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OPSOMMING

Die sterkte voorspelling van gelamineerde Eucalyptus grandis elemente met

vingerlasse met behulp van rekenaar simulasie.

deur

Walter Michael George Burdzik

Leiers:

Proff. B W J van Rensburg en W J R Alexander

Departement Siviele Ingenieurswese

Voorgelé ter vervulling van ’‘'n deel van die vereistes vir die graad
Philosophiae Doctor (Ingenieurswese)
Universiteit van Pretoria

Nadat die beperkings van die beskikbare sterkte data van Suid Afrikaanse
Eucalyptus grandis bespreek is, stel die outeur moontlike navorsingsgebiede
voor sodat groter sekerheid oor die sterkte eienskappe van bogenoemde
materiaal verkry kan word. 'n Groter sekerheid oor die sterkte eienskappe
van Fucalyptus grandis lei tot 'n betere begrip van die swigmeganismes van
gelamineerde Eucalyptus grandis elemente. Die sterkte eienskappe van die
materiaal en die moontlike korrelasie tussen hierdie eienskappe word

benodig vir die simulasie van die gelamineerde elemente se sterkte.

Verskei laboratorium toetse is gebruik om die sterkte eienskappe van
Eucalyptus grandis te bepaal en die word bespreek, die data word voorgelé
en gevolgtrekkings oor die sterkte eienskappe soos elastisiteits modulus,
trektsterkte parallel aan die grein, trekstrekte loodreg op die grein en
skuifsterkte word gemaak. Die belangrikheid van die sterkte eienskappe
betreffende die swigting van gelamineerde elemente met vingerlasse word
bespreek. Die korrelasie tussen die verskillende sterkte eienskappe, wat in
die simulasie van gelamineerde elemente gebruik word, is bepaal. Verdere
moontlike toetse asook toetsmetodes word aanbeveel.

Die simulasie metode word bespreek en 'n metode om willekeurige vingerlas
sterktes, plank sterktes en plank styfheid te simuleer word aangebied.
Hierdie metode word uitgebrei om gekorreleerde vingerlas sterktes, plank
sterktes en plank styfheid te simuleer.
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Die simulasie metode word gebruik om enkel lamel trekdele met vingerlasse
te simuleer. Die aantal vingerlasse word gevarieér en gevolgtrekkings word
gemaak oor die effek van vingerlasse op die sterkte van trekdele. Hierdie
metode word dan toegepas op twee lamel trekdele en gevolgtrekkings word
gemaak oor die verlies aan sterkte as gevolg van die vingerlasse in die

element.

'n Simulasie metode word beskryf en gebruik om die moontlikke verswakkende
effek van faktore soos die lengte, diepte en tipe belasting op die sterkte
van gelamineerde buigelemente, met vingerlasse, te ondersoek. Dit word
uitgespel dat die faktore nie in isolasie gesien kan word nie aangesien die
sterkte van al die faktore afhanklik is van die aantal vingerlasse in die
element. Die verlies aan sterkte as gevolg van elk van die faktore word
vergelyk met resultate wat deur ander verkry is en die verskille tussen die
resultate word verduidelik. Voorstelle aangaande veranderings aan die
Suid-Afrikaanse houtkode is ingesluit en voorstelle vir verdere

navorsingsprojekte word gemaak.

ii
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SUMMARY

The strength prediction of laminated finger jointed Eucalyptus grandis

members using computer simulation.

by

Walter Michael George Burdzik

Supervisors:

Proff. B W J van Rensburg and W J R Alexander

Department of Civil Engineering

submitted in partial fulfilment of the requirements for the degree of
Philosophiae Doctor (Ingenieurswese)

University of Pretoria.

After discussing the shortcomings of available strength data on South
African Eucalyptus grandis the author suggests possible research areas so
that greater clarity about the strength properties of the abovementioned
material can be obtained. Greater clarity about strength properties of the
Eucalyptus grandis would lead to a better understanding of the failure
mechanisms of laminated Eucalyptus grandis members. The strength properties
of the material and the possible correlation between these properties are
required for the simulation of the laminated member’s strength.

Various laboratory tests were used to determine the strength properties of
the E. grandis and these are discussed, the data are presented and
conclusions about the strength properties such as modulus of elasticity,
tensile strength parallel to the grain, tensile strength perpendicular to
the grain and shear strength are made. The significance of the strength
properties with regard to the failure of laminated finger jointed members
is discussed. The correlation between the various strength properties,
which is used in the simulation of laminated members, is determined.
Possible further tests as well as testing methods are suggested.

The simulation method is discussed and a method of simulating random finger
joint strength, board strength and board stiffness is presented. This
method is expanded to simulate correlated finger joint strength, board
strength and board stiffness.

1ii
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The simulation method is used to simulate tension members that consist of
single finger jointed boards. The number of finger joints in the tension
member is varied and conclusions are drawn about the effect of such finger
joints on the strength of the tension member. This simulation method is
then applied to two laminate tension members and conclusions are made about
the loss in strength of members due to the number of finger joints in the

member.

