.1) and it depends on a number of variables

Vi, V2, ...Vq.

Fiheo = F(v1, va, ...vn) (5.1.1.1)
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This formula is expanded into (5.1.1.2) in which v; are the values of the variables in
the point from which the formula is expanded.

n
Fex = (1, V2, .- V) + ) [gf—i(vi -vi)] + error
i=1
(5.1.1.2)
n n
= F((v1, v2, ... Va) — z {g{% Vi} + 2 [g{% vi] + error
=1 i=1

It should be noticed that the first two twems are constant in the sense that they only
depend on point (vi, v, ... vq) from which the formula is expanded.

The similarity between (5.1.1.2) and a regression equation is obvious, see formula
5.1.1.3).
( ) Y

~

n
Freg = Intercept + z (ki vi) + error (5.1.3)
i=1

The Intercept and the parameters ki are determined by a least squares method.

5.1.2 Application of the method

The method is applied to a theoretical formula proposed in /Gustafsson & Enquist,
1988/. The average shear stress at failure in a notch cut perpendicular to the beam
axis is determined from the following expression, which has been derived from linear
elastic theory and by assuming zero size of the fracture process zone. A corresponding
alternative expression in which non—zero fracture region size is considered is somewhat
lengthier and gives a lower shear capacity of small beems.

i A VGte/h
b= pah = (5.1.2.1)
V0,6{a — a?) ]G + B6(1/a — a2)JE
where
iy Average shear stress at failure
Vs Shear force at failure
b Width
h Depth
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a Relative effective height. he = ch

B Relative eccentricity a/h

Gry Fracture energy in tension perpendicular to grain
G Shear modulus

E, E—modulus parallel to grain

The series expansion of formula (5.1.2.1) was carried out from some approximate mean
values. These mean values and the results are given in table 5.1.2.1 and table 5.1.2.2
for structural timber and glulam respectively. In both cases only the results from tests
with notches cut perpendicular to the beam axis have been considered in this section.

These two tables give also the results of the statistical analyses. One where only vari-
ables significant at the 15% level are incorporated, and one with all relevant variables.

Table 5.1.2.1  Structural timber, I, (variables). Comparison between terms in a
linear series expansion and a multiple linear regression analysis.

Variab. or terms  15% significant var. All relevant var. Series expansion

Param. p{f>F}  Param p{t>T} Param. expa.point
Constant term MPa  1.58 0.0016 1.73 0.0028 1:19
Eq MPa -16.7-10"3 0.48 28.0-106 13,400
Ego MPa -1.34-10-3 0.009
G MPa 510-106 0.14 457-106  0.23 739.10°6 767
f,90, A B MPa 122108 0.05
Gy Nmm/mm? 0.841 0.33 3.28 0.287
h mm -9.5:10"3 0.0001 -9.89-10°3 0.0001 -6.28-1073 150
a 2.43 0.0001 2.46 0.0001 1.07 0.50
Jé) -1.83 0.0001 -2.27 0.33
Correl. coef. 0.84 0.82
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Table 5.1.2.2 Glulam, f, (variables). Comparison between terms in a linear se—
ries expansion and a multiple linear regression analysis.

Variab. or terms 15% significant var. All relevant var. Series expansion

Param. p{{>F}  Param p{t>T} Param. expa.point
Constant term MPa 0.30 0.52 1.95 0.13 0.53
Eo,bean™ MPa -112.106  0.41 14.9-106 13,500
Ego,m* MPa 877-106  0.05
G MPa -1.18-10% 0.18 788-1076 741
Gty Nmm/mm? 2.19 0.12 2.58 0.304
h mm -1.83-10-3 0.003 —2.25-103  0.003 —2.28:103 350
o 26 0.0001 2.28 0.002 1.10
g ~0.91 0.54 -2.02
Correl. coef. 0.85 0.85

* E—moduli for the beam as a whole and for the notch lamination respectively.

From the two tables it can be seen which variables are significant at the 15% level. All
other variables, except the slenderness h/b of the cross section, have not been signifi-
cant at this level. The cross—sectional slenderness is dealt with later.

Further, from the two tables it can be stated for the properties relevant for formula
(5.1.2.1) that the effect is predicted:

Correct for Not good for Wrong for
Fracture energy Gy, Glulam Strue. timber*
Glulam
Depth  h Struc . timber
el deaon, & g‘lclrlLllgm timber
Relative eccen. Struc. timber Glulam*
Shear modulus G Struc. timber* Glulam™*

Glulam*

E-modulus Eg Struc . timber*

It should be noticed that the properties, with a correct effect prediction, are all signifi-
cant variables at the 15% level. The other properties are not significant at this level
and they have been marked with * to indicate an uncertain conclusion.

The parameter values in the tables 5.1.2.1 and 5.1.2.2 can be used as guidelines for a

modification of the theoretical formula (5.1.2.1). This formula is based on the compli-
ance of the notched beam. Since the total deflection is a sum of a number of deflection
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contributions, these can adjusted based on the parameter values given in the two tab-
les.

It can be seen that some of the parameters or factors of the relevant variables have
been found significant and of approximately the same value in the regresesion analysis
and the series expansion. By approximate equal values is meant that the proportion
between the values is less than 2.5. These values are stated in table 5.1.2.3. In this
table there is also referred to relevant parameters, that is parameters relevant to the
proposed theoretical formula (5.1.2.1).

Table 5.1.2.3 Significant variables in a linear multiple regression Iy(xy, X, ...Xn).
Classification on conformity of parameter values.

Structural timber Glulam

Significant relevant parameters of approximately equal value determined by re—
gression analysis and series expansion:

h [+ ﬂ Gft h [¢%

Relevant parameters of approximately equal value determined by regression ana-
lysis and series expansion:

G g
Parameters significant at the 15% level

Ego G h « E

ft’go’ABK 90”11

From the table it can be seen that almost all relevant parameters are significant in the
test with structural timber or glulam. Meanwhile, the two stiffness variables G and
Ey are not significant, but the parameter for G is of approximately the same value in
the regression analysis and the series expansion.

The E-modulus E, in the direction of grain is neither a significant variable nor is the
parameter found by regression equal to that determined by series expansion. Both for
structural timber and glulam they are of different sign, meaning that the effect of an
increase in the E—modulus theoretically should result in an increase of the shear capaci-
ty whereas the regression analyses predict a decrease. For the structural timber the
E—modulus has been determined from tests with mean value 13,400 MPa, St.dev 2,100
MPa, max 18,000 MPa and min 8,700 MPa. So the range has been relatively wide.
But for the glulam the range was rather narrow, because the E—modulus was estimated
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based on the density of the whole beam specimen. In general the results indicate a dis-
crepancy between the theoretical description and the measured results of the effect of
Eo on the shear capacity. For the shear modulus G there is also a tendency.

From table 5.1.2.3 it can further be seen that 2 material properties, E—-modulus perpen-
dicular to grain Egp and the tensile strength ff,g0 perpendicular to grain, are signifi-
cant at the 15% level but they are not included in the theoretical formula. But may be
they should be incorporated.

Slenderness of cross section

In section 4.4, subsection: Structural timber — Glulam it is pointed out that the shear
capacity of the notch decreases with increasing slendernes h/b of the cross section.
The reason for this could be that the stress states are different for a narrow and slender
cross section and a wide one.

Multiple linear regressions analyses of partly all structural timber specimens, partly all
glulam specimens show that in both cases the slenderness is significant at the 0.01%
level. So the slenderness is a significant variable in the statistical sense. But it must
be remembered that the wood is from different sources, so the significance could be
caused by differences in the wood properties which have not been measured. Table
5.1.2.4 gives the variables found to be significant at the 15% level in a multiple linear

regression analysis.

Table 5.1.2.4 Significant variables, the values of parameters and p{f>F} in a
multiple linear regression analysis. Only square notches.
Intercept Ego, pgg 090 ABK h 1/Slender « Coef. of
MPa MPa MPa mm b/h Correl.
Structural timber
Parameter —0.19 623-10°6 0.145 3.3-1003 2.7 24 0.87
p{f>F} 0.74 0.10 0.02 0.08 0.0001 0.0001
Glulam
Parameter -1.26 3.7 2.7 0.85
p{f>F} 0.0026 0.0001 0.0001

It is remarkable to see that with the variables in table 5.1.2.4 a larger or equal coeffici-
ents of correlation have been obtained than for the other regression analyses.
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Regression analyses of the combined data for structural timber and glulam

Regression analyses similar to those described previously in this section have been car-
ried out on the combined data set consisting of those for structural timber and glulam.
The results are given in table 5.1.2.5. In this there is the results of an analyses, where
the slenderness intentionally is omitted, so this analysis corresponds to a plane state

situation.
Table 5.1.2.5 Significant variables, the values of parameters and p{f>F} for
multiple linear regression analyses of the combined data for struc-
tural timber and glulam. Only square notches.
Coef. of Interc. Eq G ft,90, ABK G, 1/Slender h e J/]
Correl. MPa MPa MPa MPa N/mm b/h  mm
Only Significant variables at the 15% level
Parameter 0.85 -1.26 0.125 3.45 2.44 —1.0¢
p{{>F} 0.0001 0.003 0.0001 0.0001  0.0001
Only significant variables at the 15% level. Slenderness omitted
Parameter 0.73 -0.11 2.00 —0.00139 2.34
p{f>F} 0.69 0.01 0.001 0.0001
Only relevant variables
Parameter 0.73 -0.22 20.2 65,5-106 1.98 -0.00171  2.27 —0.42
p{t>T} 0.63 0.43 0.87 0.015 0.0009 0.0001 0.20

It is a bit strange to see that depending on whether or not the slendernes of the cross
section is considered then completely different variables become significant. The only
variable, which is common for all three analyses, is the relative effective height a.

Further, it can be observed from table 5.1.2.5 that the slenderness of the cross section
is a very significant variable. If it is omitted then the coefficient of correlation drops
essentially. So there seems to be an influence which cannot be considered by a plane
static model of the notched beam.

As remarked in subsection Structural timber — Glulam of section 4.4, it is apparently
possible to obtain an equally high value of the coefficient of correlation for the com-
bined data set as for structural timber and glulam treated separately. In all cases the
coefficient of correlation is in the range of 0.82 to 0.87.

