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PREFACE 

Whether grown in a particular country or not, wood is a virtually uni­
versal material that is familiar to people all over the world. It is used for 
many purposes but principally for construction, furniture, packaging and other 
specialized uses such as transmission poles, railway ties, matches and house­
hold articles. The United Nations Industrial Development Organization (UNIDO), 
w:nich was established in !967 to assist developing countrie& in their efforts 
to industrialize, has the responsibility within the United Nations system for 
assisting in the development of secondary woodworking industries and has car­
ried out this responsibility since its inception at the national, regional and 
interregional levels by means of projects both large and small. UNIDO also 
assists by preparing manuals on topics that are c01DDOn to the woodworking sec­
tors of most countries.* 

The lectures presented at the Timt.er Engineering Workshop (TEW), held 
from 2 to 20 May 1983 at Melbourne, Australia, are part of the continuing 
efforts of UNIDO to help engineers and specifiers appreciate the role that 
wood can play as a structural material. Collected in the form of 38 chapters, 
these lectures have been entitled Timber Construction for Pevelopin& Countries, 
which forms part of the General Studies Series. Ten of the chapters make up 
the second volume of the collection, Structural Timber and Products. The TEW 
was organized by UNIDO with the cooperation of the Coamonwealth Scientific and 
Industrial Research Organization (CSIRO) and was funded by a contribution made 
under the Australian Government's vote of aid to the United Nations Industrial 
Development Fund. Administrative support was provided by the Department of 
Industry and Co11111erce of the Australian Government. The remaining lectures 
(chapters), which cover a wide range of subjects, including case studies, are 
contained in four additional volumes, as shown in the table of contents. 

Following the pattern established for other specialized technical train­
ing courses in this sector, notably the course on furniture and joinery and 
that on criteria for the selection of woodworking machinery,** the lectures 
were complemented by visits to sites and factories, discussion sessions and 
work assignments carried out by s1&<sll groups of participants. 

It is hoped that the publication of these lectures will lead to the 
greater use of timber as a structural material to help satisfy the tremendous 
need in the developing countries for do!'lestic, agricultur-al, industrial and 
co11111ercial buildings and for structures such as bridges. It is also hoped 
that the lectures will be of use to teachers in training institutes as well as 
to engineers and architects in public and private practice. 

Readers should note that the excU11ples cited often reflect Australian 
conditions and thus may not be wholly applicable to developing countries, 

*These activities ;ire described more fully in the booklet UNlDO for 
Industdahzat.ion~ Wood fT.Q(.ess~n& and Wood Pro.d.uc.ts (PI/7~). 

*"•ThP l'!rt11res for these two cournes were 1'.'.0llectcd and published as 
f~nitu.r~_ and..H_J_oin.fU -1ruil.lslli~fu_c_ _~'[elopin&---.CQ.lULt_rj~& ~United Nations 
pul.>lication, Sales No. E.88. III.E. 7) and TechnicAl. CrHeria .fer •i1e Sdection 
of Wood!fJ)_t:kin&. M.acJli.ri.e.s (UNIDO publication, Sales No. 92.1.E). 
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despite the widespread use of the Australiafi limber stress grading and 
strength grouping systems and despite the wide range of conditions encountered 
on the Australian subcontinent. Moreover, it must be remembered that some of 
the technology that is mentioned as having been new at the time of the 
Workshcp (1983) may since then have been further developed. Similarly, 
standards and grading systems that were just being developed or introduced at 
that time nave no"' beco!De accepted. Readers should also r..ote that the lec­
tures were usually complemented by slides and other visual aids and by informal 
~on111ents by the lecturer, which gave added depth of coverage. 
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INTRODUCTION 

Many developing coWltries are fort\lllate in having good resources of tim­
ber, but virtually all co\Dltries make considerable use of wood and wood pro­
ducts, whether home-grown or imported, for housing and other buildings, in 
both structural and non-structural applications, as well as for furniture and 
cabinet work and specialized uses. Although wood is a familiar material, it 
is all too often misWlderstood or not fully appreciated since it exists in a 
great variety of types and qualities. 

Some species, such as teak, o~k and pine, are weil known almost every­
where while others, such as beech, eucalyptus, acacia, mahogany and rosewood, 
are known primarily in particular regions. Still others, notably the meran­
tis, lauans and keruing, which come from South-East Asia, have only recently 
been introduced to widespread use. Very many more species exist and are known 
locally and usually used to good purpose by those in the business. Also, 
plantations are now providing a~ increasing volume of wood. 

The use of timber for construction is not new and, in fact, has a very 
long tradition. In many COWltries this tradition has Wlfort\lllately given way 
to the use of other materials - notably, concrete, steel and brick - whose 
large industries have successfully supported the development of design infor­
mation and the teaching of methods for engineering them. This has not been so 
much the case for timber, despite considerable efforts by some research and 
development institutions in countries where timber and timber-framed construc­
tion have maintained a strong position. Usually the building methods are 
based on only a few well-known coniferous (softwood) species and a limited 
nwnber of standard sizes and grades. For these, ample design aids exist, and 
relatively few problems are enco\llltered by the very many builders involved. 

Recent developments in computer-aided design and in factory-made com­
ponents and fully prefabricated houses have led to better quality control and 
a decreased risk of site problems. Other modern timber engineering develop­
ments have enabled timber to be used with increasing confidence for an ever 
wider range of structures. T.'lis has been especially so in North America, 
Western Europe, Australia and New Zealand. 

UNTDO feels that an important means of transferring this technology is 
the organization of specialized training courses that introduce engineers, 
architects anrl specifiers to the subject and draw their attention to the 
advantages of wood, as well as its disadvantages and potential problem areas, 
and also to reference sources. In this way, for particular projects or struc­
tures, wood will be fairly considered in competition with other materials and 
used when appropriate. Comparative costs, aesthetic considerations and tra­
dition must naturally be taken into account in the context of each country and 
project, but it is hoped ;::.ha!. the publication of these lectures wi 11. lead 
those involved to a rational approach to the use of wood in construction and 
remove some of the misunderstandings and misapprehensions all too of ten assoc­
iated with this ancient ytt modern material. 

[NEXT PAGE= (S) !P.ft BLANK. I 
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I. CHARACTERISTICS OF STRUCTURAL TIMBER 
Robert H. Leicester* 

Introduction 

In design procedures, timber is treated in a manner similar to steel. 
However, there are at least three basic ways in which timber differs from 
steel with respect to its physical properties: 

(a) The clear wood is essentially orthotropic; 

(b) Structural timber contains natural defects that have very complex 
structural properties; 

(c) The properties of timber vary in a random manner from stick to stick 
and from one location to another within a stick. 

Other differences, such as the creep characteristics of timber, are discussed 
in other sections. 

Because of the above, there are significant differences between the struc­
tural characteristics of small, clear pieces of wood; clear, structural-size 
timber; structural-size timber containing natural defects; and pole timbers. 
The differences between these forms of timber will be emphasized in the follow­
ing discussion. Unless otherwise stated, all timber refers to sawn sticks of 
structural size. 

A. Orthotropic elasticity 

In both small and large sizes of clear wood, the principal axes lie along 
the lJngitudinal, radial and tangential directions, as shown in figure 1, 
where these directions are denoted by L, R and T. Timber is considerably 
stiifer, and stronger, in the longitudinal direction than along the other two 
principal axes. 

Figure 1. Principal axes in timber 

*An officer of CSIRO, Division of Buildin~ Research, Melbourne. 
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Typical values of tl&c elastic moduli along the principal axes may be 
stated in terms of E1, the stiffness along the longitudinal direction: 

ER = 0.10 E1 

ET 0.05 EL 

Similarly, typical shear moduli, G, may be stated as follows: 

and typical Poisson's ratios are 

GLt = 0.060 E1 

GLR = 0.075 E1 

GRT 0.018 EL 

as follows: 

µLR = 0.40 

llRL = 0.04 

ULT = 0.40 

µTL = 0.10 

µRT = 0.50 

\JTR = 0.25 

It is outside the scope of this paper to ar.alyse the various effects of 
orthotropicity. As an example, however, figure 2 shows the effects of ortho­
tropicity on stress ccncentrations at the edge of a circular hole. 

Figure 2. Effect of orthotropicity on stress concentrations 

=~]OCT= ~,._ u -a-- -- -- -
(al Isotropic material 

lol Wood stressed 
along th& 1roin 

lb) Wood stressed 
CKrOSS the gro111 

--O" 

In both small and structural-size timber, the low shear rigidity of tim­
ber means that wood structures exhibit a greatP.r proportion of deformation 
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due to shear than structures fabricated with isotropic materials such as 
steel. For example, the components of deflection at the centre of a simply 
supported beam, such as that shown in figure 3, are as follows: 

Deflection due to bending 

(1) 

Deflection due to shear for solid members 

ts = 1.5 PL/(4Gbd) (2) 

Deflection due to shear for a box beam 

~S = PL/(4Gdw~bw) (3) 

The notation used here is indicated in th~ figure. 

Figure 3. Notation used i·t d~flection computation 
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For the typical examples of the solid timber and the box beam shown in 

figure 4, the computed deflections due to shear are 8 per cent and 39 per 
cent, respectively, of the total deflection. 'In the col"putation, the shear 
modulus, G, has been taken to be 0.06 EL. 

Figure 4. Examples of shear deflections 
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Thus, in contrast to the case for orthotropic materials. the shear 
deformation of beams is significant. It should be noted that in most design 
codes, the design value of the specified modulus of elasticity for structural 
timber includes an allo¥ance for shear deformations. 