A simulation method is described and used to determine the possible
weakening effect of such factors as the length, depth and type of loading
on the strength of laminated finger jointed flexural members. It is pointed
out that these factors cannot be seen in isolation as the strength of each
factor is affected by the number of finger joints in the member. The loss
in strength due to each of the factors described above is compared to
results obtained by others and the differences between the results are
explained. Recommendations about changes to the South African timber design

code are included and suggestions for further research projects are made.

iv
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THE PREDICTION OF LAMINATED EUCALYPTUS GRANDIS MEMBER STRENGTH
USING COMPUTER SIMULATION

1.1 INTRODUCTION

Southern Africa has not been blessed with vast forests nor with indigenous
trees that provide material suitable for timber construction. The timber
from indigenous trees is more suitable for use in the manufacture of
expensive furniture or other high quality timber products. As an
alternative to imported timber, the softwood and hardwood forests were

planted in Southern Africa during the depression of the 1930's.

The softwoods are of the Pinus patula, P. taeda, P. elliottii, P. pinaster
species and are all marketed under the common name of S A Pine. Only a
small percentage of the pine plantations are managed on a 20-30 years
rotation for sawlog production. The sawlogs obtained from these plantations
are fairly small in diameter. Boards that can be sawn from these sawlogs

are limited to maximum cross-sectional dimensions of 75 x 220 mm.

The hardwoods planted for the construction, mining and pulping industry are
mainly Eucalyptus grandis and E. saligna. Most of this timber is grown on a
relatively short 12-15 year rotation with the result that sawlogs obtained
from these trees are fairly small in diameter. Only about 10% of the total
area planted under E. grandis is managed on a 20-25 years rotation for
sawlog production. Furthermore, the sawlogs obtained from the Eucalyptus
species are inclined to suffer from growth-stress induced end §plitting.
The boards that can be sawn from these sawlogs are limited to maximum

cross-sectional dimensions of 200 x 35 mm and lengths of 4 m.

Bigger cross-sectional members are supplied by the laminating industry in

two ways:

a) They provide laminated pine in stock sizes which augment the limited

sawn timber sizes.

b) They provide high grade pine and E. grandis/saligna beams in special
sizes and for special applications.

In most cases the larger dimensioned timber beams are thus laminated beams.
In order to manufacture long beams it is necessary to end joint the boards
of a laminate and this is effected by using finger joints. A finger joint
profile is sawn at the end of each board, an adhesive is applied and the
merging fingers are then joined under pressure. Although finger joints have
been manufactured and used successfully for more than 25 years there is
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some doubt as to their strength in high grade or high density timber. There
is considerable evidence that in higher grade or density timber finger
joints are weaker than the natural strength reducing features, such as
knots, that are permitted by the grading rules.

1.2 MOTIVATION FOR ESTIMATING BEAM STRENGTH

Very high permissible flexural stress values were given for South African
hardwood, e.g. Saligna/E. grandis, beams in the past. These values were
reduced from a highest permissible stress of 23,7 MPa in 1969 to 9,9 MPa in
1980. Tests done at the University of Pretoria on a limited number of beams
have shown that the permissible stress could be even lower than 9,9 MPa.
Table 1.1 shows how the permissible flexural stresses have declined.

Information source Permissible stress Modulus of elasticity
MPa MPa

SABS 876-19761-11 15,4 to 23,7 13500 to 17500

MULLER, C/HOUT 611.7 12,4 13800

MULLER, C/HOUT 621-8 12,4 13100

SABS 0163-19801.10 9,9 13100

GRUNOW M N - 19851.4 8,8 14400

TABLE 1.1 Change in permissible flexural stress of laminated

E. grandis beams.

The dramatic changes in permissible flexural stress caused concern amongst
some members of the hardwood laminating industry. These members were
interested in ascertaining the true strength of E. grandis, whether thére
has been a decline in the strength and whether some method of improving and
predicting the strength of their products could be found.

The flexural stress gradient in solid timber beams determines the bending
strength of a timber beam. The steeper the stress gradient is the higher
the modulus of rupture becomes. This can be seen when the modulus of
rupture for boards tested on flat is compared to that of similar boards
tested on edge. This phenomenon gave rise to the adjustments that are made
to the permissible bending stress for deep beams and is normally called the
depth factor. See for example the British and Australian codes
(CP 112, 19713 and AS 1720-1975%-1), Research done by Madsen and
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Buchanan!-> has confirmed this and they have explained it on the basis of
fracture mechanics. Further tests done by Madsen et all-3 have shown that
other effects such as the loading pattern, length of the member and width
of the member are also very important.

The tests done by Madsen et al!-> were limited in that the larger sections
were not tested. Stress reduction factors were proposed for the larger
sections and for the different loading patterns. (See Figure 1.1) Although
the author agrees that the loading pattern is important and could be
applied to laminated timber it was felt that the width and depth effect may
not necessarily be applicable to South African laminated E. grandis timber.

Moody et all-® used a large sample of test data to calibrate the following
size effect formula used by the ASTM D 07.02.02 task committee:

dy 1/x 1, 1/y w, 1/z
R R(—) ()T ()

Where: R is the strength of the beam with dimensions d, 1, w;
R, is the strength of the standard beam of dimensions d;, 1y, wg;
K is the factor that indicates the type of loading;
d,, 1,, w, are the dimensions of the standard beam;
d, 1, w are the dimensions of the beam under consideration;

X, ¥y, z are the exponents that were to be determined.

The formula worked very well for the data that Moody et al had at their
disposal and could have been used on South African laminated timber, if
enough data had been available. Although, the formula is ideal as it
contains all the volume effects and makes provision for a loading effect,
the available test data on South African laminated E. grandis beams are so
limited that very little statistical significance could be attached to
values for x, y, and z that could be obtained by the data. Even with the
vast data at their disposal, Moody et al felt that a further series of
tests was necessary to confirm the values of the exponents x, y, and z that
they had obtained.