5.2 Comparison between predicted and measured values of the average shear stress at
failure.

The predicted values of the average shear stress at failure in a notched beam with a
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perpendicular cut—off have been computed from formula (5.1.2.1). They have been
compared with the measured values by determining the proportion between the predic-
ted and measured shear capacity. So the following variables have been computed:

Tpred = Iy see (5.1.2.1)
Tpro = 7'pred/Tmeas

Tpresi = Tpro — 1

The mean values, standard deviation, min— and max—values are for each type of test
specimen stated in table 5.2.1.

Table 5.2.1 Mean values, standard deviations, min— and max—values for each
type of test specimen. = 900
Ty—b h a a Mean values Standard dev. Min Max
pe T  Tpred Tpro Tresi T Tpred Tpro 7Tpro  Tpro
mm mm mm MPa MPa MPa MPa % %P ‘75

Structural timber

1 45 95 025 31 144 2.08 1.44 044 0.24 0.35 g8 135 153
2 0.50 1.46 246 1.68 068 0.06 033 19 141 190
7 0.75 222 3.25 152 0.52 048 0.35 39 106 216
10 0.875 290 422 146 0.46 022 026 11 124 154
11 0.50 63 1.07 1.72 164 064 0.19 0.24 38 117 230
13 0.75 1.96 239 1.25 0.25 039 030 25 96 167
21 45R 195 0.50 31 1.04 1.96 190 090 0.12 0.18 20 172 226
22 0.5 145 244 171 0.71 0.29 043 32 142 220
21 455 195 050 31 099 175 1.80 0.80 0.16 0.17 20 161 210
22 0.75 1.52 240 1.59 059 0.17 033 23 126 176
31 85 185 0.50 31 1.32 215 164 064 0.14 032 24 126 193
33 0.75 229 152 119 0.19 065 0.29 37 76 163
All 1.57 32 76 230
Glulam

L10 90 200 0.50 35 1.59 217 138 0.38 0.27 046 28 111 171
L11 0.75 2.56 270 1.10 0.10 0.44 044 32 66 143
L1 90 300 0.50 45 1.44 1.68 1.17 0.17 0.15 0.26 19 101 142
L6 0.722 1.63 1.92 1.20 0.20 0.31 0.10 18 97 141
L7 0.833 2.06 225 111 0.11 0.34 0.15 18 88 132
L8 0.50 90 1.27 143 115 0.15 0.19 0.09 23 88 137

L12 160 567 0.50 70 0.97 1.29 1.35 0.35 0.16 0.02 20 109 153

All 121 23 66 171
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Based on table 5.2.1 it can be stated that the formula (5.1.2.1) overestimates the avera-
ge shear stress at failure. In average the values are 57% to large for structural timber
and 21% for glulam. But the formula predicts reasonably the variations in the shear
stress. So, if the presently measured material properties are used then the formula
should be adjusted to give smaller failure values.

5.3 Comparison between measured and FEM—predicted values of the shear capacity.

The notched beams were analyzed as plane structures with a triangular diaphram ele-
ment with orthotropic material properties and 10 nodes enabling the use of a complete
cubic displacement field.

The process zone was modelled by specially developed cracked elements. These ele-
ments can model the material non—linearities in the proces zone as proposed by Hiller-
borg with the introduction of fictitious cracks.

The cracked element was given the linear relation between stress and relative crack dis-
placement as shown in figure 5.3.1. This relation was determined by the material
strength f (tensile or shear strength) and the fracture energy Gs (tensile or shear).
The maximum relative crack displacement &, , which occurs when the stress becomes
zero, was calculated from

b = 2 G/t (5.3.1)

Stress

A

Material
strength f7

Relative Crack
displacement

.

60=2Gf/f

Figure 5.3.1 Relation between stress in crack and relative crack displacement.
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The element can model both mode I and mode II displacements. They are modelled
separately and they are independent of each other. But it appeared that the best
agreement with the measured shear capacities was obtained when the relative shear dis-
placements in the process zone were locked, e.g. they were disregarded. Further des-
cription will emerge in a report intended published by ABK.

The employed material properties for the analyses are the mean values for each test
type. They are listed in table 5.3.1.

The model number employed in the FIEM—analysis refers to a certain topology, which
will be explained in the above mentioned report.

In the table there is shown 3 curves for the relation between the crack length ac and
the applied force P at the middle of the beam. The "x" on the curves indicates where
the process zone has been fully developed. This occurs when the tensile stress perpendi-
cular to the cracked surfaces varies from zero at the outer end of the crack to tensile
strength at the inner process zone. So the 3 curves (columns) indicate that the process
zone was fully developed before, at or after catastrophic failure. The position of the
"x" in the table indicated the situation for each FEM—analysis.
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¥e1

Table 5.3.1 Comparison between applied force Fcat at catastrophic failure measured from tests, mean values and finite
element analyses.

Type Sizes Geometry Material parameters used in FEM| Test |FEM-analysis 1 5
ol 5 = 20) A
bm;h ?1 ;h ¢} Jl.r.lil.zc:;n. Eo E9O ny ft,90 Gf,t Pcat Model Pcat P P P guill\i :on;—:nm IA);ff.
e : ! GPa MPa  MPa MPa  N/mm kN No. kN a ! c, ——
5 cat
] 45x%95 0. 1S 90 - 31 13.6 425 764 8.0 276 3,30 1 3.58 X 3L..58 13.8 7
2 0.50 90 = SH! 14.0 454 782 4.2 304 6.70 1 8.15 X Bls1.5 857 22
3 135 1 1332 417 789 3.9 282 6.34 1 8.80 X 8i..7 #eeiS -39
4 153 2 14.0 380 695 3,46 287 13.10 1 11 .95 X 31 S, 6.8 )
5 162 3 14.5 413 707 8:5 311 12.86 1 1.7.. 95 X 16.9 Sry/ 40
i 0&75 90 - 31 5319 278 774 3.0 328 15.30 2 157,.5 b1 15:95 11.0 14
8 135 1 14.5 810 742 2.8 267 11578 2 15.5 X 14.64 10.0 =2
9 162 3 13.6 350 792 3.0 301 21.64 2 24.6 X 23 Ll 6.8 14
10 0.875 90 - 31 14.8 373 796 31,19 295 281: 312 2 33 46 X 29,5 (SN 44
11 0.50 90 - 63 13.4 486 792 3.2 296 4.92 1 6.4 X 6.4 14.3 30
12 162 3 133 432 822 dal 313 11.54 1 1242 x 1y 48 813! 6
13 0.75 90 - 63 143 415 877 L G 298 13.50 2 15.4 X 15.1 182057 14
21 45x195 0.50 90 - 3%, 13165 420 734 2.9 210 8.68 3 1025 X 1024 12.0 18
22 01575 90 - 31 13.5 340 792 2.8 256 20.00 3 25 b4 19.82 12.0 25
31 85x185 0.50 90 - 31 123 387 802 2.5 301 2058 3 215 X 21,:38 20.0 3
32 162 3 12.2 347 842 2.8 292 32:@ 3 538 'S 1), #R(0) 8.0 68
S3 0.75 20 - 81 11.6 483 702 8r2 296 54.0 3 50 b'e 42.1 12%3 =7
34 162 3 12.1 483 679 2.8 309 47.4 3 86.5 X 82.9 8.0 82
Li 90x300 0.50 90 = 45 1349 508 727 8.5 292 38.8 4 313 X )i ] 18:5 -19
L2 135 1 136 543 728 3.6 311 44.8 4 42.6 x 42.3 1.5 5]
L3 153 2 14.2 558 683 3138 303 49.6 4 695 X 67.3 %0 40
L6 0.722 90 - 45 13.8 562 727 83 275 44.0 4 64 X 5240 1:8i.45 45
L7 0.833 90 - 45 1.3../8 557 717 3.6 258 55.6 4 98 X 74.0 9.8 76
L8 0.50 20 - 90 15358 580 741 4.0 SIS 34.2 4 812 5 1 >IN 324,107 12,2 -6
L9 153 2 14.1 680 733 3.6 314 51.4 4 65.1 - 63.7 8.0 27
Li10 90x200 0.50 30 - 35 126 670 835 P2RC) 328 28.6 3 27.6 X 27736 2355 ~3
L11 0.75 90 - 35 139 713 708 355 368 46.0 3 67 b3 60.0 16.0 46
L12 160x567 0.50 90 - 70 259 556 783 1.6 298 88.0 S 7.0 X 76.6 60.0 13
Li3 153 2 13.0 581 733 1wl 306 99.8 5 139.5 x 134.6 37 40
1) " 1
aApplied force and crack length (to the tip of the process zone) for a fully developed process zone.
2)

Relative difference between measured and calculated force at catastrophic failure.




In the table there are given some definitions. The applied force is that in the middle of
the beam, (= 2V.):

Pct Applied force at catastrophic failure. Mean value of the repetitive tests in a
series type.

Pcae  Applied force catastrophic failure. Determined from FEM~analyses.

B Applied force for a fully developed crack in which the tensile stress perpendicu-
lar to grain at the tip of the process zone is equal to the tensile strength per-
pendicular to the grain and where the stress further out in the crack becomes
Z€ro.

ac Crack length measured from the tip of the process zone for the fully developed
crack.

It can be seen from table 5.3.1 that there is a reasonable agreement between the measu-
red and calculated failure forces. There is a certain amount of scatter and in average
the FEM—analysis overestimated the capacities with 20%, both for structural timber
and for glulam separately.

For the test types 6, L4 and L5 with inclinations of 1:5 and 1:8 it was not possible to
determine a process zone by the FEM-analysis. This has been taken as an indication
of that the nature of the fracture changes for very flat inclinations. For these it is no
longer the notch—effect which controls the failure, instead it could be that the tensile-
stresses from bending takes over. The bending stresses have a tensile component per-
pendicular to the grain so the failure is of the same nature as in cambered beams.

In table 5.3.1 it is also shown whether the process zone determined by the FEM—analy-
sis was fully developed before, at catastrophic failure, or after catastrophic failure. A
comparison between the test observations in table 4.3.6 and those in table 5.3.1 shows a
reasonable agreement.

The calculated crack lengths in table 5.3.1 show the same trends as those observed, see

table 4.3.3. The crack lengths increase with increasing size, they decrease with increa-
sing relative depth @ and inclination angle 6.
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Annex 1. Geometry, material properties and shear strength of every notched beam.

The following pages contains the individual results for every notched beam.

The following notation has been employed.