C. Combined stresses for clear wood 

Some ideas on a theory of wcod strength can be derived by considering an 
idealized cellular structure aligned with the principal axes, as shown in 
figure 5. If it is assumed that the individual plates in this structure obey 
the von Mises failure criterion, then it can be shown that the failure criter­
ion for the wood structure is given by three equations of the following 
type (1): 

(4) 

where '.1 L• :JR and aLR denote the applied stresses relative to the R and L 
axes and FL, FR and FLR are the corresponding values of these stresses 
that would cause failure if each of these stresses were acting on their own. 

Figure S. Idealized cellular structure 
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An approximation to equation (4) that has been found to fit the limited 
experimental data equally well is the following: 

(5) 

Some typical relative values of the ultimate strength parameters are 

ft= 3.0 Fe in tension= 1.0 Fc. in compression 

FR= 0.07 fC in tension = 0.10 Fe in compression 
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Equation (4) may be used for deriving the strength of timber when the 
load is applied at an angle to the grain. However, it is considera~ly 

simpler, and usually sufficiently accurate for practical purposes, to use 
Hankinson's formula, illustrated in figure 6. 

Figure 6. Illastr;1.ti0n of Hankinson's formula 
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According to Hankinson' s formula, the strength of wood at an angle ·· to 
the direction of the grain will he denoted by F and is given by 

(6) 

Hankinson' s formula has been found useful as a general method of inter­
polation to obtain estimates of a structural property at an angle to the wood 
gr;iin. For example, it is usually applierl to structural connectors. 

E. Simple models of bending strength 

Bending strength involves ~ romp!ex interaction hetween the tension and 
t:ompression properties of woo<l. Some insight into the characteristics of 
bending strength may be obtainer! hy r.onsidering the idealized stress-strain 
relationship shown in figure 7. For both clear wood and structural timber, 
the tension strength is taken tn ''~ brittle anti the r.ompression strength to he 
"lasto-plastic. The tension streni;:th is larger than the t:ompression stren~th 

in the case of clear wood and small~r in the rase of structural timber. With 
these assumptions. the stress distribution at failure shown in figur~ 8 is 
ohtaioed. 
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Figure 7. Idealized characteristics of wood in the direction 
of the grain 
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(a) Clear wood (b) Structural timber 

Figure 8. Stress-strain distribution at failure for 
rectangular members 
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Conventionally, the her.ding strength of timber beams is stated in terms 
of a modulus of rupture, MOR, defined by 

MOR = MultY~ax/1 (7) 

where Mult is the appiied bending moment at failure, I is the moment of inert~a 
of the cross-section and Ymax is the maximum distanc.e from the neutral axis 
to the edge. 

With this definition, the following MOR values are derived: 

Sec~_ion 

Square 
Round 
I-beam 

MPR for 
C.~M. '°"'Q.O_d 

2.00 Fe 
2.15 Fe 
1.42 Fr. 

1.00 ft 
1.00 Ft 
1.00 Ft 
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The webs and flanges of the I-beam are taken to be O.l of the beam width and 
depths, respectively. 

A form factor, FF, is defined as follows: 

FF = MOR/MORsquare (8) 

where MOR is the modulus of rupture of the cross-section in question and 
MORsquare is the value obtained for a square cross-section. 

The application of equations (6) and ( 7) leads to the following values 
for the form factor: 

Section 

Square 
Round 
I-beam 

FF for 
clear wood 

1.00 
1.07 
o. 71 

FF for 
structural timber 

1.00 
1.00 
1.00 

F. Combined bending and axial load 

A reasonable picture of the strength of timber members subjected to 
combined bending and axial load can be obtained by use of the idealized 
stress-strain curves shown in figure 7. The resulting interaction curves are 
shown in figure 9. The true relationship is difficult to measure experimen­
tally. Useful data for the case of tension ~d bending loads on structural 
timber has been given by Senft and Suddarth [2] and Senft [3). One practical 
aspect noted in these studies was that the axial tension force significantly 
modified the bending moment. A rough estimate of the effective bending 
moment, Mefft is as follows: 

Meff = Moom - (2/3)T~nom (9) 

where T is the applied axial tension force, Moom is the nominal value of the 
applied bending moment and ~nom is the value of the deflection at the centre 
of the beam, computed assuming T = O. 

Figure 9. Interaction curves for combined bending and axial load 
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G. Ef..1e~t of non-homogene:i!y 

Ur-like the properties of many conventional structural materials, such as 
steel, the properties of timber can vary considerably within a single element. 
For example, a stick of lu.-nber contains both strong, clear wood and weak 
defects (figure 10). This type of marked non-homogeneity has a significant 
effect on the characteristics of nominal s~rength. 

Figure 10. Dispersion of defects in a typical stick of timber 

local 
defect 

extended defect 

A simple structural model of the nominal strength R of a particular 
structural element can be written 

(10) 

R2 =LO (11) 

where R1 is a constant for any given structural element but varies from cne 
element to another, and Rz is a parameter that varies from location to loca­
tion within an element. 

The conventional measure coefficient of variation of the structural 
element VR is given by 

v2 = v2 + v2 (12) 
R 1 2 

where V1 and V2 are the t::oefficients of variation of R1 and Ri, 
respectively. The simplest method of measuring Vz is to cut pairs of test 
samples from each structural element and then to measure the correlation 
rne ff i ci en t r of the strength for these pairs of test samples. The 
coefficient of variation V2 is then given by 

v:: = 112(1 - r) 
R 

(13) 

Details on the method of assessing the effects of non-homogeneity are 
given in annex I. Some simple. practical examples will be given here. 

For the case of geometrically similar elements that are brittle, so that 
failure eventuates if any internal flaw fails, the strength is given by 

-v 
R = Aot 2 (14) 
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where Ao is a material and configuration constant and ,; denotes the volume 
of stressed material. 

Equation (14) is a typical "weakest link" relationship of the type first 
studied by Weibull [4]. Similar relationships can be derived for the case 
where the failure is related to the weakest area or to the weakest cross­
section of a beam. Figure 11 shows a size effect measured for the shear 
strength of timber elements. Other useful examples have been given by Foschi 
and Barrett [5] and Bohannon [6J. 

Figure 11. Effect of size on the shear strength of timber beams 
and glued joints 

1>001 0 01 0·1 
StEAREO AREA ( m 2 ) 

1-0 

S.o~: F. J. Keenan, "Sheer strength of wood beams", Forest Produ_tl~ 
Journal, vol. 24, No. 9 (1974). 

Another example of practical value is the syrmietrically loaded beam shown 
in figure 12. The strength of this beam is given by 

-V 
R = Aoo{LlI + (htV2L>8 2 

where Aoo is a material constant. 

Figure 12. Notation for symmetrically loaded beam 
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For clear wood and structural timber, typical value;; of V2 are 0.1 and 
0.25, respectively. Hence, according to equation (15), doi..J>ling the span 
leads to the corresponding factors of 0.93 and 0.84 on strength. The use of 
equation (15) to assess the effect of loading configuration is illustrated in 
figure 13. The fact that the effects are different in structural timber than 
in clear wood is to be noted. 

Figure 13. Effect of load configuration on strength 

RELATIVE STRENGTH 

LOADING Clear Structural 
CONF~ATION Wood Timber 

lV. -0-10) 7- lVz=0-251 

~ 1·00 1-00 

I l I -, ',·86 0·81 :x: :x: 

f [ I) 0·79 0·67 

The above theory has been stated in terms of mean nominal strength, but 
it also gives the same answers when applied to characteristic values such as 
five-percentile strength values. 

Finally, mention should be made of a configuration factor that is 
peculiar to beams. Beam strength will vary depending on whether the edge 
placed in tension ic: randomly chosen or is deliberately selected to be the 
weakest edge. If the two values of nominal strength are denoted by Rrand 
and Rweak, respectively, then for the weaker pieces of timber where defects 
are visually discernible, the relationship between these strengths is given 
roughly by 

Pr(Rweak < x) ~ l.S Pr(Rrand < x) 

If it is asswned that both 
distributions, then equation (16) 
percentile values of aO and RO 

weak rand 

Coefficient of 
Y.~r ia..U.Q.0 . .1-.VR 

0 .1 
0.2 
0.3 

Rweak and Rrand have 
leads to the following 

0.97 
0.93 
0.89 

(16) 

the same types of 
ratios o~ the five-
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In the context of the above discussion it is of interest to note the 
methods that have been used in various countries co measure bending strength: 

(a) United States of America/Canada: random location of defects, random 
edge placed in tension; 

(b) United Kingdom: weakest defect at maximum stress section, random 
edge placed in tension; 

(c) Australia: weakest defect at maximum stress section, weakest edge 
placed in tension. 

H. Effect of natural defects 

Natural defects introduce zones of weakness and sometimes zones of f lexi­
~il i ty into 3tructural timber. Some of the effects of knots ar.d sloping grain 
are illustrated in figures 14 and 15. Other defects that have been studied 
include splits, checks and kino veins, local pockets of decay, compression 
shakes and bark inclusions. 

Figure 14. Effect of slope of grain on the structural characteristics 
of timber 
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Figure 15. Effect of knot size on tension strength 
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Source: P. s. Dawe, "The effnct of knot size on the tensile strength of 
European redwood", WQQd (November '· 964). 

I. Characteristics of graded timber 

Structural timber is sorted into grades by limiting the size~ of visual 
defects or some other grading parameters such as local stiffness. The struc­
tural characteristics of graded timber can differ quite markedly from those of 
clear wood, so it must be studied as a separate material. There are some 
excellent sources of published data on the properties of graded timber in three 
regions: 

(a) Sou~hem pines of the United States: Doyle and Markwardt (7, 8]; 

(b) Timber of western Canad,,.: Mc\;owar, e.t__al. (9], Littleford (10) and 
Littleford and Abbott [11); 

(c) Imported United Kingdom timber: Curry and Tory [ 12), Curry and 
Fewell (13) and Fewell (14). 