This formula has a further disadvantage in that changes in the quality of
the joints or timber would necessitate a further series of tests to
ascertain the exponents, x, y, z, used in the formula. Designers should be
aware of the volume and loading effect and have a volume effect formula at
their disposal so that realistic member sizes can be calculated.
Manufacturers of laminated beams should be given the tools with which they
could calculate the statistical distribution of the strength of their
products based on the strength distribution of the tensile members that
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make up the laminated beams. This would allow the manufacturer, who uses
sorted or graded timber, to calculate the strength of his laminated beams,
to proof load them and hopefully be more competitive.

Tests done at the University of Pretoria, on laminated E. grandis beams,
having cross sectional dimensions of 50 x 220 mm, have shown that the
largest portion of these beams fail in the finger joints of the tension
laminates. Failure is initiated when the outer fibres of the finger joint
reach the failure stress of the finger joint in pure tension.
(see Table 7.1) The stress path changes around the failed finger joint
causing principal tensile stresses. This causes delamination of the outer
laminate with failure spreading to finger joints in adjacent laminates.

Laboratory tests to test for the length, width, loading and depth effects
would be very costly as the number of finger joints in the length of a
laminate would depend on the length of available boards and the number of
finger joints in the depth would depend on the depth of the beam. To test
for the different configurations of length of board and depth of beam would
require a vast number of beams. An alternative method was sought which
could be used to simulate all these effects so that only a limited number
of tests would be required to confirm the method. The usage of the method
should be such that it could be used by manufacturers and the method should
be flexible enough to be used to design beams using different grades of

laminates.

1.3 TEST INFORMATION REQUIRED TO SIMULATE BEAM BEHAVIOUR.

A laminated beam is a number of boards, each having its own average
stiffness, that are connected by means of finger joints in the length of
the laminate and by a glueline in the depth of the beam. A positive
correlation between the strength of the finger joint and the stiffness of
either of the two boards that it is connecting may exist.

In order to have a better understanding of the properties and failure
mechanism of a laminated beam it is necessary to have the following
information about the properties of the elements that make up the beam:

a) The statistical distribution of the average tensile or flexural
stiffness of the timber boards that make up the laminates of the
beam.

b) The statistical distribution of the tensile strength of the timber

and the correlation between tensile or flexural stiffness and tensile
strength of the timber.
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c) The statistical distribution of the tensile strength of the finger
joints and the correlation between the tensile or flexural stiffness
of the timber and the tensile strength of the finger joint.

d) The statistical distribution of the length of the timber.

It was assumed that the flexural modulus of elasticity and the tensile
modulus of elasticity of E. grandis would have a very similar distribution
and that the correlation between these two moduli would be very high. The
flexural modulus of elasticity is much easier to measure than the tensile
modulus of elasticity as the clamps required to exert tensile forces often
slip. It is accepted practice in South Africa to grade pine according to
the flexural modulus of elasticity, due to the good correlation between the
flexural modulus of elasticity and the strength properties. For this reason
it was decided to determine the average flexural modulus of elasticity of
the E. grandis boards and to assume a similar distribution for the tensile
modulus of elasticity as the shape of the distribution is more important
than the actual value.

1.4 MOTIVATION FOR TENSILE STRENGTH GRADING OF E. GRANDIS.

Pine has been successfully mechanically graded in South Africa for a number
of ,years. The good correlation between the flexural stiffness, measured on
flat, of boards and the other strength properties makes it possible to use
the stiffness as a strength predictor. Central point loading is applied to
the boards over a span of 900 mm. The defects in the board are placed under
the central point load and the average modulus of elasticity for the 900 mm
length determined. This operation is repeated for all the defects in the
board and the lowest modulus of elasticity determines the grade stresses.

Laminated E. grandis beams are presently manufactured from randomly
selected relatively ungraded boards. At most, only the larger strength
reducing features, such as large knots, are removed. To obtain the required
lengths of board for the manufacture of laminated beams, the boards are end
jointed by means of finger joints. The long boards are then glued on top of
one another until the required depth of beam is obtained.

The flexural strength of a timber beam is governed by the tensile strength
of its outer fibres and the top to bottom stress distribution. The
shallower the beam the higher the modulus of rupture of the beam for a
given material grade. This is sometimes called the depth effect.(See
Australian and British design codes.) Tests done at the University of
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Pretoria (Burdzik et al!-2?) indicate that the strength of laminated
E. grandis beams with depths in excess of 200 mm is governed by the tensile

strength of the tension laminates.

The strength of the tension laminates depends not only on the strength of
the timber but also on the strength of the finger joints. The finger joints
are generally the weak link in the E. grandis laminate and especially if
they are used in low grade timber (Van Rensburg et all-13). The strength of
a laminated beam can be greatly reduced if a weak board is used as an outer
tension laminate. The stronger boards need to be identified so that they
can be used in the outer laminates of beams. Very high density E. grandis
also needs to be identified as finger joints in very high density timber,
glued with phenol resorcinol formaldehyde, which is the adhesive most
commonly used for this purpose in Southern Africa, seem to be weaker, based
on the fifth percentile strength, than in the lower density timber
(Van Rensburg et all-13). The fifth percentile strength is important as
permissible stresses for timber, in Southern Africa, are obtained by
dividing the fifth percentile strength by a factor of safety of 2,22.
(Simon!-9, SABS 01631-10)

As E. grandis boards are used in laminated beams and as the tension
laminates of such beams are critical, it seemed most logical to develop a
tensile stress grading system. The grading system for E. grandis should.
preferably be based on the method used to grade pine and use the same
mechanical grader, as this method is used in most laminating factories and
is understood by the staff. Although more sophisticated methods of grading
are available it was felt that this method, however primitive, would enable
the saw mills to extract the stronger timber. It would also enable them to
use in-grade testing or proof loading to verify the assumed permissible

stresses and if necessary adjust them accordingly.