OBS
TNR

ID

B

H

ALFA
THETA
A
MOIST
DENSI
DENSBEAM
DENSNL
AR

EO
EONL

EOBEAM

E90

E9ONL

E90ABK

G

Observation no.

Test number. If it is larger than 1000 then it has been rejected
and substituted with another notched beam.

Identity

Width of cross section, mm

Depth of cross section, mm

Relative effective depth a = he/h

# = Inclination angle of necking, degrees

Eccentricity of the support force, distance from notch tip, mm
Moisture content, %

Density of structural timber beam (dry mass/wet volume), kg/m3
Density of glulam beam (wet mass/wet volume), kg/m3

Density of notch lamination (wet mass/wet volume), kg/m3
Pattern of annular rings in structural timber beams. R: Round
with pith in the centre. S: Standing (mainly vertical) annular
rings

Eo. Modulus of Elasticity parallel to grain, GPa

Eg,n1. Modulus of Elasticity parallel to grain of the notch lami-
nation, GPa.

Eo,bean- Modulus of Elasticity parallel to grain of the glulam
beam. Estimated from the correlation Eg,n1(density, moist.)
MPa.

Ego. Modulus of Elasticity in tension perpendicular to grain of
wood near the notch tip. Narrow specimen, MPa.

Ego,NL. Modulus of Elasticity in tension perpendicular to grain
for notch lamination. Full width specimen, MPa.

Egg. Modulus of Elasticity in tension perpendicular to grain in
structural timber. Full width specimen, MPa.

Shear modulus, MPa.



FT90

FT90ABK

FV
GFT
GFV
PMAX

TAU

fi,90. Tensile strength perpendicular to grain. For structural tim-
ber: Narrow specimen, for glulam: Full width specimen. MPa.

fi,00. Tensile strength perpendicular to grain. Full width speci-
men. Measured at ABK, MPa.

fy shear strength, MPa
Gg,,. Fracture energy in tension perpendicular to grain, Nm/m?2.
Gt¢,y. Fracture energy in shear, Nm/m?
Max applied force at catastrophic failure, kN.
1

T= 5 o PMAX/(bhe). Average shear stress at catastrophic
failure, MPa.

Further, for several variables there is linked a variable of the almost same name but
added "AK", for example FT90AK. These AK—variables contain only 1 character,
which characterizes the stated variable in the following ways:

A: Actual measurement

B: Actual measurement in a neighbouring specimen but for another a—value, that
is at a level in the cross section different from that of the notch tip.

E: Estimated.

K: Measured for another a—value. For Egy and fi,90 a correction has been car-
ried out on the basis of the inclination of annular rings.

N Measurement in a neighbouring specimen.

it Doubtful measurement.

The data are available on diskets. The format of the data is given below, a SAS nota-
tion has been employed, see /SAS 1979/.

Structural timber:

DATA ALLE;
INFILE HAKBJ;

INPUT

TNI%‘ID A 5-12 B H ALFA THETA INCLI A MOIST DENSI PMAX 4854
AR A 55-55 #2 EO 1-16 EOAK A 17-17 £90 18-22 E90AK A 23-23
G 24-29 GAK A 30-30 FT90 31-35 FEQOAK A 3636 FV 3741

FVAK A

42—42 GFT 4347 GETAK

48-48 GFV 49-54 GFVAK A 55-55

FT90ABK 56—60 FT90ABKA A 61—61 E90ABK 62—66 EQOABKAK A 67—67;

CARDS;



Glulam:

DATA ALLE;

INFILE HAKBJL;

INPUT
TNR ID A 5-12 B H ALFA THETA INCLI A DENSNL EONL 46—50
MOIST 51-55 DENSBEAM #2
E90NL 5-12 E9ONLAK A 13-13 G 14-19 GAK A 20-20 FT90 25-29
FT90AK A 30—30 FV 31-35 FVAK A 36—36 GFT 37—44 GPTAK A 4545
GFV 46-51 GFVAK A 52-52 PMAX 53—60;

CARDS;



STRUCTURAL TIMBER

FILE: SASPRINT TEMP Al VM/SP Conversational Monitor System

b The SAS System il
15:41 Monday, October 7, 1991

T I M D E
A H N 0 E B E 9
0 T L E C I N M 0 E 0
B N I F T L s 8 A A E A 9 A
S R D B H A A I A T 1 X R 0 K 0 K
: 1 5-2-V 45 95 0.25 90 0 31 12.9 453 3.1 R 15.4 A 157.000 A
2 2 23-1-V 45 95 0.25 90 0 31 11.6 438 2.8 R 15.0 A 346.000 A
8 3' 11=2-V 45 95 025 90 0' 31 2u3%1 427 2.5 R 12.5 197.000 A
4 4 4-2-H 45 95 0.25 90 0 31 13.5 481 4.0 R 15.2  229.618 E
5 5 16-1-K 45 95 0.25 90 0 31 12.8 410 3.2 R 11.7 A 151.000 A
6 6 22-2-Y, 45,95 0..25 90 0 .31 X2.9,435 2.9 ‘R 1149 256.000 A
7 7 20-1-V 45 95 0.50 90 0 31 13.6 438 6.0 R 14.4  353.000 A
8 8 2-1 H 45 95 0.50 90 0 31 13.0 470 6.7 R 15.0 A 248.000 A
9 9 3-1-V 45 95 0.50 90 0 31 12.2 439 6.3 R 14.7 293.000 A
10 10 12-1-V 45 95 0.50 90 0 31 12.7 425 6.3 R 14.8 371.000 A
T 11 1-1-V 45 95 0.50 90 0 31 12.6 403 6.1 R 11.8  423.000 A
12 12 9-2-H 45 95 0.50 90 0 31 13.1 409 6.1 R 13.3 180.000 A
13 1012 8-1-V 45 95 0.50 90 0 31 13.0 400 9.0 R 11.2  148.000 A
14 13 20-1-H 45 95 0.50 135 1 31 13.2 443 4.6 R 14.4 A 353.000 A
15 14 30-1-H 45 95 0.50 135 1 31 12.9 432 5.4 R 12.2 A 188.000 A
16 15 3-1-H 45 95 0.50 135 1 31 12.4 433 5.9 R 14.7 A 293.000 A
F E
F T 9
F T 9 E 0
gl G G 9 0 9 A
F 9 F F F 0 A 0 B B
0 G T O vV ¢ T 6V A B A K T E
B A 9 A F AT A F A B K B A A T
S G K 0 K \% K T X VvV K K A K K U A
1 872.00 N 3.9 A 9.1000 A 246 A 1150 A 2.94 A 493 A 1.45029 0.32632
2 492.36 E 3.0 B 7.3000 B 235 B 850 B 2.51 A 381 A 1.30994 0.32632
3 653.00 N 3.5 A 8.0000 A 224 B 1660 B 3.13 E 326 E 1.16959 0.32632
4 1003.62 E 3.6 A 11.8000 A 388 A 1250 A 3.53 A 443 A 1.87135 0.32632
5 755.00 N 3.3 B 8.3390 E 282 B 999 E 2.63 A 371 A 1.49708 0.32632
6 809.10 E 4.5 A 9.4000 A 283 A 943 A 3.33 A 536 A 1.35673 0.32632
7 984.36 E 2.5 A 8.0000 A 287 A 814 A 3.91 A 394 E 1.40351 0.32632
8 869.40 E 3.7 A 8.3000 A 399 A 693 A 3.56 A 373 E 1.56725 0.32632
9 640.98 E 3.5 A 10.6000 A 236 A 1013 A 4.58 A 394 E 1.47368 0.32632
10 663.00 N 3.0 A 8.1000 A 362 A 1056 A 3.99 A 586 A 1.47368 0.32632
11 702.66 E 3.8 A 9.1000 A 276 A 1189 A 5.09 A 571 A 1.42690 0.32632
12 831.78 E 3.3 A 8.5000 A 261 A 789 A 3.93 A 406 E 1.42690 0.32632
13 765.00 A 3.1 A 6.1000 A 342 A 1114 A 2.35 A 405 E 2.10526 0.32632
14 891.06 E 2.5 A 8.0000 A 287 A 814 A 3.91 A 396 E 1.07602 0.32632
15 704.00 N 3.4 A 8.3000 A 222 A 896 A 2.93 A 384 A 1.26316 0.32632
16 684.06 E 3.5 A 10.6000 A 236 A 1013 A 4.58 A 394 E 1.38012 0.32632
i The SAS System 2