The data of Doyle and Markwardt l7, 8) on Southern pines are sW1111arized, 
in table form, in annex II. The infonr.ation in the annex also includes some 
additional data on clear wood properties that were obtained by extrapolating 
data from other sources. To normalize the data, the structural grades are 
quantified in terms of a grdde ratio GR, defi~ed as follows: 

(17) 

where Rkg denote6 the characteristic bending stre~gth of graded material and 
Rk.:: denotes the characteristic bending strength of smali, clear wood speci­
mens. The characteristic values are taken to be the five-pP,rcentile values. 
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For the data on Southern pines given in annex II, equation (17) leads to 
the following grade ratios: 

Timber 

Small clears 
Str~ctural clears 
No. 1 grade 
No. 2 grade 
No. 3 grade 

Grade ratio 

1.00 
0.72 
0.63 
0.39 
0.28 

Figures 16-18 show the effect of grade ratio on some of the properties of 
Southern pine. It is important to note that the properties of small, clear 
pieces of wood do not provide an accurate picture of the characteristics of 
structural-size timber. 

Figure 16. Effect of grade ratio on the mean strength of 
Southern pine 
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S_~: D. V. Doyle and L. J. Markwardt, "Properties of Southern pir.e in 
relation to strength grading of dimension lwnber, United States Forest Service 
Research Paper FPI. 64 (July 1966) an..1 "1ension parallel-to-grain properties of 
Southern pine dimension lwnber". United States Forest Research Paper FPL 84 
(December 196 /). 
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Fi&ure 17. Effect of grade ratio on the characteristic strength ratio 
of Southern pine 
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Source: D. V. Doyle and L. J. Markwardt, "Properties of Southern pine in 
relation to ~trength grading of dimension lumber, United States Forest Service 
Research Paper FPL 64 (July 1966) and "Tension parallel-to-grain properties of 
Southern pine dimension lumber", United States Forest Research Paper FPL 84 
(December 1967). 

Source: D. V. Doyle and L. J. Markwardt, "Properties of Southern pine in 
relation to strength grading of dimension lumber, United States Forest Service 
Research Paper FPL 64 (July 1966) and "Tension parallel-tQ-grain properties of 
Southern pine dimension 11Jmber", United States Forest Research Paper FPL 84 
(December 196 7). 
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One troublesome aspect of visually graded timber is that it exhibits a 
size effect. For sticks of timber with the same visually estimated bending 
strength ratio but of different size, there is a loss of strength as the stick 
becomes larger. As an example. for sticks of the same grade of softwood 
timber, the characteristic strength values, Rk• have the following form: 
compression strength, Rk == A1i_: bending strength, Rk == A2/d0· 4 ; and 
tension strength, Rk = AJ/dO. . Here, At• A2 and AJ are constants 
and d is the width of the member. Th<? size effect for tension strength is 
illustrated in figure 19. This size effect is probably related to the size 
effect of fracture that will be dir.cussed elsewhere. 

Figure 19. Effect of size on tension strength 
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SQ~: W. T. Curry and A. R. Fewell, "Grade stress values for timber'', 
Paper prepared for Economic Coll'ITlission for Eurc.pe, Timber Coanittee, Geneva, 
June 1981. 

Finally, mention should be made of the correlation between structural 
properties. This correlation is of importance in grading procedures. Higher 
correlation coefficients lead to inore efficient grading. The following are 
some typical values of correlation coefficients between various parameters and 
hending strength: 

Pre4j.ct9!'_Jgr; 
'bendJng s1~e11__gtb 

Density 
Average modulus of elasticity 
Visual defect size 
Local modulus of elasticity 
Visu~l defect size plus density 
Local modulus of elasticity 

plus average modulus of 
elasticity 

Co.r.r.d@U.~.n 
r;o_e_f U.c ie.n tJ __ t: 

0.50 
0.50 
0.65 
0.85 
0.80 

0.90 
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These correlation coefficients are poorer than the values that are 
obtained with clear wood. A correlation coeffici~nt of less than 0.6 is of 
little practical value for grading purposes. It should be noted that many 
factors afiect the value of the correlation coefficient and the above values 
should be regarded as indicative only. For example, Anton [15) has found the 
correlation coefficient with local modulus of elasticity can be as low as 0.35 
if the timber is cut from very yotlllg trees. 

J. Factors affecting strength 

1. ~oning effects 

Figure 20 illustrates the characteristics of strength during drying. The 
strength value obtained depends on whether the timber can case-harden without 
degradation. For many species, sizes that are thicker than 150 RID in cross­
section are difficult to season without degradation. 

Figure 20. Strength during drying 
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S..QY_r~e: T.R.C. Wilson, T. A. Carlson and R. F. Luxford, "The effect of 
partial seasoning on the strength of wood", f_~din&L-oL~b_fL AmericaQ WQQd 
~r.es.e__rrer~_A_s_g~i.a.tiQ!l (January 1930). 

The effect of mcisture content on strength i~ illustrated by the example 
given in figure 21. While there is an increase in strength on drying for 
small, clear pieces of wood, there is little impr0vement in strength for the 
weaker pieces of structural timber, which determine the strength values that 
<lre reronunended for design purposes. 
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Figure 21. Effect of moisture content on the bending strength 
of Douglas fir 
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Source: B. Madsen, "Duration of load test for vet lumber in bending", 
Structural Reserc~ Series Report No. 4 (University of British Columbia, 
Department of Civil Engineering. 1972). 

The effect of duration of loai is illustrated by the example shown in 
figure 22. While the average piece of structural timber exhibits a marked 
decrease in strength with load duration, only a limited effect is observed for 
the weaker sticks of timber. whi i:h determine the strength values that are 
recomnended for design purposes. 
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Figure 22. Bending strength of dry hem-fir subjected to ramp loading 
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The excellent fatigue strength of clear wood is well known, but it is not 
generally appreciated that structural timber containing natural defects can 
deteriorate as a result of fatigue. 

In one set of tests on radiata pine, it was found that the average 
strength was reduced by 20 per cent when subjected to 500 cycles of repeated 
loading. In other tests, it has been found that if a load is applied such 
that it causes 5 per cent of a population of structural timber to fail, then 
on the second application of the same load typically a further 0. 5 per cent 
will fail, i.e. some timber is susceptible to one-cycle fatigue (16]. 

K. Pole timber 

The characteristics of pole timbers differ from those of sawn structural 
timber for several reasons, including the following: 

(a) The wood grain of pole timbers is continuous along edges and around 
knots, thereby providing a high tension strength; 

(b) The strength of pole timbers is enhanced by growth stresses such as 
those shown in figure 23; 
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(c) The structural properties of pole timbers are enhanced by the fact 
that the better timber is on the outside. where it is more effective. 

Figure 23. Growth stresses in a typical hardwood 
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In an extensive series of tests on poles, Boyd fo\llld the following typical 
properties of pole timbers (17): 

Mean (Fb) 
Mean (E) 
COV (Fb) 

= 1.1 mean (Fbsc> 
= 1.2 mean (Esc> 
= 0.13 

(18a) 
(18b) 
(18c) 

where Fb and E denote the bending strength and modulus of elasticity of the 
pole timbers in green moisture content conditions and Fbsc and Esc are the 
corresponding values measured on green, small, clear specimens. The term 
COV () denotes the coefficient of variation. From the above, the following 
relationship is obtained: 

Grade ratio = 1.1 (19) 

A comparison of this grade ratio with those given earlier indicates that 
the effective grade of pole timbers is more than 50 per cent better than that 
of sawn timber. 

Other matters of practical importance that were noted by Boyd include the 
following: 

(a) The age of the tree can have a significant influence on the struc­
tural properties, as illustrated in figure 24; 

(b) A regime of seasoning anrl resoaking, as would occur in the preserv­
ative treatment of poles, may rPrlu~e the strength by up to 15 per cent; 

(c) Shaving poles to improve their aesthetics could lead to a loss of 
some 10 per cent in strength. This is due to the interruption in the contin­
uity of the wood grain. 
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Figure 24. Effect of tree age on tt:-· role pr('p~rties of radiata pine 
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For reasons of economy, beams are sometimes cut to a taper. The stresses 
that arise in this situation have been discussed by Macki and Kuenzi [18]. In 
addition to the normal checks on strength. an additional check should be made 
for strength to resist the combined stresses acting along the edge of the bP.am, 
:ts shoWTI in figure 25. In thii: ~hP.ck, the failure criterion given by equa­
tion (5) is to be used. 

Figure 25. Stresses ~long the edge of a tapered beam 
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M. Conclusions 

The preceding discussion has provided 
characteristics of timber that are relevant 
recoamendati~ns. These include the following: 

information on the 
to the formulation 

structural 
of design 

(a) B~th the orthotropic and the non-homogeneous nature of timber must 
be considered; 

(b) While the properties of small specimens of clear wood are useful as 
index properties for structural timber, it can be quite misleading to use the 
characteristics of these specimens to derive the characteristics of structural 
timber; 

(c) Design strength is related to the five-percentile values of strength, 
w~ich may not have the same structural characteristics as the mean strength. 
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Annex I 

STRENGTH THEORY FOR NON-HOMOGENEOUS MATERI'1LS 

Only the essential aspects of this theory will be considered. First it 
is necessary to recall that for a Weibull distribution of strength R, the 
probability that R will be greater than x is given by 

Pr(R > x) = exp[--, (x/R)m] 

where the material parameters ~ and m are given by 

(l ~ 0.555 + 0.445VR 

_ vi.09 
m = R 

and Va is the coefficient of variation of R. 