1.5 SHEAR STRENGTH AND TENSILE STRENGTH VERTICAL TO GRAIN.

Failure of an outer tension laminate of a beam, that is subjected to moment
loading, at a finger joint or other strength reducing feature would cause
changes in the path of the stress lines leading to tensile stress vertical
to the grain and horizontal shear stress. Failure of the interface due to
the tensile stress vertical to the grain or horizontal shear stress would
lead to delamination of the outer laminate, thus resulting in a shallower
beam that would then be subjected to the full moment 1loading. The
horizontal shear strength and the tensile strength vertical to the grain
are thus most important in containing the total failure of the beam when a

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2026



defect or finger joint fails in the outer laminate of a beam. If either or
both of these strengths is very low delamination of the outer laminate will

occur.

It is well known that timber has low strength in resisting forces vertical
to the grain. However, very little information is available about the
strength of South African E. grandis when subjected to these or shear
forces.

The author felt, based on the observation of failures in laminated beams of
varying sizes, that the tensile strength vertical to the grain and shear
strength of E. grandis is very low. Delamination would occur in the case of
outer tensile laminate failure. However, failure of an inner laminate would
not necessarily cause the beam to fail as stress transfer around the failed
joint or defect would be through horizontal sliding shear.

The author felt that it was necessary to ascertain whether the tensile
strength vertical to the grain was as low as suspected and what the value
and distribution of the shear strength was as these strengths would affect
the simulation model.

1.6 SCOPE OF RESEARCH.

In order to consider all the pertinent factors affecting the strength of a
beam it was necessary to perform the following experimental work and to
consolidate available data before attempting a computer simulation to
predict the strength of laminated beams and tension members.

a) Tensile tests were performed on full sized randomly selected tension
members of as large a population as possible to determine whether it
would be possible to grade boards according to strength and also to
determine the distribution of strength and modulus of elasticity for
bending on flat, using the S A Pine Trugrader. It must be borne in
mind that the method used had to be simple as it was to be used in
the production line of a laminating factory. More sophisticated
grading methods, such as sonic emission and capacitance measurement,
were considered but were rejected due to the high level of technical
skill required of the operator.

b) Shear and tension vertical to the grain tests were performed on
small samples to determine the distribution of these strengths and
to see whether there is any correlation between these strengths and
flexural modulus of elasticity for bending on flat.
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c)

Taking

Strength data pertaining to finger joints had to be collated and
processed to determine the strength distribution.

into consideration the abovementioned factors it was deemed

necessary to subdivide the project into the following major compartments:

i)

iv)

Tensile stress grading of E. grandis for loading parallel to the
grain.

Tensile stress grading of E. grandis for loading perpendicular to
the grain.

Shear stress grading of E. grandis for loading parallel to the

grain.
Consolidation of available strength data for finger joints.

Computer model simulation for predicting the strength of laminated

tension members.

Computer model simulation for predicting the strength of laminated

beams.

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2026



REFERENCES:

AUSTRALIAN STANDARD 1720-1975. SAA Timber Engineering Code.
Standards Association of Australia. Sydney

BURDZIK, W.M.G. and VAN RENSBURG, B.W.J., 1987. "The effect of
finger-joint dispersion on the strength of laminated beams." South
African Forestry Journal, No 141, June 1987, Pretoria.

BRITISH STANDARD CODE OF PRACTICE, CP 112:Part 2:1971. The
Structural use of timber. Metric units. The Council for Codes of
Practice, British Standards Institution, London

GRUNOW, M.N., 1985. "The strengthening of laminated timber beams by
the distribution of defects." Final year dissertation for

B Eng (Civil), University of Pretoria.

MADSEN, B. and BUCHANAN, A.H., 1985, "Size Effect in Timber
Explained by a Modified Weakest Link Theory," International Council
for Building Research Studies and Documentation. Working Commis-
sion. W18. Timber Structures. CIB - W18/18-6-4.

MOODY, R.C., CARTER, D. and PLANTINGA, P.A., 1988. "Analysis of
size effect for gluelam beams." Proceedings of the 1988
International Conference on Timber Engineering, Volume 1,
pp 892-898, Seattle

MULLER, P.H., "Toelaatbare buigspannings vir gelamelleerde saligna
balke met vingerlasse." (Permissible bending stress of laminated
saligna beams with finger joints.), C/HOUT 61, 1969, CSIR, Pretoria

MULLER, P.H., "Toelaatbare buigspannings vir gelamelleerde saligna
balke met skuinslasse." (Permissible bending stress of laminated
saligna beams with scarf joints.), C/HOUT 62, 1969, CSIR, Pretoria

SIMON, J.A., 1973, "Methods used by the NTRI for the Derivation of
Permissible Design Stresses or Loads from Test Results.", CSIR
Special Report, HOUT 126, Pretoria, South Africa, November 1976

SOUTH AFRICAN BUREAU OF STANDARDS, 1980. Code of Practice for the
Design of Timber structures. Part 1: Structural design and
Evaluation. SABS 0163: Part 1 -1980, Pretoria

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2026



1.