STRUCTURAL TIMBER

FILE: SASPRINT TEMP Al VM/SP Conversational Monitor System

15:41 Monday, October 7, 1991

T I M D E
A H N 0 E P E 9
0 T L E C I N M 0 E 0
B N I F T L S S A A E A 9 A
S R D B H A A I A T I X R 0 K 0 X
17 16 12-2-V 45 95 0.500 135 1 31 12.6 424 8.1 R 13.0 A 335.000 A
18 17 1-1-H 45 95 0.500 135 1 31 12.7 402 4.9 R 11.8 A 423.000 A
19 18 8-1-H 45 95 0.500 135 1 31 12.8 397 6.5 R 12.8 148.000 A
20 19 20-2-V 45 95 0.500 153 2 31 12.2 437 8.6 R 16.8 A 286.886 E
21 20 30-1-V 45 95 0.500 153 2 31 12.9 453 19.5 R 13.0 188.000 A
272, 21 3-2-V 45 95 0.500 153 2 31 12.3 427 12.9 R 14.3 A 248.000 A
23 22 12-2-H 45 95 0.500 153 2 31 12.4 431 11.8 R 13.0 335.000 A
24 23 1-2-V 45 95 0.500 153 2 31 12.8 397 10.1 R 13.0 A 487.000 A
25 24 8-2-V 45 95 0.500 153 2 31 12.8 399 10.2 R 14.1 A 139.000 A
26 25 20-3-H 45 95 0.500 162 3 31 12.3 435 8.3 R 17.8 A 278.830 E
27 26 30-2-V 45 95 0.500 162 3 31 12.8 438 14.7 R 13.9 A 223.000 A
28 27 3-2-H 45 95 0.500 162 3 31 12.5 419 10.3 R 14.3  248.000 A
29 28 12-1-H 45 95 0.500 162 3 31 12.3 420 16.9 R 14.8 A 371.000 A
30 29 1-2-H 45 95 0.500 162 3 31 12.8 405 13.1 R 13.0 487.000 A
3L 30 8-2-H 45 95 0.500 162 3 31 13.0 401 8.6 R 13.3 139.000 A
32 31 5-1-V 45 95 0.500 169 5 31 13.3 466 17.6 R 15.2 A 203.000 A
F E
F T 9
F T 9 E O
T G G g. 1o 9 A
F 9 F F F 0 A © B B
0 G T O vV 6T 6V A B A K T E
B A 9 A F A F A F A B K B A A I
S G K 0 K \Y K T K V K K A K K U A
17 663.00 A 3.3 A 9.9000 A 331 A 904 A 4.23 A 351 A 1.89474 0.32632
18 726.24 E 3.8 A 9.1000 A 276 A 1189 A 5.09 A 571 A 1.14620 0.32632
19 765.00 N 3.1 A 6.1000 A 342 A 1114 A 2.45 A 405 E 1.52047 0.32632
20 638.94 E 2.9 A 6.9000 A 275 A 653 A 3.59 E 393 E 2.01170 0.32632
21 704.00 N 3.4 A 8.3000 A 222 A 896 A 2.93 A 384 A 4.56140 0.32632
22 653.34 E 3.1 A 12.2000 A 266 A 1377 A 3.69 A 313 A 3.01754 0.32632
23 663.00 N 3.3 A 9.9000 A 331 A 904 A 4.23 A 351 A 2.76023 0.32632
24 745.74 E 3.1 A 8.3000 A 268 A 686 A 3.34 A 560 A 2.36257 0.32632
25 765.00 N 3.1 A 7.3000 A 362 A 802 A 3.87 A 276 A 2.38596 0.32632
26 661.50 E 3.0 A 7.5000 A 297 A 1032 A 2.80 A 348 A 1.94152 0.32632
27 704.00 A 3.9 A 8.3000 A 308 A 811 A 3.60 E 393 E 3.43860 0.32632
28 694.38 E 3.1 A 12.2000 A 266 A 1377 A 3.69 A 313 A 2.40936 0.32632
29 663.00 N 3.0 A 8.1000 A 362 A 1056 A 3.99 A 586 A 3.95322 0.32632
30 753.90 E 3.1 A 8.3000 A 268 A 686 A 3.34 A 560 A 3.06433 0.32632
31 765.00 N 3.1 A 7.3000 A 362 A 802 A 3.87 A 276 A 2.01170 0.32632
32 872.00 A 3.2 A 9.9000 A 426 A 999 E 2.74 A 379 A 4.11696 0.32632
1 The SAS System 3
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STRUCTURAL TIMBER

FILE: SASPRINT TEMP Al VM/SP Conversational Monitor System
T I M D E
A H N 0 E P E 9
0 T L E C I N M 0 E 0
B N I F T L s S A A E A 9 A
S R D B H A AT A T 1 X R 0 K 0 K
33 32 23-1-H 45 95 0.500 169 5 31 11.8 432 14.7 R 15.0 A 346.000 A
34 33 11-2-H 45 95 0.500 169 5 31 12.5 447 16.2 R 12.7 197.000 A
35 34 4-2-V 45 95 0.500 169 5 31 13.0 432 18.2 R 15.2 A 229.896 E
36 35 16-2-V 45 95 0.500 169 5 31 12.8 420 16.6 R 11.7 A 223.000 A
37 36 22-1-H 45 95 0.500 169 5 31 13.0 434 15.8 R 12.3 A 239.000 A
38 37 5-1-H 45 95 0.750 90 0 31 13.3 466 11.5 R 14.1 A 203.000 B
39 38 10-1-V 45 95 0.750 90 0 31 12.8 480 18.8 R 15.2 A 285.000 B
40 39 11-1-H 45 95 0.750 90 0 31 13.2 431 11.6 R 13.9 A 177.000 A
41 40 4-1-H 45 95 0.750 90 0 31 12.7 420 12.9 R 15.2 A 282.000 A
42 41 13-2-V 45 95 0.750 90 0 31 12.4 402 13.3 R 12.2 A 187.000 B
43 42 22-1-V 45 95 0.750 90 0 31 13.1 436 17.4 R 12.7 B 239.000 B
44 43 20-2-H 45 95 0.750 135 1 31 13.3 440 15.3 R 16.8 215.220 E
45 1043 15-1-V 45 95 0.750 135 1 31 13.7 464 24.3 R 16.7 108.000
46 44 23-2-V 45 95 0.750 135 1 31 10.8 445 17.1 R 15.7 A 386.110 E
47 45 17-1-V 45 95 0.750 135 1 31 13.4 420 16.5 R 13.5 276.000 B
48 46 10-2-V 45 95 0.750 135 1 31 13.5 468 14.8 R 16.4  236.000 B
F E
F F 9
F T 9 E 0
T G G 9 0 9 A
B9 F F F 0 A 0 B B
0 G T 0 v 6T 6V A B A K il E
B A 9 A F A F A ¥ A B K B A A i
S G K 0 K v K T K VvV K K A K K U A
33 535.44 FE 3.0 A 7.3000 A 235 A 850 A 2.51 A 338 K 3.43860 0.32632
34 653.00 A 3.5 A 8.0000 A 224 A 999 E 3.67 E 399 E 3.78947 0.32632
35 830.64 E 3.6 B 11.8000 B 388 B 1250 B 3.53 A 344 A 4.25731 0.32632
36 755.00 N 2.6 A 7.1000 A 293 A 999 E 3.99 A 320 A 3.88304 0.32632
37 832.68 E 3.9 A 8.2000 A 321 A 818 A 4.08 A 286 A 3.69591 0.32632
38 872.00 N 3.2 B 9.9000 B 426 B 999 E 2.80 K 365 K 1.79337 0.32632
39 830.40 E 2.1 B 10.0120 E 274 B 999 E 3.64 A 271 A 2.93177 0.32632
40 653.00 N 3.4 E 8.2000 A 291 A 1235 A 2.33 A 184 A 1.80897 0.32632
41 744.60 E 3.8 A 8.6000 A 342 A 933 A 3.14 A 238 A 2.01170 0.32632
42 683.00 N 4.2 B 9.2000 B 314 B 890 B 2.31 A 297 A 2.07407 0.32632
43 859.32 E 3.9 B 8.2000 B 321 B 818 B 3.90 K 310 K 2.71345 0.32632
44 912.60 E 2.9 B 6.9000 B 275 A 653 A 2.80 E 346 E 2.38596 0.32632
45 1102.00 N 2.9 A 10.4000 A 249 A 999 E 3.27 E 396 E 3.78947 0.32632
46 302.70 E 3.1 A 9.4000 A 291 A 978 A 3.50 A 196 A 2.66667 0.32632
47 808.00 N 4.5 A 7.6000 B 232 A 999 E 2.91 E 374 E 2.57310 0.32632
48 990.36 E 3.3 B 8.6000 B 300 A 999 E 3.24 A 259 A 2.30799 0.32632
s The SAS System 4
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STRUCTURAL TIMBER

FILE: SASPRINT TEMP Al VM/SP Conversational Monitor System

OBS TNR 1ID B H ALFA THETA INCLI A MOIST DENSI PMAX AR EO

49 1046 14-1-V 45 95 0.750 135 1 31 13.0 441 16.0 R 13.7
50 47 16-1-V 45 95 0.750 135 1 31 12.5 412 13.8 R 12.7
51 48 42-1-H 45 95 0.750 135 1 31 12.7 361 10.7 R 11.6
52 49 15-1-H 45 95 0.750 162 3 31 13.2 453 21.4 R 16.7
53 50 23-2-H 45 95 0.750 162 3 31 11.8 434 16.6 R 15.7
54 51 17-3-V 45 95 0.750 162 3 31 12.6 428 23.5 R 13.5
55 52 14-2-V 45 95 0.750 162 3 31 13.1 429 16.6 R 13.3
56 53 16-2-H 45 95 0.750 162 3 31 13.1 419 25.0R 11.1
57 54 42-3-H 45 95 0.750 162 3 31 12.8 354 17.7 R 11.1
58 55 5-2-H 45 95 0.875 90 0 31 13.0 435 19.6 R 15.7
59 56 10-1-H 45 95 0.875 90 0 31, 1302 476 218 R! 15.6
60 57 11-1-V 45 95 0.875 90 0 31 13.1 424 23.5R 14.3
61 58 4-1-V 45 95 0.875 90 0 31 12.6 425 21.5 R 14.7
62 59 13-1-V 45 95 0.875 90 0 31 12.3 395 202 R 12:2
OBS EOAK E90 E90AK G GAK FT90 FT90AK FV FVAK GFT
49 139.000 A 839.82 E 3.20000 A 8.9000 A 224,000
50 151.000 A 755.00 N 3.30000 A 8.3868 E 282.000
51 A 122.000 A 684.42 FE 2.50000 A 8.0000 A  221.000
52 A 108.000 A 1102.00 N 2.90000 A 10.4000 A 249.000
53 311.652 E 537.48 FE 3.10000 A 9.4000 A 291.000
54 A 137.000 A 806.00 N 3.60000 A 8.7692 E 311.000
55' A 241.000 B 852.18 E 3.90000 B 9.9000 B 379.000
56 A 223.000 B 755.00 A 2.60000 B 7.1000 B 293.000
51 145.000 B 701.88 E 2.90000 B 6.7000 B 280.000
58 157.000 B 872.00 N 3.90000 B 9.1000 B 246.000
59 285.000 A 924.72 E 2.10000 B 9.9164 E 274,000
60 177.000 B 653.00 N 3.40000 E 8.2000 B 291.000
61 A 282.000 B 725.10 E 3.80000 A 8§.6000 B 342.000
62 281.000 B 685.00 N 3.40000 B 9.5000 B 317.000
OBS GFTAK GFV  GFVAK FT90ABK FT90ABKA E90ABK E9CABKAK  TAU BETA
49 A 794.00 A 2.08 A 266 A 2.49513 0.32632
50 A 999.00 E 2.40 K 373 K 2.15205 0.32632
51 A 1480.00 A 2.11 A 309 A 1.66862 0.32632
52 A 1222.00 A 3. 27 B 396 E 3.,337.283 '0...32632
53 A 978.00 A 8}, 50 A 196 A 2.58869 0.32632
54 A 999.00 E 2.74 A 340 A 3.66472 0.32632
55 B 999.00 E 2.42 A 607 A 2.58869 0.32632
56 B 830.00 A 4.00 K 311 K 3.89864 0.32632
57 B 841.00 B 2:21 A 247 A 2.,76023 10132632
58 B 1150.00 B 2.94 B 517 K 2.61988 0.32632
59 B 999.00 E 4.80 K 290 K 2.91395 0.32632
60 B 1235.00 B 214510 K 200 K 3.14119 0.32632
61 B 933.00 B 4.10 K 254 K 2.87385 0.32632
62 B 736.00 B 4.40 K 710 K 2.70008 0.32632
The SAS System 5
15:41 Monday, October 7, 1991
OBS TNR ID B H ALFA THETA INCLI A MOIST DENSI PMAX AR EO