(20) 

Now consider a structura! unit made up of N elements having strengths 
R1. R2• RN and subjected to the stresses agl• crgh crgN• 
respectively, when the nominal stress l.~vel in the unit is denoted by cr. The 
probability of survival by the Wlit for this stress condition, denoted by 
Pr(Runit > a), is given by 

If it is assumed that all elements have a strength defined by equation (20), 
then equation (21) can be written 

m - m m m 
Pr(R . >a)= exp[-(,-,.: /R Hg1 + g2 + ••• iL..)] unit m -N 

(22) 

A continuous model of equation (22) is 

Pr(Rwiit > a)= exp[-~am/R'") J gM(x,y,z)dit] (23) 

where the parameter '!! denotes volume and g(x ._r,z) is a fWlction of the coord­
inates x, y and z such that cr g(x,y,z) denotes the stress at the point (x,y,z), 
where ~ is the nominal stress level in the member. 

By comparison with equation (20), equation (23) can be written in terms 
of Runit• the mean nominal strength of the structural Wlit, as follows: 

Pr(Runit > 0) = exp(-"l-fl'/Rmunit) (24) 

Comparison of equations (4) and (5) leads to 

R=fll • -Rm/ J m( ) d = g x,y,z : 
unit 

(25) 

Thus a computation of the integral I gm(x,y,z) d~ for various structural 
conHgurntions leads to comparative values of the mean strength. It should be 
noted that since the exponent m remains unchanged, R and Runit are both 
Weibull distributions with the same coefficient of variation. 



- 25 -

Annex II 

PROPERTIES 01:' 100 x 50 nm DRY SOUTHERN PINE 

Property/material 

Compression parallel to the grain 
Small clear 
Structural clear 
No. 1 grade 
No. 2 grade 
No. 3 grade 

Bending parallel to the grain 
Small clear 
Structural clear 
No. 1 grade 
No. 2 grade 
No. 3 grade 

Tension parallel to the grain 
Small clear 
Structural clear 
No. 1 grade 
No. 2 grade 
No. 3 grade 

Modulus of elasticity parallel to 
the grain 

Small clear 
Structural clear 
No. 1 grade 
No. 2 grade 
No. 3 grade 

Modulus of rigidity (GLT, GtR> 
Small clear 
Structural clear 
No. 1 grade 
No. 2 grade 
No. 3 grade 

Shear strength parallel to the grain 

Mean 
value 
(NPa) 

43 
40 
37 
33 
29 

90 
67 
62 
45 
39 

120 
54 
39 
25 
16 

12 500 
12 500 
12 400 
10 400 

9 500 

900 
910 
920 

Small clear 9.1 

Compression strength perpendicular 
to the grain (2.5 mm deformation) 

Small clear 11.5 

Fifth 
percentile 

(MPa) 

33 
31 
28 
23 
19 

70 
47 
40 
25 
18 

71 
29 
19 
11 

7 

8 090 
8 090 
8 310 
7 280 
5 610 

770 
660 
710 

Coefficient 
of 

variation 

0.15 
0.15 
0.15 
0.19 
0.23 

0.15 
0.20 
0.24 
0.32 
0.45 

0.30 
0.35 
0.39 
0.44 
0.49 

0.25 
0.25 
0.23 
0.19 
0.29 

0.15 
0.17 
0.14 

S.oui:.i;e..$: D. V. Doyle and L . .J. Markwardt, "Properties of Seu them pine 
;n relation to strength grading of dimension lumber", Research Paper FPL 64 
(Madison, Wisconsin, United States Department ot Agriculture, Forest Products 
Laboratory, July 1966; D. V. Doyle and L. J. Markwardt, "Tension parallel­
to-grain propertieG of Southern pine dimension lumber", Research Paper FPL 84 
(Madison, Wisconsin, United States Department of Agriculture, Forest Produ~ts 
Laboratory, December 1967). 
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II. STRUCTURAL GRADING OF TIMBER 
William G. Keating* 

Introduction 

Sound timber grading practice, for either structural or other purposes, 
lies not in the selection of perfect timber: on the contrary, it permits t3e 
inclusion in each grade of as many defects as is possible without detracting 
from the suitability of the timber for the purpose for which it is required. 
Structural timber grading therefore aims to provide the engineer with a degree 
of confidence so that when a particular grade of a certain species or species 
group is specified, a consistent minimwn quality, irrespective of the origin 
of the material, can be expected. 

The process of s true tural grading, also known as stress grading, may be 
defined as the technique by which timber is sorted according to its ability to 
carry loads. This process must have a set of rules or criteria for making the 
sort and a procedure for assigning design properties to each of the grades. 

Stress grading is carried out by either visual or mechanical techniques. 
These may be further subdivided depending on the particular approach. 

A. Visual stress grading 

Visual grading is the oldest stress grading method in use. It is also 
the simplest and the most widely used method. It is based on the premise that 
the mechanical properties of timber containing certain visible characteristics 
(defects) differ from those of timber that is entirely free of such defects. 

In the development of the basic working stresses appropriate to each 
grade, two different approaches are used. It is worthwhile explaining the 
procedure in each approach to illustrate the cautious attitude adopted. 

1. Small clears approach 

Extensive laboratory testing, mainly in the United States during the 
1920~, indicated that defects of a given size and location cause approximately 
t:he same proportional reduction in strength irrespective of species. This 
fact has permitted the preparation of strength grading rules for timber in 
which the visible imperfections are limited so that the weakest piece in any 
grade should have a certain percentage of the strength of a similar piece of 
clear timber. This is sometimes called the strength ratio. For example, a 
joist with a strength ratio of 60 per cent extre1ne fibre stress ir.. bending 
would be expected to have at least 60 per cent of the strength of a corres­
ponding clear piece. 

As a first step in the process of developing basic working stresses, a 
comparatively large nwnber of small, clear specimens of a particular species 
need to be tested in bending, shear and compression parallel to the grain. 
The methods of testing, sampling and recording results have been laid down in 
internationally accepted standards such as that of the American Society for 
Testing Materials, ASTM 0143 [l]. A large number of specimens must be tested 
for each property to obtain some indication of the species variability, which 

*An officer of CSIRO, Division of Chemical and Wood Technology, Melbourne. 
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is then interpreted by normal statistical methods. From the distribution 
curve obtained, the visual practice is to determine firstly the 1 per cent 
lower probability limit. Taking this limit means that the probability is that 
99 per cent of the values will fall above it. Figure 26 illustrates the 
procedure and indicates that, on average, the 1 per cent lower probability 
figure is approximately 70 per cent of the mean, or, in statistical terms, 
fb - 2.33a, where fb is the mean bending strength and ~. the standard devia­
tion, is equal to 

a /{C:(x - x)ZJ/n} 

-where x is the individual test value, x is the me3n of the test values and n 
is the number of tests. 

Figure 26. Derivation of basic working stress in bending for a 
48 per cent grade of a typical species 
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To obtain the basic stress from the 1 per cent probability figure, a 
reduction factor, kr, is int~oduced to allow for long-duration loading, 
accidental overloading, shape and size of specimens and several other intang­
ibles. Experience over many years has indicated that these may be conven­
iently combined into one figure. However, it is not necessarily the same 
figure for every strength property. The general formula for basic stress in 
bending is (fb 2.33~)/kr· For bending stress kr = 2.22, it is ~fb -
2.33a)/2.22. 

This, then, is the basic stress for clear timber free of all strength­
reducing defects of the particular species tested. To arrive at the basic 
working stress or grade stress, i.e. a stress that can be assigned to struc­
turally graded material for design purposes, it is neces.;ary to apply the 
strength ratio factor to allow for the loss of strength caused by slope of 
grain, knots, shakes, checks or other strength-reducing features as detailed 
in the appropriate visual grading rule. In figure 26, a strength ratio of 
0.48 has been asswned. The foregoing process may be summarized as follows for 
the particu1.c:.r example: 



Mean 
l 

1 per cent lower 
probability limit 

Basic stress 
1 

Basic working stress 
(grade stress) 
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= 54.0 MPa 

= rb - 2.33 = 35.0 MPa 

= rb - 2.33 >12.22 = 15.8 MPa 

= [(fb - 2.33 )/2.22)0.48 =7.58MPe 

The inf!.uence of defects such as knots on the strength ratio is illus­
trated in figure 27. Similar diagrams may be drawn for the other strength­
reducing defects. All relevant strength ratios are set out in tabular form in 
ASTM D245 for the different types and nwnbers of defects likely to be encoun­
tered in structurel-size timber during visual grading. This particular stan­
dard has been used arowid the world for many years. 
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Figure 27. Effect of knot ratio on strength 
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Source: L. G. Booth and P. O. Reece, The Structural Use of Timb~~A 
C2mrn~n_t,.a_r_y __ QJL~hL.1\ti.t..i&lL~e_ S ~ndar5L o.i~U~.f.ll-2 (London, Spon Ltd. , 
1 96 7) • p. 28 7 . 

In Australia and many other countries, the set of basic working stresses 
for the various grades has been determined based on a limited number of groups 
of species rather than individually for a large number of single species. 
This process is described in another paper. 

The visual grading rules lay down limits for the various defects appro­
priate to each grade. 

Extensive laboratory testing ha·; indicated that the d~rivation of basic 
working stresses based on testing small, clear specimens and visual grading 
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may result in misleading recormnendations for design strengths. The reason is 
that design strengths must be based on the weaker pieces at the lower tail of 
structural populations, typically the weakest l per cent or 5 per cent; and 
while the structural characteristics of the average stick of timber are 
related to the properties of clear wood, the structural characteristics of the 
timber at the lower end of the distribution are determined by the natural 
defects occurring in this material. 