1.

11

12

SOUTH AFRICAN BUREAU OF STANDARDS, 1967. Standard specification for
structural glued laminated timber. SABS 876-1967: Pretoria

VAN RENSBURG, B.W.J., BURDZIK, W.M.G., EBERSOHN, W. and CILLIé, C.
1987. "The effect of timber density on the strength of
finger-joints in S.A. Pine and Eucalyptus grandis." South African
Forestry Journal, No 140, March 1987, Pretoria.

10

Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2026



MOMENT DIAGRAMMES

FIGURE 1.1: TYPES OF LOADING



2. PROPERTIES OF E. GRANDIS AND TENSILE STRESS GRADING.

2.1 INTRODUCTION.

Vinopal et al?:6 have shown that a good correlation exists between the
flexural strength of South African pine and its flexural modulus of
elasticity for bending on flat. A "localized" stiffness of the boards is
determined by placing defects in the centre of a 900 mm span and measuring
the deflection of the board under a predetermined three point loading. A
defect is any knot, slope of grain or other distortion of the grain. The
lowest "localized" modulus of elasticity is used as a predictor of the
flexural strength and other strength properties of the member.

Very little recent information about the strength properties of full sized
E. grandis boards from 25 year old and older trees is available. Tests to
determine the strength properties of boards from twelve year old E. grandis
trees were evaluated by Bronkhorst et al2?:! and they came to the conclusion
that the correlation between flexural stiffness for bending on flat and
bending strength was too low for flexural stiffness to be used as a
strength predictor for the material tested. They felt that timber obtained
from older trees might show a better correlation between the strength
properties and the flexural modulus of elasticity for bending on flat.

Laboratory tests on E. grandis boards, from 25 year and older trees, by
van Rensburg et al?:> have shown that there is a very good correlation
between tensile strength of a visually clear, 22,5 x 30 x 420 mm long
specimen, and its density. The correlation coefficient between density and
tensile strength for these visually clear E. grandis specimens was found to
be 0,76. The plot of the simple linear regression line of tensile strength
versus density showed a strong upward trend. It was, however, assumed that
results obtained from this specimen size would not necessarily apply to

full sized members.

Bearing the above-mentioned in mind, it was felt that a tensile stress
grading method, based on the methods used for South African pine, may be
possible. The grading system should wuse the correlation between any
property based on some non-destructive test and the tensile strength.
Properties that were considered were density, modulus of elasticity and
colour. Colour was considered as there had been suggestions from sources in
the industry that a good correlation between colour intensity and density
existed with the darker material being more dense than the 1lighter
material. These properties could be combined to find a stress grading

12
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method for tensile strength with a high correlation coefficient. It was
felt that to obtain statistically significant figures a random sample of
boards of as large a population as possible had to be tested for tensile
strength and the other properties mentioned.

Important data that could be obtained from a series of tests on E. grandis
boards could be the statistical distribution of density, tensile strength
and the modulus of elasticity.

2.2 EXPERIMENTAL PROCEDURE.

A total of 520 random specimens from different plantations and from
different aged trees, measuring 85 mm by 30 mm of varying length, were
chosen out of a very large population from the Politsi area of the Eastern
Transvaal. None of the boards was graded in any way no matter how big the
defect or how low the density of the timber. These were planed to the
standard width of 75 mm and a thickness of 25 mm.

The specimens were visually divided into eight colour groupings, from light
in colour to dark in colour, as there had been suggestions that the lighter
timber was less dense than the darker timber. Van Rensburg et al?® had
found a fairly good correlation between density and tensile strength and it
was hoped that some correlation between tensile strength and colour
existed. Sorting by colour would be an inexpensive grading method and could

be done electronically on a continuous production line.

The dimensions and mass of all the samples were measured and knots were
identified, marked and the size noted. Other strength reducing features
such as slope of grain were neglected as difficulty was found, by the
unskilled labour, in determining this. The boards were placed in a stress
grader that was developed for the grading of South African pine by the
Council for Scientific and Industrial Research in South Africa. Centre
point loading over a span of 900 mm was applied to the boards on flat to
obtain the average flexural modulus of elasticity. To allow for distortion
of the boards or overhang, a preload of 200 N was applied. Each of the
marked defects was placed under or as close to the loading position as
possible so that the "local" modulus of elasticity could be determined. The
loading was increased by a calibrated 500 N load and the increase in

deflection was measured with a dial gauge.

Shear deflection was ignored in the calculation of the modulus of
elasticity as this is very small when compared to to the bending deflection
for the span to depth ratio under consideration.

13
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W L3

Bending deflection of beam Deflection
with point load in the 48
centre of the span

= 5,8 mm (for loading used)

1,5 x W L

Shear deflection of same Deflection
beam 4 G A

= 0,07 mm (for loading used)

The moisture content of a random sampling of the specimens was determined

with an electronic moisture meter.

The failure strength of all the specimens was determined in a horizontal
tensile testing rig developed by the Council for Scientific and Industrial
Research in South Africa. Transverse forces are applied hydraulically to
high friction rubber grips on either side of the ends of the board, which
is then held in position. One of the grips is fixed while the other applies
a longitudinal tensile force to the specimen. The rubber grips do no
visible damage to the specimen but do, however, need a gripping length of

about 400 mm which results in long tensile specimens being required.