0BS

z7
78

STRUCTURAL TIMBER

: SASPRINT TEMP Al VM/SP Conversational Monit
60 10-2-H 45 95 0.875 90 0 31 13.2 464 23.6 R 16
1060 22-2-H 45 95 0.875 90 0 31 13.2 443 23.0 R 12
61 15-3-V 45 95 0.500 90 0 63 13.2 459 5.9 R 15
62 30-2-H 45 95 0.500 90 0 63 13.0 434 4.7 R 13
63 17-1-H 45 95 0.500 90 0 63 12.6 407 4.0R 14
64 14-2-H 45 95 0.500 90 0 63 13.0 427 3% R 13
65 13-1-H 45 95 0.500 90 0 63 12.4 ‘397 4.2 R 12
66 42-2-V 45 95 0.500 90 0 631 12.5 358 5.0 R 10
67 15-3-H 45 95 0.500 162 3 63 1358 456 13.Z R 15
68 2-2-V 45 95 0.500 162 3 63 13.0 480 10.9 R 15
69 17-2-H 45 95 0.500 162 - 63 12.9 435 9.3 R 13
70 14-3~V 45 95 0.500 162 3 63 13.1 424 12.3 R 13
71 13-2-H 45 95 0.500 162 3 63 12.3 404 11.0 R 11
72 42-3-V 45 95 0.500 162 3 63 12.4 363 7:2 R 1l
EOAK E90 E90AK G GAK FT90 FT90AK FV FVAK GF’
A 236.000 B 912.48 E 3.30000 B 8.6000 B 300.
256.000 B 891.06 E 4.50000 B 9.4000 B  283.
A 201.000 A 1102.00 A 3.70000 A 9.0000 A 304
223.000 A 704.00 N 3.90000 A 8.3000 A 308.
A 276.000 A 806.00 A 4.50000 A 7.6000 A 2332,
A 241.000 A 825.54 E 3.90000 A 9.9000 A 379%
A 281.000 A 685.00 N 3.40000 A 9.5000 A 3175
A 137.000 A 632.16 E 3.20000 A 6.5000 A  238.
201.000 A 1102.00 N 3.70000 A 9.0000 A 304.
A 284.000 A 879.60 E 4.30000 A 9.3000 A 851 ¢
A 176.000 A 806.00 N 4.00000 A 10.5000 A  342.
A 150.000 B 847.08 E 4.00000 B 7.4000 B BS.
187.000 A 683.00 A 4.20000 A 9.2000 A 314.
A 145.000 A 612.66 E 2.90000 A 6.7000 A  280.
GFTAK  GFV  GFVAK FT90ABK FT90ABKA E90ABK E90ABKAK  TAU
B 999.00 E 4.50 K 269 K 3.15455 0
B 943.00 B 8..38 B 585 K 3.07435 0
A 1412.00 A 3.82 A 529 A 1.38012 0
A 811.00 A 3.60 E 393 E 1.09942 0
A 999.00 E 335 E 377 E 0.93567 0
A 1374.00 A 2.70 K SS K 0.86550 0.
A 736.00 A 3.54 A 668 A 0.98246 0.
A 1354.00 A 232 A 376 A 1.16959 0
A 1412.00 A 382 A 529 A 3.20468 0
A 1010.00 A 4.55 A 647 A 2.54971 0
A 1154.00 A 2.44 A 414 A 2.17544 0
B 940.00 B 2.30 K 488 K 2.87719 0
A 890.00 A 1.90 K 281 K 2.\57310. 0
A 841.00 A 2.50 K 285 K 1.68421 0
The SAS System
15:41 Monday, October 7,
TNR ID B H ALFA THETA INCLI A MOIST DENSI PMAX AR E
73 13~2~¥ 45 95.0.75 90 0 63 13.0 454 12.6 R 17.
74 2-1-V 45 95 0.75 90 0 63 13.1 474 16.4 R 13.
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STRUCTURAL TIMBER

FILE: SASPRINT TEMP Al VM/SP Conversational Monitor System
79 75 17-3-H 45 95 0.75 90 0 63 12.6 427 11.6 R 13.3
80 76 14-3-H 45 95 0.75 90 0 63 13.2 421 9.1 R 14.7
81 77 9-2-V 45 95 0.75 90 0 63 12.8 407 14.1 R 12.7
82 1077 16-3-H 45 95 0.75 90 0 63 13.4 418 16.1 R 12.2
83 78 9-1-V, 45 95 0.75 90 0 63 13.0 430 11.7 R 13.3
84 79 61-1-H 45 195 0.50 90 0 31 13.9 409 9.4 5 12.1
85 80 61-1-V 45 195 0.50 90 0 31 13.8 418 10.6 S 12.4
86 81 70-2-H 45 195 0.50 90 6 31 142 350 8.3 S5 13.3
87 82 60-1-H 45 195 0.50 90 O 31 138 393 9.3 8 136
88 83 65-1-H 45 195 0.50 90 0 31 14.2 394 6.9S5 15.8
89 84 70-1-V 45 195 0.50 90 0 31 13.7 345 7.4 8 13.7
90 85 71-1-V 45 195 0.50 90 0 31 14.2 355 8.9 R 11.3

OBS EOAK E90 E90AK G GAK FT90 FT90AK FV  FVAK GFT

77 A 171.000 A 1102.00 N 3.10000 A 9.9000 A 294.000
78 248.000 B 898.08 E 3.70000 B 8.3000 B  399.000
79 137.000 A 806.00 N 3.60000 A 8.7453 E 311.000
80 150.000 A 868.62 FE 4.00000 A 7.4000 A  285.000
81 A 180.000 B 755.94 E 3.30000 B 8.5000 B 261.000
82 155.000 A 755.00 N 3.80000 A 8.5302 E 327.000
83 508.000 A 828.60 E 2.90000 A 9.2000 A 227.000
84 A 193.000 A 730.00 E 2.80000 A 7.9000 A 264.000
85 A 193.000 A 730.00 E 2.80000 A 7.9000 A 264.000
86 A 343.000 A 730.00 E 2.50000 A 7.1000 A 160.000
87 A 372.000 A 837.00 A 3.60000 A 6.7000 A 205.000
88 A 387.000 A 730.00 E 2.70000 A 8.0000 A 181.000
89 A 339.000 A 730.00 E 2.40000 A 6.4000 A 187.000
90 A 135.000 B 730.00 E 2.60000 B 7.2000 B 292.000
OBS GFTAK GFV  GFVAK FT90ABK FT90ABKA E90ABK E90ABKAK  TAU BETA
7 B 940.00 A P L2 A 358 A 1.96491 0.66316
78 B 693.00 B 3.80 K 388 E 2.55750 0.66316
79 A 999.00 E 2 T A 340 A 1.80897 0.66316
80 A 940.00 A 2: 52 A 500 A 1.41910 0.66316
81 B 789.00 B 3.40 K 365 E 2.19883 0.66316
82 A 999.00 i 4.09 A 404 A 2.51072 0.66316
83 A 1291.00 A 3.29 A 538 A 1.82456 0.66316
84 A 864.00 A 2.90 A 438 A 1507123 0-15897
85 A 864.00 A 2.90 A 438 A 1.20798 0.15897
86 A 570.00 A 2.28 A 351 A 0.94587 0.15897
87 A 1320.00 A L6 A 441 A 1.05983 0.15897
88 A 1068.00 A 3.35 A 435 A 0.78632 0.15897
89 A 769.00 A 2238 A 417 A 0.84330 0.15897
90 B 717.55 E 2533 A 182 A 1.01425 0.15897
1 The SAS System /]
15:41 Monday, October 7, 1991
0BS TNR D B H ALFA THETA INCLI A MOIST DENSI PMAX AR EO
91 86 62-1-V 45 195 0.50 90 0 31 14.5 417 10.2 R 16.3
92 87 68-2-V 45 195 0.50 90 0 31 13.8 397 737 R 9.4
93 88 64-1-V 45 195 0.50 90 0 31 13.8 404 9.8 R 13.0
94 89 68-1-V 45 195 0.50 90 0 31 13.7 389 10.0 R 11.4



STRUCTURAL TIMBER

FILE: SASPRINT TEMP Al VM/SP Conversational Monitor System
95 90 69-2-V 45 195 0.50 90 0 3 A3.7 BE42 8.2 R, 10k6
96 91 63-1-V 45 195 0.75 90 0 30 M2 397 A6z S A0.3
97 92 67-2-H 45 195 0.75 90 0 31 13.8 419 17..7 '8 25
98 93 60~2-H 45 195 0.75 90 0 31 13.9 379 21.9 S 14.6
99 94 64-1-H 45 195 0.75 90 0 31 13.6 394 20.4 58 14.5

100 95 60-1-V 45 195 0.75 90 0 31 14.2 389 22.4 8 13.6
101 96 65-1-V 45 195 0.75 90 0 31 138 869 21.0%F 1ord
102 97 66-2-H 45 195 0.75 90 0 31 14.4 447 22.6 R 16.5
103 98 66-1-H 45 195 0.75 90 0 31 14.4 448 18.7 R 16.4
104 99 62-1-H 45 195 0.75 90 0 31 14.5 416 21.4 R 16.3