This approach does not necessarily imply a change 
grading method, but it does indicate that a change 
stresses may be warranted for a particular grade or 
species or species group. 

in the existing visual 
in the basic working 
grades for a certain 

In any derivation of basic working stress, it is necessary to define the 
reference population, and it is probable that the population in this case will 
refer to a conwnercially supplied specific grade of timber obtained from a 
specific source. From this reference population a representative sample is 
chosen, and following a comparativelv large number of standard tests the 
five-percentile values are determined •er strength and stiffness. From these 
values, the basic working stresses are obtained by dividing by a load factor 
that reflects the relationship between three-minute loading and long-term 
loading, together with a factor that is chosen to match existing practice 
(factor of safety). 

The above technique is, in effect, a refinement ryrocess to produce more 
efficient designs than those resulting from the small clea~s approach, which 
must of necessity be conservative. This grade verification process, or 
in-grade testing, is expensive and time -conswning and is warranted only when 
the species or species group comprises a sufficiently large proportion of the 
total use. (The most recent Australian draft standard for in-grade testing 
was discussed at length in a paper by R. H. Leicester [2]. Material on an 
earlier draft standard, presented at the Timber Engineering Workshop, has been 
deleted because it is obsolete.) 

Al though visual grading results in greater efficiency in the st rue tar al 
use of timber than if no grading were performed, it suffers nevertheless from 
a nwnber of disadvantages. Each piece of timber has to be handled and exam­
ined on four surfaces. Moreover. once the defects have been measured, it is 
asswned that pieces of the same species containing defects of the same size 
are approximately equal in strength. Both these factors lead to high costs. 
The asswnption that pieces containing similar defects are approximately 
equalin strength implies that all pieces of clear timber of the same species 
are of equal strength. In fact, apparentJy similar specimens may differ 
widely in strength due to various factors, one of which is density. The 
presence of knots or sloping grain increases the difficulty of estimating 
strength, since a piece with hig~ inherent strength containing knots may be 

*For a further discussion of machine stress grading, see C. J. Met tern, 
"The princ1p1es involved in stress grading, with special reference to its 
application in developing countries", Paper presented at UNICO Expert Group 
Meeting on Timber Stress Grading and Strength Grouping, Vienna, Austria, 
14-17 December 1981 (ID/WG.359/3, 1982). 
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stronger than ~ clear piece with low inherent strength. For these reasons, 
visual grading is a somewhat inefficient method and the associated assignment 
of working stresses must be conservative. 

A more direct and accurate approach is to use mechanical grading. This 
system is based on the fact that there is a direct correlation betvee~ the 
stiffness and ultimate strength of a piece of timber containing defects. This 
relationship has not always been recognized. For many years, textbooks stated 
categorically that while defects affected strength generally in proportion to 
their size or severity, they had no significant effect on stiffness. Pioneer 
work at the former CSIRO Division of Forest Products on radiata pine shoved 
that such a relationship did exist. Further vork at CSIRO, at the Division of 
Wood Technology of the New South Wales Forestry Coamission and at some over­
seas laboratories resulted in the development of machines that could utilize 
this relationship to test timber in a non-destructive fashion to predict its 
load-carrying capacity. Figure 28 shows the current version of the machine 
developed by the Division of Wood Technology. 

Figure 28. Computermatic stress grading machine 

Forestry Commission of New South Wales. 

All grading systems are based on the use of predictions to estimate 
strength properties. In visual grading, for example, the size of visible 
defects such as knots is used to predict strength. In machine stress grading, 
the stiffness is used as a predictor. The relationship between the predictor 
and the mechanical properties of interest is shown by a statistical technique 
known ;1s rt regression. Figure 29 illustrates the use of a regression and the 



- 34 -

effect of the variability in data on the accuracy of the prediction [3]. 
Clearly, the tighter the data group arotmd the regression line, the lower the 
variability and the better the prediction of the strength. 

Figure 29. Typical relationship between a predictor 
and the strength of timber 

Groc.Png of Doto 

PREOCTOO 

In mechanical grading, a non-destructive test is made on each piece by 
passing it through a machine that continuously applies a small load to it oT:er 
successive short lengths of the piece. The maximum deflection obtained is 
recorded, and from the known relationship between the modulus of elasticity 
and the modulus of rupture, the ultimate strength of the piece can be 
predicted. 

To illustrate how the system operates, the following example is taken 
from work carried out in the United Kingdom by Sunley, Curry and Hudson and 
reported in 1962 and 1964 [4]. A typical relationship between the modulus of 
e!astici::.y and modulus of rupture is shown in figure 30. The variability of 
the material is then taken into account by calculating confidence lines above 
and below the regression lines such that 98 per cent of the results lie 
between these lines. The lower confidence 1 ine shown in figure 30 is such 
th:it only l in 100 res11lts will be below the line. The confidence lines are 
determined by the usual statistical technique of drawing lines parallel to the 
regression line and at a vertical distance of +2.33 times the standard error 
of estimate of the modulus of rupture. By applying factors to allow for 
long-term loading and a factor of safety, the r..:~ommended grade (working) 
stress line is shown. 

Tab le 1 shows the results of 
redwood (Pious _sylves_t_ris L.) and 
obtained hy Sunley and Hudson [SJ. 
ical grading gave either a larger 
higher working stresses for similar 

visual and mechanical grading for Baltic 
whitewood (Picea_ abies (L.) Karst.) as 
Thus, compared to visual methods, mechan­

yield of material in the higher grades or 
grade yields. 
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Figure 30. Regression, lover 1 per cent and grade stress lines: 
European redwood and vhitevood 
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Table 1. A comparison of the results of visually and mechanically 
graded 2 x 4 in. ~ltic redwood and vhitevood 

Visual grade 

1 

75 
65 
50 

Reject 

Visual grade 
stress a/ 

(lbf/in.2) 

2 

Visual grade 
yield 

('1) 

3 

Yield of 
mechanical 
grades for 
stresses in 

column 2 
(1) 

4 

Grade stress 
for mechanic­
ally graded 

timber to give 
same yields 
as column 3 

(lbf /in. 2) 

5 

-----------------------------

1 450 
1 250 

950 

35 
33 
23 

9 

68.0 
18.5 
12.0 
1.5 

1 700 
1 450 
1 150 

Source: L. G. Booth and P. 0. Reece, Ibe Structural Use of Timber: A 
C~n~a.ry_@ __ the British St_aruiant_ _ _c_®~-_Qf_Jractice CPll2 (London, E. a:id 
f. N. Spon, 1967), p. 287. 

al Moisture content, 18 per cent. 

1. Computermatic 

The machine produced and available in Australia is marketed under the 
trade name Computermatic. Pieces of timber are fed into the machine on edge 
in a longitudinal direction. The individual piece is continually deflected in 
its narrow dimension by a given load. The amount of deflection caused by this 
load is measur'!d at 150 Diii intervals throughout the length of the piece. 
Measurements are grouped into one of five classes. A colour mark corres­
ponding to the grade class can be sprayed on the pie~es at each 150 11111 

interval. As the piece leaves the machine, the lowest grade rating is 
computed and a paint spray corresponding to that low point rating is sprayed. 
figure 31 shows the operation of the machine. 

figure 31. Operation of the Computennatic machine 
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The development of this machine was the result of a co-operative venture 
between the New South Wales Forestry Comnission anci the Plessey Company. It 
has met with considerable success in Europe and, for smaller mills, in the 
United States [6]. 

There are several other machines on the market. 
suamarized by Mettem [7], is described next. 

Their operation, as 

The Cook Bolinder ma.chine, which was introduced in 1979, receives the 
timber on edge and deflects it laterally over a O. 9 m span, in the same 
configuration as the Computermatic. A high level of accuracy is claimed, 
probably justly, by use of the principle of constant deflection with load 
sensing. This is the reverse of the Computermatic method, which loads a given 
timber and size to a ~onstant stress and senses the ensuing deflections, which 
vary along the piece. 

The timber is deflected in opposite directions in two separate passes 
through the machine. A computerized sensing mechanism reads off the variable 
force caused by the fixed <!eflection, the force being detected by a load 
cell. During the second pass, the computer provides a continuous read-out of 
the mean values. Dye marks and stamp marks are applied to indicate grade. 

The use of separate passes eliminates interference effects associated 
with double bending. Constant deflection makes it possible to avoid errors in 
the load-deflection measurement caused by timber vibrations. 

3. Raute Timgrader stress grading machine 

The technical literature describing the Raute Timgrader machine dates 
from 1978, the approximate date of its introduction, although work on proto­
types had started earlier. 

Timber is deflected horizontally as it passes through on edge, in common 
with both machines described above. Like the Cook Bolinder, the Timgrader is 
a fixed-deflection, variable-load machine. A difference in principle is that 
in this machine the me~hod of allowing for bow is to bend the timber succes­
sively in opposite directions in a single pass. T~e variable forces required 
to provide fixed deflections are sensed and averaged electronically. The 
measuring frequency is synchronized with the feed speed of the timber at about 
100 mm intervals along the ler.gth passing through. 

The machine possesses a substantial electronic system, including a 
process control microcomputer and a unit that can transmit grading information 
to a sorting machine. 

In deriving settings for this machine, it is necessary to calculate 
allowances for interaction between a low stiffness portion of the length (due, 
perhaps, to a gross defect) passing one deflection station and material of a 
different quality (another part of the length) passing the second station. 

4. Sontrin timber selector 

The Sontrin timber seler.tor has not been approved for general-purpose 
stress grading to British Standard L•978 under the Kitemark system because of 
its insensitivity to localized gross defects, particularly away from the 
centre of the span. These defects may be of importance in structural members 
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with built-in or partially fixed ends, such as rafters or trussed rafters. 
The timber selector is useful, however, for grading simply supported bending 
mem~ers such as joists. It may be used either as an adjunct to visual grading, 
taking advantage of the machine's ability to eliminate pieces of low grcss 
stiffness, or in conjunction with a setting procedure that has bPen devised to 
weight the required apparent mociulus in the settings according to the distance 
of the suspected defect from the lateral centre line of the piece. 