2.3 EXPERIMENTAL RESULTS.

The majority of the specimens broke at a knot, slope of grain or other
defect in the board between the two sets of grips of the tensile testing
rig. In a few cases the initiation of the break occurred in the grips and
spread to other defects between the grips by means of shear failure. In a
very limited number of cases the friction grips could not maintain the load
and slipped as a result of the timber specimens having very slippery
surfaces. Specimens, where the grips slipped, were discarded.

The moisture content was found to vary very little as the specimens had
been conditioned for more than three months to approximately 8 - 10 %

equilibrium moisture content.

Figure 2.1 shows the distribution of the tensile strength of the sample and
a log-normal curve has been fitted. The data were divided into 27
intervals, normal distribution and log-normal distributions assumed and x2
tests, Ang et al?8, performed. The x? value for the assumed normal
distribution was 60,3 and for the assumed log-normal distribution 15,9 thus
making the log-normal distribution a better fit. The log-normal
distribution 1is also more suitable for strength simulation methods as
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assumed normal distribution could give negative strengths. Figure 2.2 shows
the distribution of the natural logarithm of the stresses. The average
tensile strength was 45,8 MPa with a fifth percentile strength of 18,8 MPa.

Figure 2.3 shows the plot of modulus of elasticity for bending on flat
versus tensile strength for all the specimens. A simple linear regression
was calculated and the regression line has been plotted. The correlation
coefficient between modulus of elasticity and board strength is 0,55 and
formula for the regression line is given by the following:

Stress = 3,78 * (modulus of elasticity) - 6,36

Stress in MPa
modulus of elasticity in GPa

Figure 2.4 shows the plot of density versus tensile strength for all
specimens. A simple linear regression was calculated and the the regression
line has been plotted. The correlation coefficient between density and
tensile strength of the boards is 0,076 and formula for the regression line

is given by the following:
Stress = 0,014 * density + 42,2

Stress in MPa
density in kg/m3

Figure 2.5 shows the plot of visual colour grade versus tensile strength.
The colours are plotted at discrete intervals as only eight groups were
chosen. The correlation coefficient between the visual colour grade and the

tensile strength of the boards is very low at 0,0378.

Figure 2.6 shows the plot of knot size versus tensile strength. Timber that
failed at sections that appeared to be visually clear were given a defect
size of 1 mm. The correlation coefficient between defect size and tensile
strength is 0,51 and the formula for the regression line is given by the
following:

Stress = -0,96 * defect size + 64,79

Stress in MPa

defect size in mm.
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An exponential regression curve fitted through the points has a slightly
higher correlation coefficient of 0,53. This is not really a significant

improvement and is thus not shown.

The specimens were grouped according to their modulus of elasticity, the
fifth percentile value calculated for a confidence level of 0,5 and the
permissible stress derived by dividing the fifth percentile strength by
2,22. (SABS 01632-4) The results are shown in Figure 2.7 with the regression
line shown for the different values.

2.4 DISCUSSION.

The correlation between modulus of elasticity in bending and tensile
strength is not that promising. Although the correlation coefficient is
low, the modulus of elasticity in bending could be used as an indicator for
the tensile strength of E. grandis boards. However, the distribution given
in Figure 2.2 gives a fifth percentile strength of 21,40 MPa with the
permissible tensile strength being obtained by dividing this value by 2,22.
(SABS 01632-4) A permissible tensile strength of 9,64 MPa results. If the
correlation between modulus of elasticity and tensile strength (see

Figure 2.7) is used to predict the permissible strength of the boards, only
boards having a modulus of elasticity higher than 15 GPa would have a
predicted strength greater than 9,64 MPa. If the distribution of strength
versus modulus of elasticity given in Figure 2.3 is taken into account, it
shows that almost half the boards have a modulus of elasticity lower than
15 GPa. It would appear that grading according to modulus of elasticity

would not be cost effective.

It must be borne in mind that the boards used were not visually graded at
all. The possibility was considered that if the boards with the most
obvious strength reducing features were eliminated, as is the case with the
stress grading of pine, a better correlation between modulus of elasticity
and tensile strength could have been obtained. Timber having a density less
than 400 kg/m® and knot sizes greater than 20 mm were removed from the
data. Figure 2.8 shows that there is no improvement in the correlation
between tensile strength and modulus of elasticity as the correlation

coefficient was 0,51.

The distribution of the tensile strength of the sorted timber is given in
Figure 2.9. It was expected that by removing the larger defects, the mean
tensile strength would improve and that the lower strength values would
fall away. The distribution shows that this has happened. If a log-normal
distribution is assumed, a mean tensile strength of 55,6 MPa with a
permissible tensile stress of 11,9 MPa is found. This is a large
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improvement in the permissible tensile strength and if one bears in mind
that 71 $ of the specimens fall into this category the improvement 1is
noteworthy.

The timber that falls outside of this sorted group, i.e. timber with
defects greater than 26 % of the sectional area, still has a mean tensile
strength of 33,43 MPa and a permissible stress of 7,7 MPa. The distribution
of the tensile strength of these boards is given in Figure 2.10. This
method of sorting the E. grandis by defect size is a much more cost

effective way than grading by modulus of elasticity.

Stress grading by modulus of elasticity to obtain permissible tensile
stresses greater than 11,9 MPa would mean that the boards would require a
modulus of elasticity greater than 17 GPa. Only about one third of the
boards tested had a modulus of elasticity in excess of 17 GPa.