OBS EOAK  E90  E90AK G GAK  FT90 FT90AK FV  FVAK  GFT

91 A 193.000 A 730.00 E 2.80000 A 7.9000 A 264.000
92 A 245.000 A 730.00 E 3.50000 A 9.7000 A 295.000
93 A 211.000 A 730.00 E 3.20000 A 8.1000 A 316.000
94 A 192.000 A 730.00 E 3.,30000 A 8.0000 A 306.000
95 A 119.000 A 546.00 A 2.30000 A 7.2000 A 236.000
96 A 237.000 E 730.00 E 3.12176 E 7.9022 E  242.153
97 A 447.000 B 936.00 N 3.40000 B 8.7000 B 206.000
98 A 117.000 A 837.00 N 3.40000 A 8.2000 A 349.000
99 A 211.000 B 730.00 E 3.20000 B 8.1000 B 316.000
100 A 309.000 B 837.00 N 3.40000 B 7.3000 B 215.000
101 A 387.000 B 730.00 E 2.70000 B 8.0000 B 181.000
102 A 155.000 A 742.00 N 4.10000 A 8.0000 A 296.000
103 A 236.000 A 742.00 A 3.63584 E 9.2000 B 429.000
1046 A 193.000 B 730.00 E 2.80000 B 7.9000 B 264.000
0BS GFTAK GFV GFVAK FT90ABK FT90ABKA E90ABK E90ABKAK TAU BETA
91 A 864.00 A 3.83 A 315 A 1.16239 0.15897
92 A 794.00 A 3.59 A 474 A 0.87749 0.15897
93 A 1043.00 A Sml2 A 602 A 1.11681 0.15897
94 A 879.00 A 24617 A 196 A 1.13960 0.15897
95 A 876.00 A 4.87 A 558 A 0.93447 0.15897
96 E 877.57 E 2.80 A 321 A 1.28395 0.15897
97 B 680.00 B 2.78 A 302 A 1.34473 0.15897
98 A 867.49 E 275 A 405 A 1.66382 0.15897
99 B 1043.00 B 2522 A 280 A 1.54986 0.15897
100 B 1084.00 B 2.78 A 295, A 1.70180 0.15897
101 B 1068.00 B 3.35 A 435 A 1.59544 0.15897
102 A 1029.07 E 2.41 A 318 A 1.71700 0.15897
103 B 1266.00 B 3.62 A 639 A 1.42070 0.15897
104 B 864.00 B 3. 05 A 328 A 1.62583 0.15897
1 The SAS System 8
15:41 Monday, October 7, 1991
OBS TNR ID B H ALFA THETA INCLI A MOIST DENSI PMAX AR EO
105 100 68-2-H 45 195 0.75 90 0 31 14.2 367 22.8 R 10.3
106 101 69-2-H 45 195 0.75 90 0 31 A7 388 162 R 1ilw2
107 102 69-1-V 45 195 0.75 90 0 31 13.8 344 13.2 R 10.6
108 103 104-1-H 85 185 0.50 90 0 31 14.9 386 16.8 R 10.8
109 104 121-1-V 85 185 0.50 90 0 31 15.4 432 23.2 R 13.0
110 105 103-1-v 85 185 0.50 90 0 31 A7.8 349 21.5 R 8.7

10



STRUCTURAL TIMBER

FILE: SASPRINT TEMP Al VM/SP Conversational Monitor System
111 106 118-1-V 85 185 0.50 90 0 31 14.9 398 21.5 R 12.9
112 107 116-1-H 85 185 0.50 90 0 31 14.8 404 20.6 R 18.0
113 108 115-1-V 85 185 0.50 90 0 31 15.0 355 20.8 R 11.1
114 109 120-1-H 85 185 0.50 162 3 31 14.8 397 23.0 R 14.4
115 110 121-1-H 85 185 0.50 162 3 31 15.1 447 35.5R 12.8
116 111 103-1-H 85 185 0.50 162 3 31 19.0 380 23.9 R 758
117 112 118-1-H 85 185 0.50 162 3 31 14.8 381 38.7 R 14.2
118 113 109-1-V 85 185 0.50 162 3 31 14.6 370 42.4 R 11.9

0BS EOAK E90  E90AK G GAK  FT90 FT90AK FV  FVAK  GFT

105 N 245.000 B 730.00 E 3.50000 B 9.7000 B 295.000
106 N 119.000 B 546.00 N 2.30000 B 7.2000 B 236.000
107 N 103.000 A 546.00 N 2.70000 A 7.3000 A 243.000
108 A 138': 035 E 708.96 E 3.65430 B 6.7000 E 307,000
109 A 128.000 A 1033.72 E 2.40000 A 8.3000 A 348.000
110 A 230.000 A 1131.29 E 2.70000 A 6.6000 A 322.000
111 A 141.000 A 693.00 A 3.40000 A 5.8000 A 286.000
112 N 96.000 C 774.84 E 3.90000 B 5.7000 B 286.000
113 A 160.875 4 472.00 N 3.62500 E 6.7000 A 271.000
114 A 121.695 B 741.17 E 3.68360 E 6.7000 E 307.000
115 A 87.240 E 1043.77 E 3.59570 E 6.7000 E 307.000
116 A 230.000 A 1528.80 E 2.70000 A 6.6000 A  322.000
117 A 141.000 A 693.00 N 3.40000 A 5.8000 A  286.000
118 A 139.440 E 569.90 E 3.74220 E 6.7000 E  307.000
0BS GFTAK GFV  GFVAK FT90ABK FT90ABKA E90ABK E90ABKAK  TAU BETA
105 B 794.00 B 3. 35 A 306 A 1.73219 0.15897
106 B 876.00 B 1.78 A 243 A 1.23077 0.15897
107 A 614.00 A ive M5, A 258 A 1.00285 0.15897
108 E 949.78 E 1.24 A 209 A 1.06836 0.16757
109 A 1064.00 A 2.41 A 317 A 1.47536 0.16757
110 A 1590.00 A 2.24 A 380 A 1.36725 0.16757
111 A 843.00 A 4.32 A 539 A 1.36725 0.16757
112 B 913.32 E .53 A 330 A 1.31002 0.16757
113 A 1000.15 E 250 A 246 A 1..3227'3 10:16750
114 E 920.81 E 2.45 A 310 A 1.46264 0.16757
115 E 918.91 E 2.41 A 317 A 225755 0,167,557
116 A 1590.00 A 2.24 A 380 A 1.51987 0.16757
117 A 843.00 A 4.32 A 539 A 2.46105 0.16757
118 4 915.30 E 2.84 A 288 A 2.69634 0.16757
1 The SAS System 9
15:41 Monday, October 7, 1991
0OBS TNR 1D B H ALFA THETA INCLI A MOIST DENSI PMAX AR EO
119 114 115-1-H 85 185 0.50 162 B 3. 143 364 2942 R 11,9
120 115 117-1-V 85 185 0.75 90 0 31 14.7 393 63.4 R 11.1
121 116 104-1-V 85 185 0.75 90 0 31 14.4 374 70.7 R 10.4
122 1117 105-1-V 85 185 0.75 90 0 31 153 3876 165.9 R 21140
123 117 PILOT118 85 185 0.75 90 0 31 14.9 368 37.5 R 14.2
124 118 108-1-H 85 185 0.75 90 0 31 14.1 429 37.4 R 9.2
125 119 116-1-V 85 185 0.75 90 0 31 14.6 403 47.1 R 13.8
126 120 110-1-V 85 185 0.75 90 0 31 14.7 396 68.3 R 10.9

2



STRUCTURAL TIMBER

FILE: SASPRINT TEMP Al VM/SP Conversational Monitor System
127 121 117-2-H 85 185 0.75 162 3 31 15.3 391 89.5 R 10.0
128 122 120-1-V 85 185 0.75 162 3s 3L 15,1 395 457 R 15-1
129 123 105-2-H 85 185 0.75 162 ) 31 14.5 356 46.1 R 9.3
130 124 108-1-V 85 185 0.75 162 8 31 14.6 416 51.8 R 13.7
131 125 109-2-H 85 185 0.75 162 3 3 4.2 362 35.5 R 12.9
132 126 110-2-V 85 185 0.75 162 3 31 14.9 386 65.8 R 11.9

OBS EOAK E90 E90AK G GAK FT90 FT90AK FV  FVAK GFT

119 A 137.595 B 474,00 A 3.83010 E 6.7000 A  271.000
120 A 119.000 A 701.23 E 3.20000 A 6.6000 A  269.000
121 A 131.610 E 547.74 E 3.80080 E 6.7000 E 307.000
122 A 150.345 E 743.66 E 3.53710 E 6.7000 E 307.000
123 A 147.885 E 693.00 N 3.65430 E 6.7000 E 307.000
124 A 79.440 E 743.00 N 3.88870 E 6.7000 E 307.000
125 A 96.000 A 728.63 E 3.90000 A 5.7000 A  286.000
126 A 127.000 A 801.00 N 5.00000 A 7.4000 A 346.000
127 A 119.000 A 815.81 E 3.20000 A 6.6000 A  269.000
128 A 130.140 E 793165 E 3.59570 E 6.7000 E 307.000
129 A 164.000 A 481.86 E 3.20000 A 7.2000 A 363.000
130 A 101.490 E 735.00 A 3.74220 E 6.7000 E 307.000
131 A 136.980 E 448.62 E 3.85940 E 6.7000 E 307.000
132 A 127.000 A 801.00 A 5.00000 A 7.4000 A  346.000
OBS GFTAK GFV  GFVAK FT90ABK FT90ABKA E90ABK E90ABKAK  TAU BETA
19 A 870.12 E 250 A 246 A 185692 0n 16757
120 A 851.00 A 2.74 A 379 A 2.68786 0.16757
121 E 876.62 E 3. 82 A 388 A 2-99735 0516757
122! E 1029.28 E 2.56 N 499 N 2.79385 0.16757
123 E 969.04 E : 3 1.58983 0.16757
124 E 766.17 E 3.80 A 732 A 1.58559 0.16757
125 A 879.99 E 25710 A 394 A 1.99682 0.16757
126 A 1060.00 A 2.82 A 523 A 2.89560 0.16757
12,7 A 851.00 A 2.198 A 522 A 1.67462 0.16757
128 E 97455 E 5 : 1.93747 0.16757
129 A 913.08 E 1.86 A 379 A 1.95443 0.16757
130 E 866.08 E 3.80 A 732 A 2.19608 0.16757
131 E 855.06 E 2.24 A 299 A 1.50503 0.16757
132 A 1060.00 A 2.95 A 483 A 2.78961 0.16757