The machine subjects a piP.ce of timber to a predetermined central load 
and senses the ensuring deflection, giving a simple pass/fail indication for a 
particular setting. The material is deflected in the depth-wise direction, 
not laterally as in the machines described above. Variable spans are used, 
these being related to the intended end use of the piece and ranging from 
:!.. 4 m to 5 .4 m. 

5. flan-=-.S~U/Imrnt~-~--HI1!JQ&_rader devic~ 

Since the Plan-Sell/Innotec Finnograder, a third-generation device, uses 
non-contacting measurement methods, it is not correct to refer to it as a 
machine. The manufacturing company was established in 1973 and was taken over 
as a subsidiary of Plan-Sell in 1978. The Finnograder has been assessed at 
the Technical Research Centre of Finland. 

The Innotec instruments, which also include an on-line moisture meter and 
an automatic control system for edging, perform measurements by various kinds 
of electromagnetic radiation. The Finnograder is claimed to detect density, 
knottiness, slope of grain and moisture content. Having established relations 
between these features and tested strengths, performance can be predicted in 
bending about either axis or in tension. 

6. lSQ-Gre_CQro~_t gr~der 

The principle of the ISO-GreCo~at grader, which was assessed at the 
Otto-Graf Institute at Stutt&art in 1980 and 1981, is to grade timber by 
measuring its density through the use of isotopes. Knot area ratios are 
assessed by determining ratios between local and general density, and allow­
ances are made for the influence of moisture content and dimensional varia­
tions. 

In r,anada, according to Kennedy [8], machine-stress-rated (MSR) lumber is 
produced exclusively by passing kiln-dried lumber through a Continuous Lumber 
Tester, or CLT-1, marketed by Metriguard Inc. of Pullman, Washington. The 
machine deflects lumber over a series of 4-ft spans in both vertical din~c­
tions as it passes through the machine at up to 1,200 ft/min. The load 
required to achieve a given deflection is recorded in the memory of the 
mrichine and used to r.alculate average and minimum E values, which in turn are 
correlated with Fb values through previously established regression equa­
tions. The tentatively machine-rated lumber is still visually graded and 
:;ubjected to a visual override, which culls those pieces with edge knots. 
which would severe:.y limit the performance of the lumber when used on edge but 
wtdch would not be rlelectcrl as the lumber moved through the machine on its 
wirle fa1·0. 

Mills producing MSR lumber must have the approval of the Canadi.:i11 Lumber 
Str1ndr1rrls Accreditation Board, to whom a written plant standard must be 
s11bmiltcrl. The standard rlP~"rl!,•:8 the operation of the mill's grading machine 
;mrl the qualH: .. dLioni:: of its operators an<l (jllfllity control pP.rsonnel. The 
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trade association responsible for grade marking grants initial approval for 
MSR production after sampling and independent testing of grade-marked material 
to ensure accuracy of the grading machine. Continuous quality control 
involves daily mill tests of production, cumulative record-keeping, main­
tenance of grading and static testing machines, and periodic visits by agency 
supervisors. Product requirements and producer responsibilities are outlined 
in a specification. 
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llt PROOF GRADING OF TIMBER 
Robert H. Leicester* 

A. Need for an alternative method of stress grading 

In most areas of Australia, it is mandatory for all timber sold for 
structural purposes, including that to be used in house framing, to be stress 
graded. This ruling has created difficulties for the supply of timber, 
because the two methods that are available for the grading of timber are not 
entirely suitable fo~ use in the small mills that produce much of the struc­
tural material. 

One of the two available methods of grading, the visual grading method, 
is based on the correlation between the visual appearance of a timber and its 
strength and is very difficult to apply in the confused and untidy environment 
of the typical small mill. The other method of grading is machine stress 
grading, which is based on the correlation between local stiffness in a timber 
and its strength. For the small mill, the drawbaclrs of this method include 
the cost of the machine and ancillary equipment, usually in excess of 
$US 80,000, and the requirement for sophisticated technological support. It 
was to overcome these difficulties that the concept of proof grading, a ~ethod 
of grading by proof testing, was proposed. 

B. Concept o~oof grading 

The essence of proof grading is to allow any given stick of timber to 
qualify for a particular stress grade if it first demonstrates the ability to 
sustain a proof bending stress specified for that particular stress grade. 
The proof bending stress is applied by a proof testing machine. A schematic 
of this procedure in its simplest form is shown in figure 32. 

Figure 32. Simple proof grading procedure for a small mill 

PROOF graded 
timber input-. TESTING -.timber 

MACHINE output 

t damaged 
reject 
timber 

There are several features of proof grading that make it well suited for 
application in a small mill. The method does not require a high level of 
technology and the machine to do the grading is both simple and inexpensive. 
It has been estimated that a machine for continuous on-line testing should 
cost considerably less than $US 10,000. 

*An officer of CSIRO, Division of Building Research, Melbourne. The 
author is indebted to A. Hill (Hilleng, Queensland), C. Mackenzie (TRADAC, 
Queensland) and W. G. Poynter (Foxwood, Queensland) for some of the inform­
ation provided herein. 
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However, even when applied outside the small mill sit~ation, proof 
grading has some advantages over other grading methods. In contrast to those 
other methods, it can assess the strength of very localized defects, such as 
those associated with compression shakes or fabricated finger joints. It can 
also be applied to mills that handle mixed, unidentified species, a situation 
that occurs in many areas of Australia. Finally, by changing the proportion 
of reject timber produced by changing the proof stress applied, the stress 
grade of a specific population of timber can be varied, allowing the output of 
a mill to be adapted to meet varying market situations. 

A conunercial disadvantage in the application of proof grading to the 
output of a large mill is the fact that the output of a proof testing machine 
is timber of only one stress grade. To some extent this disadvantage can be 
minimized and more than one stress grade can be produced if a rough initial 
pre-sorting is carried out, perhaps by visual means or perhaps by the use of a 
simple stiffness sorting machine. An outline of such a scheme is shown in 
figure 33. The pre-sorting of timber into grades is undertaken in a variety 
of ways depending on the operational procedures used at a particular mill. A 
visual assessment is usually part of the sorting procedure and can prove 
highly effective, particularly as the proof testing machine provides feedback 
on the accuracy of the assessment method. The use of stiffness, averaged 
along the length of a stick, has yet to be tried, but in theory this can be a 
method for obtaining timber tailored to meet a specified set of strength and 
stiffness criteria. 

Figure 33. Proof grading procedure with rough sort for a large mill 
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To investigate the feasibility of proof grading, and in particular to 
study the numerous commercial ramifications of its application as outlined 
ilhove, extensive lahoratory and field studies have been made. So as to cover 
a representative range of Australian timbers and market situations, these 
studies have been carried out in co-operation with the Radiata Pine Associ­
ation of Australia, based at Adelaide; the Queensland Department of Forestry 
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and the Timber Research and Development Advisory Council, both based at 
Brisbane; and the Timber Promotion Council. based at Melbourne. 

Laboratory and mill studies have been undertaken to investigate the 
following aspects of proof grading timber: 

(a) The damage c~used by proof testing; 

(b) The effect of operator error in single-pass grading;* 

(c) The relationship betw~en the proof load in bending and the tension 
strength and modulus of elasticity of the graded material; 

(d) The structural reliability required in the basic design stresses and 
modul~s of elasticity of proof-~raded material; 

(e) Quality control of grading operations; 

(f) The calibration of grading machines; 

(g) The commercial viability of proof grading. 

Figure 34. Schematic illustration of single- and do11ble-pass grading 
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defr~t 

(a) Single Pass uroding 

Load 
(b) Double Pass Grading 

As can be seen from the foregoing discussion, there are several ways of 
grading structural ti~!>er, and the number is likPly t:.o increase. 

c. Con t_im,_1oµs p!;'QQ f __ t:es_tj,ng 111.achiQeS 

With the advent in Australia of commercial proof grading of structural 
tirr.ber fl, 2], experience has bP.en gained in the use of continuous proof 
testing machines. As a result. it has become apparent that these machines 
have a potential far beyond t11~t (1riginally envisaged when they WP.re firi:;t 
mooted. 

*Differences between machinf's ., i th single-pass and double-pass grading 
are shown schematically in figure 3/L 
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Conmercial models of continuous proof testing machines are now avail­
able. Accordingly, it is opportune to discuss their potential use. The fel­
lowing are four important areas of application: proof grading, the detection 
of special defects, the in-grade evaluation of structural timber and hybrid 
grading systems. 

1. The coDBDercial machine 

The Australian commerical machine was designed by TRADAC, of Queensland, 
and is ~onstructed by Hilleng, of Brisbane. It applies a continuous bending 
moment to the timber passing through (figure 35). The loading configuration 
is shown schematically in figure 36. The timber is loaded on edge, i.e. it is 
stressed about its major axis. The machine comes with two interchangeable 
rams, which have load capacities of 20 and 36 kN. The rams are activated by 
an 800 kPa air pressure source. The feed rate through the machine is about 
15 m/min. A limit switch removes the load if the timber breaks or deflects 
excessively. 

Figure 35. The Hilleng proof grading machine 

Figure 36. L~ading configuration for the Hilleng machine 

II 
----· -~ 

·----1200mm-----· 
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The machine is sold in two basic models. In the simplest model, an air 
pressure gauge is used for setting the load. The accuracy of this model under 
dynamic conditions is about 5 per cent. The cost in 1983 was around 
$US 12,000. The more sophisticated model uses an electronic load cell to 
continuously monitor the applied load. Its load measurement accuracy is about 
l per cent and its cost then was around $US 14,000. A read-out device for the 
load cell, if required, cost a further $2,000. The simple model is suitable 
for proof grading, while the more sophisticated model is suitable for labora­
tory work such as in-grade evaluation of structural timber. 