Tests done earlier (Van Rensburg et al?-3) on visually clear
22,5 x 30 x 400 mm 1long E. grandis specimens show a good correlation
between density and tensile strength. The correlation coefficient for these
relatively small specimens was 0,759. However, it was found that for the
full sized specimens tested the correlation between density and tensile
strength was very weak when compared to that between modulus of elasticity
and tensile strength. It is not recommended that density be used as a
strength indicator for E. grandis boards with defects.

The correlation between visual colour grading and strength is not promising

at all.

A combination of visual defect identification and grading according to
modulus of elasticity is a possibility. This combination would require a
much greater correlation coefficient to make it competitive with the

sorting of the timber according to defect size.

Newer methods of stress grading are being investigated with sonic emission,
light reflection and capacitance measuring devices showing some promise.
These new methods should be borne in mind if further tests are envisaged.

2.5 CONCLUSION.

E. grandis when wused in laminated beams 1is subject to tensile and
compressive stresses. In order to use the timber more effectively (Louw?-2)
it is necessary to grade the timber for tensile strength as this is the
critical stress. Methods for the stress grading of unsorted Southern
African E. grandis were sought, using the relatively unsophisticated simple
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methods that are used for the grading of South African pine. The usual
stiffness versus strength method as well as density and or colour versus
strength methods were considered. Of these methods the bending stiffness
versus tensile strength method showed the most promise. Preliminary sorting
of the timber did not result in a better correlation between tensile
strength and bending stiffness. The cost effectiveness of grading by using
the correlation between modulus of elasticity and tensile strength is not
good. Until a better method of grading can be found the author suggests
that the timber be sorted by defect size and that 2 grades could be used,
namely 7,7 MPa for timber having defects greater than or equal to 27 % of
the cross sectional area and 11,9 MPa for timber with defects less than
27 % of the cross sectional area.
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FIGURE 2.1 DISTRIBUTION OF TENSILE STRENGTH OF
UNGRADED EUCALYPTUS GRANDIS BOARDS.
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FIGURE 2.2 DISTRIBUTION OF THE NATURAL LOGARITHM
OF THE TENSILE STRENGTH OF UNGRADED
EUCALYPTUS GRANDIS BOARDS.
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FIGURE 2 .10 DISTRIBUTION OF TENSILE STRENGTH OF
BOARDS HAVING KNOTS GREATER THAN 27%
OF THE CROSS SECTION AREA.
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3. TENSILE STRENGTH PERPENDICULAR TO GRAIN.

3.1 INTRODUCTION.

Most laminated South African E. grandis beams fail at finger joints in the
tension laminates. Delamination of the failed laminates appears to take
place with the result that the beams as a whole fail. Delamination or crack
propagation will take place if the shear strength or strength perpendicular
to the grain is too low to transfer the forces between the failed laminate

and its neighbour.

No recent information about the strength perpendicular to the grain of full
sized E. grandis was available thus making it impossible to ascertain
whether delamination was taking place due to this strength property being
inadequate. The indications were that the strength would be low and that
this low perpendicular to the grain strength would be the major cause of

delamination.

3.2 EXPERIMENTAL PROGRAMME.

In order to obtain statistically significant values for the strength
perpendicular to the grain, a random sample of 100 E grandis boards,
measuring 170x30 mm with lengths of up to 1,02 m, was selected from a large
population from the Politsi area of the Eastern Transvaal. These specimens

were planed to a standard thickness of 25 mm.

The dimensions and mass of each specimen were noted. Central point loading
over a span of 600 mm was applied to the boards on flat, to obtain the
flexural modulus of elasticity. To allow for distortion of the boards
and/or overhang, a preload of 200 N was applied. The loading was increased
by a calibrated 1,5 kN load and the increase in deflection was measured
with a dial gauge. Shear deflection was ignored in the calculation of the
modulus of elasticity as it is small when compared to bending deflection

for the span to depth ratio under consideration.

The specimens had been conditioned for more than 3 months to an equilibrium
moisture content of approximately 8-10%. The moisture content of a random
sampling was determined with an electronic moisture meter and found to be

in the region of 10%.

Seventy five millimeter wide strips were cut from each board. The specimens
were given a neck area of 20x25 mm as in Figure 3.1. The specimens were
tested in a Losenhauser tensile testing rig with the top of the specimen
being held in the grip of the machine, while the bottom of the specimen was
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held by means of a bolted connection. The bolted connection consisted of a
single bolt through the specimen so that eccentric loading would be
limited. Force was applied to the bolted connection by means of the bottom
grip of the testing rig. It was assumed that a certain number of the test
specimens would fail due to damage during the manufacture of the specimen
while others would fail due to small moments being applied as eccentric
loading could be expected if the specimen was not placed correctly in the

grips of the testing rig.

3.3 EXPERIMENTAL RESULTS.

All but four of the test specimens failed in the necked area. Two specimens
failed at knots in the region of the testing rig grip due to damage done to
the timber by the grip. The other two specimens failed at the bolt hole due
to a horizontal crack forming and crack propagation taking place. (See
Figure 3.2)

A large number of the specimens showed extremely low strength and some of
these low strengths were probably due to prior damage of the specimens or
eccentric loading being applied to specimens that were not placed correctly
in the testing rig. Figure 3.3 shows the frequency distribution of all the
values and a two parameter Weibull3®-l distribution curve has been fitted.
Weibull distributions are used in cases where the minima are of importance

rather than the means.