1.2



GLULAM

FILE: SASPRINT TEMP Al VM/SP Conversational Monitor System
b The SAS System 1
15:07 Monday, October 7, 1991
D
E E
D N 9
T I E M S E O
A H N N E 0 B 9 N
0O T L E C S 0 I E 0 L
B N it F 0 N N S A N A
S R D B H A A I A L L T M L K G
1 127 L3-2-V 90 300 0.500 90 0 45 504 19.4 11.2 458 357 A 886
2 128 L6-1-V 90 300 0.500 90 0 45 418 16.1 11.5 429 406 A 555
3 129 15-2-V 90 300 0.500 90 0 45 424 12.7 12.1 441 650 A 733
4 130 L6-2-V 90 300 0.500 90 0 45 364 11.9 12.1 445 620 A 733
5 131 L2-1-V 90 300 0.500 135 1 45 496 16.0 12.2 445 539 A 733
6 132 L6~1-H 90 300 0.500 135 1 45 418 16.1 12.4 429 406 A 733
7 133 L4-2-H 90 300 0.500 135 1 45 439 11.6 11.7 425 756 A 713
8 134 L5-1-V 90 300 0.500 135 1 45 407 14.9 12.5 449 470 A 733
9 135 L2-1-H 90 300 0.500 153 2 45 496 16.0 12.7 449 539 A 733
10 136 L3-1-V 90 300 0.500 153 2 45 450 8.8 12.4 472 663 A 671
11 137 L1-2-V 90 300 0.500 153 2 45 432 15.5 11.5 453 560 A 733
12 138 L3-2-H 90 300 0.500 153 2 45 407 14.9 12.6 445 470 E 596
13 139 L4-2-V 90 300 0.500 169 5 45 485 16.2 11.9 445 457 A 733
14 140 L3-1-H 90 300 0.500 169 5 45 451 8.8 11.8 466 663 A 733
15 141 L1-2-H 90 300 0.500 169 5 45 432 15.5 12.0 451 560 A 733
16 142 19-1-V 90 300 0.500 169 5 45 399 10.0 11.5 439 474 A 733
¥ E
T G G 0
F 9 F F F B B
0G i 0 \ G o G \) M iy E
B A 9 A F A F A F A A A A
S K 0 K \ K T K \' K X U M
1 A 3.54 A 11.3000 A 324.000 A 1120 A 36.7 1.35926 14.4578
2 A 2.29 A 6.8000 A 221.000 A 730 A 35.1 1.30000 13.4723
3 E 2809 A 8.6256 E 293.261 E 932 E 44.5 1.64815 13.7903
4 E 4.78 A 7.4000 A 328.000 A 1210 A 39.2 1.45185 13.9211
5E 3.16 A 9.6000 A 350.000 A 950 A 372 1.877:78 1.3 .908%
6 B 12:29" & 6.8000 A 221.000 A 730 A 35.3 1.30741 13.3607
7 A 5.34 A 8.6000 A 396.000 A 790 A 59.2 2.19259 13.3167
8 E 3.41 A 10.2000 A 277.000 A 932 E 48.1 1.78148 14.0023
9E 3.16 A 9.6000 A 350.000 A 950 A 49.4 1.82963 13.9775
10 A 5.03 A 5.2000 A 329.000 A 932 E 48.5 1.79630 14.7668
158 B 3:58" A 6.5000 A 253.000 A 820 A 45.5 1.68519 14.2571
12 A 3.41 E 10.2000 E 277.000 E 932 E 55.4 2.05185 13.8591
13 E 3.61 A 9.9000 A 373.000 A 1020 A 93.4 3.45926 13.9459
14 E 5.03 A 5.2000 A 329.000 A 932 E 65.4 2.42222 14.6450
15 B 3:53 A 6.5000 A 253.000 A 820 A 75.6 2.80000 14.1297
16 E 352 A 8.1000 A 304.000 A 630 A 65-1 261111 13.7993
il The SAS System 2
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GLULAM

FILE: SASPRINT TEMP Al VM/SP Conversational Monitor System

15:07 Monday, October 7, 1991

D
E E
D N 9
K I E M S E O
A H N N E 0 B 9 N
()0l L E C 5 0 I E 0 L
B N e F 1 L [ N N S A N A
S R D Bl H A A I AL L T M L K G
17 143 L1-1-V 90 300 0.500 173 8 45 480 16.6 13.0 451 232 A 733
18 144 19-2-V 90 300 0.500 173 8 45 463 16.8 11.4 461 342 A 733
19 145 L2-2-V 90 300 0.500 173 8 45 420 11.4 11.2 447 517 A 733
20 146 L9-2-H 90 300 0.500 173 8 45 405 14.3 12.4 439 625 A 733
21 147 L8-1-V 90 300 0.722 90 0 45 459 13.3 11.3 435 541 A 708
22 148 1L8-1-H 90 300 0.722 90 0 45 459 13.3 11.8 438 541 A 733
23 149 18-2-V 90 300 0.722 90 0 45 427 9.3 12.5 446 576 E 733
24 150 L8-2-H 90 300 0.722 90 O 45 461 15.0 12.8 448 588 E 733
25 151 L7-1-V 90 300 0.833 90 0 45 461 15.0 12.4 449 602 A 733
26 152 L7-1-H 90 300 0.833 90 0 45 415 11.8 12.2 438 471 A 733
27 153 L7-2-V 90 300 0.833 90 0 45 434 14.8 12.5 441 578 E 733
28 154 L7-2-H 90 300 0.833 90 0 45 434 14.8 12.0 444 578 E 667
29 155 Li-1-H 90 300 0.500 90 0 90 480 16.6 12.1 463 232 A 733
30 156 L&-1-V 90 300 0.500 90 0 90 479 8.5 11.4 434 950 A 713
31 157 L2-2-H 90 300 0.500 90 0 90 420 11.4 13.1 435 517 A 784
32 158 L6-2-H 90 300 0.500 90 0 90 364 11.9 12.8 435 620 A 733
F E
T G G 0
F 9 F B F B B
0G T 0 \ G T G Vv M il E
B A 9 A iE? A F A F A A A A
S K 0 K \ K iy K vV K X U M
17 E 3.70 A 9.9000 A 344.000 A 880 A 78.4 2.90370 14.0057
18 E 3.45 A 12.0000 A 592.000 K 1370 A 75.5 2.79630 14.5311
19 E 3.30 A 6.1000 A 249.000 A 932 E 71.5 2.64815 14.0981
20E 4.24 A 9.2000 A 338.000 A 760 A 76.0 2.81481 13.6877
21 A 2.97 A 10.4000 A 291.000 A 932 E 78.3 2.00831 13.6933
22 E 2.97 A 10.4000 A 291.000 A 932 E 63.8 1.63640 13.7294
23 E 3.63 E 9.5000 A 286.000 A 680 A 63.8 1.63640 13.9042
26 E 3.59 E 10.5000 A 232.000 A 940 A 48.9 1.25423 13.9324
25 E 3.71 A 6.4000 A 232.000 FE 830 A 73.4 1.63176 14.0147
26 E 3.53 A 10.7000 A 305.000 A 840 A 991, 220810 18,6798
27 E 3.62 E 10.8000 A 248.000 A 1240 A 89.1 1.98079 13.7407
28 A 3.62 E 10.8000 A 248.000 A 1240 A 109.4 2.43208 13.9008
29 E 3.79 A 9.9000 A 344.000 A 880 A 29.9 1.10741 14.5097
30 A 4.18 A 9.5000 A 330.000 A 1040 A 37.8 1.40000 13.6482
31A 3.30 A 6.1000 A 24%9.000 A 932 E 39.8 1.47407 13.4701
32 E 4.78 A 7.4000 A 328.000 A 1210 A 29.7 1.10000 13.5073
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GLULAM

FILE: SASPRINT TEMP Al VM/SP Conversational Monitor System
D
E E
D N 9
T I E M S E O
A H N N E 0 B 9 N
0T L E C S 0 g B 0 I
B N I F T L N N S A N A
S R D B H A A I AL L T M L K G
33 159 L5-2-H 90 300 0.500 153 2 90 480 16.6 11.9 445 825 A 733
34 160 L4-1-H 90 300 0.500 153 2 90 479 8.5 11.3 452 950 A 734
35 161 L9-1-H 90 300 0.500 153 2 90 399 10.0 12.5 449 474 A 733
36 162 L5-1-H 90 300 0.500 153 2 90 407 14.9 12.4 457 470 A 733
37 163 L11-1-V 90 200 0.500 90 O 35 434 14.8 11.8 404 572 A 733
38 164 L11-1-H 90 200 0.500 90 O 35 434 14.8 12.7 406 572 A 733
39 165 L11-2-V 90 200 0.500 90 O 35 424 10.3 11.8 405 789 A 1142
40 166 L11-2-H 90 200 0.500 90 0 35 410 14.8 11.7 398 747 A 733
41 167 L10-1-V 90 200 0.750 90 O 35 410 14.8 10.4 424 771 A 631
42 168 L10-1-H 90 200 0.750 90 O 35 485 17.6 10.4 447 693 E 733
43 169 L10-2-V 90 200 0.750 90 O 35 485 17.6 12.0 461 693 A 733
44 170 L10-2-H 90 200 0.750 90 O 35 485 17.6 11.9 437 693 A 733
45 171 L13-1-V 160 567 0.500 90 0 70 422 11.2 12.6 419 772 A 733
46 172 L12-1-H 160 567 0.500 90 0 70 348 9.9 13.6 416 495 E 733
47 173 L13-1-H 160 567 0.500 90 0 70 425 12.5 13.6 415 529 A 733
48 174 L12-1-V 160 567 0.500 90 O 70 428 11.3 12.5 422 427 A 733
F E
T G G 0
El O F F F P B
0G T 0 N G i G V M T E
B A 9 A F A F A F A A A A
S K 0 K v K T K vV K X U M
33 E 3.40 A 7.5000 A 343.000 A 840 A 34.7 1.28519 13.9459
34 A 4.18 A 9.5000 A 330.000 A 1040 A 59.5 2.20370 14.2492
35 E 3.52 A 8.1000 A 304.000 A 630 A 56.3 2.08519 14.0023
36 E 3.41 A 10.2000 A 277.000 A 932 E 54.2 2.00741 14.2763
37 E 2.31 A 9.2000 A 264.000 A 1040 A 28.7 1.59444 12.6176
38 E 2.31 A 9.2000 A 264.000 A 1040 A 22.0 1.22222 12.5714
39 A 3.39 A 9.9000 A 440.000 K 932 E 30.0 1.66667 12.6503
40 E 3.68 A 8.0000 A 324,000 A 932 E 33.6 1.86667 12.4338
41 A 2.89 A 11.7000 A 229.000 A 1000 A 83.9 3.10741 13.4452
42 E 3.67 E 11.7000 A 414.000 E 1000 A 70.8 2.62222 14.1973
43 E 3.67 A 8.3000 A 414,000 A 780 A 66.7 2.47037 14.4567
44 E 3.67 A 8.3000 A 414,000 A 780 A 55.1 2.04074 13.6843
45 E 1.89 A 7.8000 A 301.000 A 1010 A 107.9 1.18937 13.0089
46 E 1.66 E 5.2528 E 288.309 L 1077 E 77.3 0.85207 12.7868
47 E 1.44 A 8.7000 A 296.000 A 1050 A 90.0 0.99206 12.7541
48 E 1.52 A 10.3000 A 306.000 A 1170 A 77.3 0.85207 13.1194
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GLULAM