The dimensions of the assembled machine are about 2 x 2 x 1.5 m, and its 
weight is less than 1,000 kg. It is sufficiently small ttat it can be placed 
on a truck and transported anywhere in Australia. In fact, the prototype 
model has been used for demonstrations more than a thousand kilometres away 
from its base at Brisbane. 

2. Advantages of proof grading 

Proof grading, details of which are available elsewhere [3], is consider­
ably more reliable than visual grading. It avoids the difficulties in visual 
grading associated with slope of grain and speci~s identification. The prob­
lems associated with species identification are particularly acute where 
hybrids are involved or where mills are supplied with numerous species. This 
happens, for example, in northern Queensland, where the mills are typically 
supplied with more than a hundred species. 

In comparison with mechanical stress grading, the advantages of proof 
grading are its lower initial cost, its low technology and the shorter 
lead-time for the co11111encement of a co11111ercial application. A mechanical 
stress grading system requires extensive laboratory investigations to 
establish a correlation between strength and stiffness prior to co11111encing 
co11111ercial applications; also, the difficulties of accurately measuring 
stiffness necessitate a tight quality control. By contrast, the assessment 
procedure and the quality control measures required for proof grading can be 
carried out fairly rapidly by the proof testing machines themselves. 

3. ~e.tection of special defects 

Because most methods of grading for strength, such as the visual and 
mechanical stress grading methods, are based on a correlation between strength 
and some other parameter, they are not capable of detecting many kinds of 
highly localized defects, such as poorly glued finger joints, compression 
shakes, internal decay and jnternal borer attt•ck. Since a continuous proof 
testing machine stresses all the timber passing through it, it will fail 
defective timber and thereby detect any excessively weak material. 

In this type of operation, a proof testing machine is used as a detector 
of defects rather than as a grading machine. The applied loads do not need to 
be highly accurate for this purpose, so a much simpler machine than the one 
produced by Hilleng will be adequate. Such a machine can usuall1 be fabri­
cated from parts costing only a few hundred dollars. 

It is of interest to note that the first continuous proof testing machine 
in Australia [3] and possibly also the first one in the United States were 
developed to detect faulty finger joints. 
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4. In-grade evaluation of stryctural tirnbe~ 

It is now generally accepted that it is Wlreliabl~ to base design recom­
mendations on the properties ~f small, clear timber specime~s uniess penalties 
in the form of large safety factors are used to compensate for the Wlcertain­
ties involved [4, 5). Ideally, design strength prc~erties should be based on 
the five-percentile strength of graded structural-size timber. 

Unfortunately, in-grade measurements for this require the testing of 
large samples of timber. Typically, a sample of some 10,000 sticks may be 
required to fully evaluate a single species or species mixture. Under normal 
circumstances this task would take about a year in a typical forest products 
laboratory. Obviously, then, this form of timber evaluation is not feasible 
for places such as northern Queensland, where hundreds of species are utilized. 

However, in-grade testing for these situations can be made quite feasible 
through the use of continuous procf testing machines such as the Hilleng 
machine, described earlier. For this purpose, the proof load is set so as to 
fail between 1 and 5 per cent of the material passing through. The actual 
failure load for any particular stick will be indicated by the read-out from 
the load cell. Even with the relatively slow Hilleng machine, it is possible 
to test 1,000-2,000 sticks a day in this way. 

Even where there is only one major species involved, it is desirable to 
have access to a continuous proof testing machine. This is because the 
strength properties of the single species will change from time to time owing 
to changes in the age of the timber cut, changes in silvicul tural practices, 
for instance in pruning or fertilization progranwnes, and changes in the loca­
tions from which timber is cut. 

In general terms it may be stated that continuous proof testing machines 
are invaluable where frequent changes are likely to occur in the structural 
properties of the timber utilized. Regions or coWltries that utilize imported 
timber are particularly prone to rapid changes because of changes in marketing 
factors beyond their control. Sources of change noted in Australia include 
the introduction of timber from regrowth forests caused by forest fires, 
timber from fire-burnt forests, timber from juvenile plantations, timber from 
borer-infested forests and timber cut from a new species. In such instances, 
the low cost and short lead-time t" utilization associated with a continuous 
proof tester would make the difference between utilization and non-utilization. 
For this reason alone, the forestry commission or research laboratory in every 
region containing production forestry land should own or have access to a 
laboratory model of a continuous proof testing machine. 

In looking to the future of the use of continuous proof testing machines, 
one of the most exciting pos;ibilities is that of coupling these machines with 
other grading machines to form a hybrid grading system [6]. As mentioned 
earlier, major drawbacks to the use of conventional grading systems such as 
visual or mechanical stress grading include the long lea"-time required to 
establish the correct grading parameters and the inability or these systems to 
cope with frequent changes in material characteristics. However, if a proof 
tester is coupled on-line so as to sample and test the output of a grader, as 
shown schematically in figure 37, then grading parameters can be devised and 
checke~ instantaneously. 
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Figure 37. A basic hybrid grading system 
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Possibly the most sophisticated hybrid system that is technically within 
the bounds of current technology would be one that is formed by coupling a 
high-speed electronic grader [7] and a high-speed mechanical stress grader [8] 
with on-line bending and tension pro0f testing machines, as shown in figure 38. 
This system would be able to -work with complex grading parameters, rapidly 
evaluating their effectiveness. 

Figure 38. An 
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A programable computer would be used to interpret the grading parameters 
measured and to make appropriate decisions concerning the grade of the timber 
and the type of proof-testing required. The computer control prog~am need not 
necessarily be pre-set; it could be "learned" by techniques such as those 
associated with artificial intelligence systems (9]. 

A hybrid system of this type would represent the ultimate in efficiency 
and flexibility that is currently possible. It should be able to cope at high 
speed with that most difficult of grading problems, the grading of mixtures of 
unidentified, unsorted and untested species. 
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IV. MODEL OF THE TIMBER GRADING PROCESS 
Robert H. Leicester* 

In the future, both the quantity and quality of stress-graded lumber may 
be expected to increase. In addition, there will be a need for a great 
variety of grading procedures because of differences between mills in number 
of species processed, volume throughput and access to finance and technology. 
In order to prov;_de a rational basis for developing suitable grading schemes 
for the future, a model for evaluating the cost-effectiveness of such schemes 
is presented. Some prognostica~ions for the future of grading are given. 

Stress grading may be defined as the act of sorting lumber into groups, 
each having a set of specified structural design properties. These design 
properties may be conveniently subdivided into strength and stiffness proper­
ties. To appreciate the following discussion, it is important to realize the 
significance of reliability in structural d~sign, particularly with respect to 
streng::.i1. Because of this, it is incorrect to associate design properties 
with individual sticks of timber. Rather, they must be associated with the 
statistically defined par~~eters of all lumber contained within a given stress 
grade. 

Stress grading is usually specified as mandatory for timber to be used in 
engineered structures, e.g. roof trusses. Stress grading is also frequently 
specified for semi-engineered construction, e.g. timber-framed houses. The 
attitude of the timber industry to stress grading may be besl described as one 
of mixed enthusiasm, with some segments maintaining a high level of grading 
and quality control and others virtually ignoring mandatory grading specific­
ation5. However, the indications are that grading is finding increasing 
favour, and future grading will probably be completely different from that cf 
the present. 

There are many reasons "hY both the quantity and quality of stress 
grading may be expected to increase. The most obvious reason is the growing 
appreciation of the economies to be obtained through grading. For example, in 
Australia the strongest grades of timber are about 10 times as strong as the 
weakest ones [l, 2). Obviously, in such a situation there is a strong economic 
incentive to differentiate between the various structural grades of timber, 
even when the end-use is semi-engineered house cor.struction. The same problem 
of utilizing a wide range of species exists in most countries with tropical 
forests r 3. 4. 5]' and so the use of grading may be expected to ber.ome more 
widespread as timber production in these countries increases. 

The advantages to be obtained from stress grading are considerably 
enhanced if it is used within a strength grouping format [6]. In this format, 
the design properties of all grades of timber, perhaps numbering several 
hundred in any one particular country, are replaced by a small set of hypothe­
tical grades. Obviously, this will simplify the design of timber structures 
and will be particularly useful in the utilization of lesser-known and less­
conunon sper.ies. Further benefits are obtained if there is international 

*An offi~cr of CSIRO, Division of Building Research, Melbourne. 
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acceptance of a conmon strength groupin~ system. Such an acceptance wi 11 
assist not only in the trade of structural timber but also in the transfer of 
technology software, such as standard designs. from one country to another. 

With the increased acceptance of stress grading, it may be expected that 
there will be a corresponding increase in the types of situations in which it 
is used. For example. the timt-er throughput. range of sizes and numbers of 
species handled will vary considerably from one mill to another. Similarly, 
there will be large differences between mills wi':.h respect to the financial 
capital and technology available. Berause of this range of situations, it can 
be expected that a great variety of grading methods will be employed to maxi­
mize the benefits obtainable through stress grading. 

In order to discuss. compare and devise grading methods, it is essential 
tn ha'l.·e •miversal models of the grading procedure. Suitable models for this 
do not exist at present. and their development will probably be a focus of 
research in the near future. The f o lloving discuss ion is based on a s imF le 
model that contains the essential features of grading methods. 

A. ~-model of stress grading 

l. Cf>ncepts 

Figure 39 illustrates schematically the basic elements of grading. The 
essential feature of the procedure is the sorting of a parent population into 
various grades, such as the grades l. 1 and 3 shown. 