Due to the large number of specimens that seemed to have suffered from
damage during manufacture and the fact that the frequency distribution of
the perpendicular to grain tensile strength did not have the same shape as
the frequency distributions for parallel to grain tensile strength or for
shear strength, caused concern.(See Figure 2.1 and Figure 4.4) The data was
adjusted by removing the extremely low strength values and Figure 3.4 shows
the frequency distribution of perpendicular to grain tensile strengths of
the remaining data to which a log-normal distribution has been fitted.
Figure 3.5 shows the distribution of the natural logarithm of the
perpendicular to grain tensile strength and a normal distribution curve has
been fitted.

The mean of the natural logarithms of the adjusted experimental results is
0,39 and the standard deviation is 0,44. Using the method described by
Simon3-2 a permissible stress of 0,31 MPa results. The permissible stress
given by SABS 016333 is 0,4 MPa. Although the experimental value for
permissible tensile strength perpendicular to the grain is lower than that
given by SABS 01633-3 the author would not recommend the lowering of the
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value given in SABS 0163. Uncertainty about prior damage to or eccentric
loading of the test specimens, makes further experimental testing a

necessity.

Figure 3.6 shows the plot of tensile strength perpendicular to grain versus
density for the adjusted experimental results. A linear regression with a
correlation coefficient of 0,60 has been plotted. The equation for the
regression is given by:

Tensile strength perpendicular to grain = -1,79 + 0,00427 * (Density)

where tensile strength is in MPa
density is in kg/md

The correlation coefficient is good enough to be used as a strength
predictor in cases where tensile strength perpendicular to the grain is
critical. A few of the lower strength values could possibly be eliminated
as they appear to fall under the damaged or eccentrically loaded heading.

Figure 3.7 shows the plot of flexural modulus of elasticity versus tensile
strength perpendicular to the grain for the adjusted experimental results.
A linear regression with a correlation coefficient of 0,19 has been
plotted. The correlation between flexural modulus of elasticity and tensile
strength is too low to be used as a strength predictor.

3.4 DISCUSSION.

The experimental results were not as reliable as was hoped. Boards that
were wide enough to give reasonably sized specimens were difficult to
obtain. Specimens were difficult to prepare and damage prior to testing was
suspected. The difficulty of applying a non eccentric load cannot be
stressed too much and many of the specimen may have been subjected to some

sort of moment loading.

Tensile strength perpendicular to the grain can be expected to be between
1/10 and 1/20 of the tensile strength parallel to the grain. The sample
that was tested was found to have a mean strength parallel to the grain of
45,8 MPa. The mean tensile strength perpendicular to the grain was found to
be 1,47 MPa which is very low. The permissible tensile strength parallel to
the grain for the population was estimated at 9,64 MPa and that of
permissible tensile stress perpendicular to the grain at 0,32 MPa. The
ratio between permissible tensile strength perpendicular to and parallel
with the grain is then about 1/30 which seems to be on the low side.
Further laboratory tests are required to ascertain the true strength.
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Care must be taken with further testing that the specimens are not damaged
prior to testing and that no eccentric loading is applied to the test
piece. If possible larger specimens and greater accuracy in the measuring

of dimensions and loads must be used.

This study is about modelling the behaviour of laminated beams with finger
joints and especially finger joints in the tensile zones of the beam. It
has been shown that the tensile strength perpendicular to the grain is very
low and that this low strength combined with the low shear strength will
cause delamination of the outer tensile laminate of a beam when failure of
a finger joint occurs in that laminate. A failed finger joint in a beam is
equivalent to a butt joint and Leicester®-* has shown that the strength of
butt joints in laminated beams is a function of the density of the timber.
In Chapter 4 it is shown that, even when high density timber is assumed,
the butt joint is weak. This confirms the assumption that failure of a
finger joint in timber with low perpendicular to grain strength will cause
delamination of the failed laminate due to crack propagation.
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FIGURE 3.1 SPECIMEN SHAPE WITH FORCE
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FIGURE 3.2: FAILURE OF SPECIMENS AT BOLT HOLES.
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FREQUENCY DISTRIBUTION OF PERPENDICULAR

TO GRAIN TENSILE STRENGTH OF EUCALYPTUS

GRANDIS TO WHICH A TWO PARAMETER WEIBULL
DISTRIBUTION HAS BEEN FITTED.
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FREQUENCY

15

FREQUENCY HISTOGRAM
FOR STRENGTH PERPENDICULAR TO GRAIN

TENSILE STRENGTH PERPENDICULAR TO GRAIN

FIGURE 3 .4 FREQUENCY DISTRIBUTION OF PERPENDICULAR
TO GRAIN TENSILE STRENGTH OF EUCAPYPTUS
GRANDIS WITH A FITTED LOG-NORMAL DIS-
TRIBUTION CURVE. LOWER STRENGTH VALUES
HAVE BEEN REMOVED.
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FREQUENCY
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FREQUENCY HISTOGRAM OF THE NATURAL
LOGARITHM OF PERPENDICULAR TO GRAIN TENSILE STRENGTH

LOGARITHM OF PERPENDICULAR STRENGTH

FITGURE 3.5 FREQUENCY DISTRIBUTION OF THE NATURAL
LOGARITHM OF THE PERPENDICULAR TO GRAIN
STRENGTH OF EUCALYPTUS GRANDIS. NORMAL
DISTRIBUTION CURVE HAS BEEN FITTED.
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TENSILE STRESS PERPENDICULAR TO GRAIN
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FTGURE 3 .6 SIMPLE REGRESSION OF PERPENDICULAR

TO GRAIN TENSILE STRENGTH VERSUS
DENSITY.
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