FILE: SASPRINT TEMP Al VM/SP Conversational Monitor System
D
E E
D N 9
i 0 E M S E O
A H N N E 0 B 9 N
0T L E C S 0 I E 0 L
B N I F T L N N S A N A
S R D B H A A I AL L T M L K G
49 175 L15-1~H 160 567 0.500 153 2 70 368 11.5 12.6 400 749 A 733
50 176 L15-1-V 160 567 0.500 153 2 70 368 11.5 12.8 423 749 A 733
51 177 L14-1-V 160 567 0.500 153 2 70 364 11.4 12.3 432 412 A 733
52 178 L14-1-H 160 567 0.500 153 2 70 364 11.4 12.5 419 412 A 733
F z
T G G 0
F 9 F F F P B
06 T 0 v G T G Vv M i E
B A 9 A F A F A F A A A A
S K 0 K \ K T K \ K X U M
49 E 1.69 A 7.2000 A 289.000 A 1077 E 93.9 1.03505 12.3876
50E 1.69 A 7.2000 A 289.000 A 1077 E 112.6 1.24118 13.1149
51 E 1.80 A 5.2000 A 322.000 A 1077 E 106.2 1.17063 13.4712
52 E 1.80 A 5.2000 A 322.000 A 1077 E 87.3 0.96230 13.0213
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Annex 2. Mean values and standard deviations of material properties and shear
strength of each tvpe of notched beam.

This annex contains the mean values and the standard deviations for each type of not-
ched beam. The upper number is the mean value, the lower the standard deviation.

The annex gives the geometry, the material properties and the shear capacity of the
notched beam cross section. The last mentioned is expressed by the average shear
stress at failure and as the shear force at catastrophic failure at which the crack propa-
gated rapidly.

In case of that the material property has not been measured for a notched beam speci-
men, this property has been estimated from the regression equation, if determined, ot-
herwise has the material property been set equal to the mean value of timber/glulam of
the relevant cross section.



Mean and standard deviation. GLULAM specimens.

3
i ist. E
No a 6 a Density, kg/m Mois 0 §9O MPa G &’90 MPa fv Gft2 vaz Tmaxz Vmax
mm notch lam. Beam % GPa ABK AfB MPa ABK AfB MPa Nm/m Nm/m N/mm kN

Cross section 90 x 300 mm

1 0.5 90 45 428 443 W17 13.9 508 727 kS’ 815 292 998 1.44 19.4
58 12 0.5 0.4 148 135 140 2.0 50 213 0r 15!
2 135 440 437 122 13.6 543 728 3:6 8.8 311 851 1.66 22.4
(1:1) 40 12 0.4 0.4 152 10 1.3 1.5 777) 108 0.41
3 153 446 455 12%: 13 14.2 558 683 3.8 ZARC) 303 909 1.84 24.8
(1:2) 38 512 0.5 0.4 80 65 0.8 2.4 45 60 0.15
4 169 442 450 11.8 14.1 539 7138 39 7.4 315 851 2. 37.4
(1:15) 36 12 0.2 0.4 94 = 0.7 2.0 50 168 0.49
5| 173 442 450 12.0 14.1 429 738 8.7 9.3 381 986 2.79 377
(1:8) 35! 9 0.8 (058} 176 - 0.4 1.4 147 266 0.11
6 0.722 30 45 452 442 1281 13.8 562 727 3.3 1(QL12! 275 871 1.63 22.0
16 6 0.2 0.1 24 13 0.4 0.5 29 127! 0.31
7 0.833 436 443 11253 13.8 557 717 3.6 947 258 1038 2.06 27.8
19 5 0.2 0.2 59 33 0.1 2152 32 234 0.34
8 (V85 90 20 436 442 12.4 138 580 741 4.0 8:2 313 1016 -2 17.1
55 14 0.8 0.5 296 30 0.6 1.8 43 146 0.1%
9 0.5 153 441 451 12,0 14.1 680 788 316 8.8 314 861 1.90 25.7
(f1%:12)) 44 L) 0.6 0.2 245 = 0.4 1.2 29 174 0.41
Cross section 90 x 200 mm
10 k15, 90 35 426 403 1230, 12.6 670 835 249 9.1 323 986 1,459 14.3
11 4 0.5 0.1 114 205 047 0.8 83 62 0.27
1,1 0.75 466 442 12 1859 713 708 35 10.0 368 890 2.56 23.0
38 16 0.9 0.5 39 51 0.4 2.0 93 127 0.44
Cross section 160 x 567 mm
12 0.5 90 70 406 418 130 1 12.9 556 738 1.6 8.0 298 1077 0.97 44.0
39 3 0.6 0.2 150 - 0.2 2.1 7 68 0.16
13 153 366 419 12.6 13.0 581 738! i) B2 306 1077 1.10 49.9
{1:2) 2 13 0.2 0%S 195 = 0.1 o2 29 - 0.13



Mean and standard deviation Structural timber

No a [¢] a Di it Moist E E MP.
ensx3y is 0 __90______1 G £t , 90__MPL fV Gftz va2 Tmaxz Vmax
mm kg/m % GPa ABK AfB MPa ABK AfB MPa Nm/m Nm/m N/mm kN
Cross section 45 x 195 mm )
*
21 0.50s 390 31 385 1359 13.5 420 305 748 2.9 2.8 7725} 210 209 0.99 4.34
30 0.2 1.3 35 88 44 0.5 0.4 0.7 44 258 0.16
*
21 0.50R 384 14.0 12.0 388 183 699 3.4 3.0 8.0 285 862 1.04 4.56
29 043 2.4 183 47 75 0.9 0.5 0.9 30 108 0.11
*
22 0.75s 392 13E9) 1315 340 285 800 28 8j52 8.0 252 937 1.52 10.00
27 0.2 1.6 64 121 85 0.4 0.3 055! 67 158 0.17
*
22 0.75R 393 14.2 13.6 349 175 672 2)./6) 3.2 8.2 294 907 1.45 9.54
50 0.3 3l 146 59 98 1.0 0.7 1.0 71 221 0.29
*
Signifies Standing or Round annual rings.
Cross section 85 x 185 mm
31 0.5 20 31 387 15.4 12.4 337 148 801 245 33 6.6 303 1060 1532 10.4
Sl 1.2 3,12 116 45 242 1:(0) 0.6 0.9 28 270 0.14
32 162 390 15.4 12,2 347 143 842 2.8 3.5 6.5 300 1010 2.04 16.0
(1:3) 30 18! 2.4 104 47 388 0.8 0.4 0.4 18 286 0.51
33 0:75 20 31 394 14.6 11,56/ 483 1517 702 352 322 6.6 304 900 2.29 27.0
22 0.3 2.0 1541 25 85 0.6 0.6 0.5 26 102 0.65
34 162 384 14.8 124341 483 130 679 2.8 3]18 6.9 317 920 204 23,7,
(1:3) 22 0.4 2.2 164 21 168 07 0.7 0.3 38 83 0.45



Mean and standard deviation. GLULAM specimens.

3} .
ity g. 0 £
No a [:] a Density, kg/m”~  Moist EO EQO MPa G ,90 MPa fv Gft va2 Toam Vmax
mn  notch lam. Beam % GPa ABK AfB MPa ABK AfB MPa Nm/m Nm/m N/mm kN

Cross section 90 x 300 mm

1 05 90 45 428 443 L7 13.9 508 727 3.5 855 292 398 1.44 19.4
58 12 0.5, 0.4 148 135 1.0 2.0 50 213 0.15

2 135 440 437 12,2 18r6 543 728 3.6 8.8 311 851 1.66 22.4
(1°31) 40 12 0.4 0.4 152 10 1y 1.5 a7, 108 0.41

3 153 446 455 12.3 14.2 558 683 358 79 303 909 1.84 24.8
(1:2) 38 12) 0.5 0.4 80 65 0.8 2.4 45 60 0L AiS

4 169 442 450 11.8 14.1 539 733 3}49) 7.4 311 5 851 2 7N 37.4
(1:5) 36 12 0.2 0.4 94 - Ok 2.0 50 168 0.49

5 173 442 450 12.0 14.1 429 733 37217 9.3 381 986 2.79 35T
{1:8) 35 9] 0.8 0:3 176 - 0.4 1.4 147 266 0.11

6 0.722 90 45 452 442 12,71 13.8 562 7.2 353 1052 275 871 1 563! 22.0
16 6 0.2 0.1 24 18 0.4 05 29 127 0531

il 0.833 436 443 123 13.8 5517 717 3.6 9F: 7 258 1038 2.06 27.8
19 5 0z 2 0.2 S9, 33 0:1 2.2 32 234 0.34

8 0:5 90 90 436 442 12.4 13.8 580 741 4.0 8.2 313 1016 1.27 17.1
55 14 0.8 0.5 296 30 0.6 1.8 43 146 0.19

9 0.5 153 441 451 12.0 14.1 680 733 3.6 8.8 314 861 1.90 2517
(1:2) 44 5 0.6 02 245 - 0.4 1.2 29 174 0.41

Cross section 90 x 200 mm

10 (85 90 355 426 403 12.0 12.6 670 835 2.9 9} 1 323 986 14159, 14.3
11 4 0.5 0l 114 205 057 0.8 83 62 Oer277)

i 075 466 442 1142 13849 713 708 8.5 10.0 368 890 2.56 23.0
38 16 0.9 0.5 39 51 0.4 2.0 93 127 0.44

Cross section 160 x 567 mm

12 OF.5 90 70 406 418 JLci | 12.9 556 733 1.6 8.0 298 1077 0907 44.0
89, 3) 0.6 0.2 150 - 0.2 2.1 v 68 0.16

13 153 366 419 12.6 13::0 581 788 A7 6.2 306 1077 1.10 49.9
(1:2) 2 13 022 0.5 185 - 0.1 1452 29 - OF13]