Figure 39. Basic elements of grading 

' 
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/GRADE 1 

POPULATION OPERATION '-~GRADE 2 
''GRADE 3 
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The parent population may he r:hnsen in any way tlesired. However, once 
r:hosen, it must be rigorously d~fin~d and observed. Typically, it is a speci­
fied segment of the timber fed into the mills in a suitably chosen ~eographir: 

region over a period of about If) years. The population may be an iden~itied 

spcr.ics, a defined mixture of three to six species or even an unsper: if ierl 
mixture nf many unidentified sp,riPs. 

Evaluation tests are user! to pro·;ide information for setting lhe par-a­
meters in the r:hosen grading procedure. The stat istic:al characteri:;tir.s of 
th<" str11rt11ral lumher used for t.h<!se tests must be representative of those of 
the parent population. There is a wide range in the types of evaluation tests 
that are undertaken. As tt.<? .:\mount of testing increases, so too does the 
reliability of the knowledge on lumber prope~ties, and the grading r.an he made 
morr efficient. The followin12: ar~ typical examples of evaluation tests, 
pres<?nterl in order of ini:reasin12: eff idenr:y and cost, that may be undertaken 
for a population that has not pr 0 vinusly been stress-graded: 
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(a) No tests; 

(b) Measurement of population density only [7]; 

(c) Measurement of bending and compression strength of 10-50 small, 
clear timber specimens [7j; 

(d) Measurement of bending strength and stiffness of 30-200 sticks of 
structural lumber [8]; 

(e) Measurement of bending strength, tension strength and stiffness of 
1,000-10,000 sticks of structural lumber. 

Because the grade verification process, sometimes referred to as in-grade 
testing (9], is expensive and time-consuming, it is not always applied. It is 
most coamonly applied to resolve doubts that a particular grading procedure is 
producing the stress grade that is claimed. Thus, the process helps to miti­
gat~ the conflicts inherent in marketing competing species or competing grading 
systems. 

Ma,y structural propert~~s (strength is one) c'lllnot be measured directly 
during i;rading. Hence the gradiny. operation, illustrated in fig1•re 40, is 
based on the correlation that exists between the structural property of 
interest9 denoted by R9 and a grading parameter, denoted by G. 

Figure 40. The grading operation 

t_grade limits 
I 

· .. stress grade 
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Grading parameter ( G ) 

Because of the great range of practical situations encountered 9 no single 
grading system can be reconune.1ded for universal application. In order to 
rhoose the most ~Ost-effective system for a particular situation, a mathemat­
ical model of grading is required that assesses the influence of various para­
meters. The following discussion is based on the use of such a model. 

In this model of stress grading, shown 
properties of the parent population, denoted 
three populations, denoted by Rt, R2 and 
three quarters of the total parent population. 
three stress grades, Rt*• Rz* and R3*, are also 

in figure 41, the statistical 
by R0 , are distributed among 
R3• which comprise roughly 

The design values of R for the 
shown in the figure. 
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Figure 41. Distribution of a structural property 
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The ratio between the design strengths of these populations, which is of 
some relevance to marketing the structural lumber, is roughly given by 

where r is the correlation coefficient between G and Ro and V is the coef­
ficient of variation of R0 . 

A measure of the average effective increase in design property due to the 
grading operation is given by the ratio R2*/R0 *, which may be roughly 
computed from 

(2) 

where R2* is the design value of R2 based on an evaluation with a sample 
of size N, R0 * is the nominal ideal design value of the parent population 
based on an evaluation with an infinite sample and B is a safety index (10, 
11). Typical parameters for strength properties are V = 0.5, B = 3 and for 
stiffness properties, V = 0.2, 6 = 1. The effects of the correlation coef­
ficient r and sample size N are shown in figures 42, 43 and 114. 

Figure 42. Separation of grade properties 
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Figure 43. Increase in design values 
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Figure 44. Effect of sample size in evaluating tests 
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After evaluating R2*/R0 * from equation (2), the cost CG of building 
with graded timber relative to Cu, the nominal cost of building with well­
sampled but ungraded timber, may be obtained from 

where Cg denotes the cost of grading relative to the initial cost of ungraded 
timber. 

For practical purposes, two refinements of equation (2) may be required. 
To account for errors in judgement by the grader, the parameter r is replaced 
by rre, where re denotes the correlation coefficient between the true 
grading parameter and the apparent value measure by the grader. In addition, 
a major modification to equation (2) is required if the evaluation procedure 
does not include tests on stru<:tural lumber of the parent population concerned. 
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In this situation, the grading operation is based in part on tests with struc­
tural lumber of other populations. As a result, it can be shown that the 
ratio Rz*/R0 * depends also on Vf>., the coefficient of variation of A, and 
rA• the correlation coefficient of A with the grading parameter G, where A 
is a population made up of the mean values of R from various parent popula­
tions. 

B. ~arv of &!"iiding meth~~ 

1. Visual grading 

Visual grading is the oldest and most widespread grading method in use. 
T~1e grading parameter is the size of visible defects, used either on its own 
or comhined with some other parameter such as clear material strength. The 
qu.mtification of this parameter is specified in a variety of ways. Some are 
relatively complex, such as the knot area ratio method (12), which notionally 
involves an X-ray picture of the defects. Others can be very simple, such as 
that specified for- heart-in studs of I'inus__!"afuta [13), which considers only 
the defect size along the edge of the lumber. 

2. Mechani~l str~ grading 

The grading parameter used in this method is the modulus of elasticity. 
The particular modulus measured may be Emin• the minimum local modulus along 
the length of the stick of ltunber; Eav• the modulus averaged along the 
stick; or a combination of the two [14). 

Most of the available conmercial machines make static measurements of 
Emin· Some, such as the Plessey Computerrnatic [15), are expensive, 
~ontinuous-measurement machines capable of high throughput rates. Others, 
such as the TRU Timber Grader [16), are lo'"l-cost, low-throughput machines that 
make spot measurements of the modulus. Machines that make dynamic measurements 
of the modulus usually measure Eav [17, 18). 

3. Electronic _gra_djng 

High-speed, non-contacting electronic graders have recently become avail­
able. One example is the Finnogra,·er [19). These measure simultaneously 
several lumber characteristics such as density, moisture content, knot size 
and location, and slope of grain. Through the use of microcomputers, very 
complex and hence potentially very efficient grading parameters may be 
cmployerl. 

4. Proof grading 

Proof grading [20, 21], recently introducerl in Australia, is illustrated 
sd1cmatically in figure 45. The lumber population is first sorted roughly, 
usually by rapid visual scanning, into two or more grades. Each grade of 
lumber is then passed through a continuous proof testing machine that culls 
n11t exceptionally weak pieces of timber. In a typical grading operation, the 
proof loarl is chosen so that 1-3 per cent of the timber fails and is reiecterl. 
Thus the grnding parameter in this procedure is the bending strength at the 
t;}i I nf the grnded pnpul.:ition of lumh<>r. 
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Figure 4S. The proof grading procedure 
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The proof grading system was developed for application in a situation 
where there is little available capital and technology. 

c. ~of grading 

Apart from one example for a high-speed mechanical stress grader [ 22] , 
there is little detailed published information on the cost of grading t~mber. 

The cost of a grading machine with a throughput rate of 200 m/min is about 
$US 100,000 and that of one with a throughput rate of 20 m/min is about 
$US 10,000. Typically, two men are required to run a grading operation. 

Table 2 gives a rough estimate of some cost components for machine 
grading in Australia. The costs associated with visual grading are similar to 
those for a machine with a throughput of 20 m/min. To compute realistically 
the added cost of grading, additional information is required on matters such 
as the amortization period, discounted cash flow and inflation rates and the 
number of evaluation tests proposed. Typical vales of the relative grading 
cost parameter Cg are 1-10 per cent, with the smaller costs being associated 
with higher throughput grading machines. 

Table 2. Some cost components of machine grading 

(Cost x 100)/(annual retail value for one year's 
throughput of timber graded by the machine) 

Machine Evaluation 
throughput Initial Annual tests on 

rate machine running 10,000 
(m/min) cost costs sticks 

200 0.6 0.6 0.6 
20 0.6 3.0 6.0 
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D. Choice of grading method 

It is outside the scope :,f this paper to discuss the application of 
grading schemes for the many possible mill situations. However, the matters 
that need to be considered in the choice of a scheme will be discussed. 

Equations (2) and (3) provide a useful basis for decisions related to 
grading timber. To use these equations, the coefficients V and r of the 
parent population must be estimated. There is enough information available in 
the published literature to provide rough estimates of these parameters. Some 
of this information is given in the literature cited at the end of this 
paper [14, 17, 23-27]. For strength properties V = 0.3-0.6, typical values of 
r for various grading parameters are as follows: 

Visual strength ratio r = 0.6 
Electronic strength ratio r = 0.7 
Modulus Emin r = 0.85 
Modulus Eav r = 0.5 

The above are only indicative, and true values of r can vary considerably 
from one parent population to another. For example, for Pinus radiata, a 
value of r = 0.80 has been measured for lumber cut from mature forests [26], 
while a value of r = 0.35 has been obtained for i11111ature forests [28]. 
Finally, some estimate must be made of re• the measure of error in the 
operational measurement of the grading parameter G. Only limited information 
is available on this aspect [21, 29]. Once the most suitable grading para­
meter G has been found, a machine is chosen to match the throughput rate of 
the mill, and N, the number of evaluation tests to be undertaken, can then be 
optimized. 

Although equation (3) provides a useful starting point for assessing the 
economic feasibility of a grading scheme, several other matters frequently 
dominate the choice of grading method. One is the existence of grades that 
are already available on the market in wood of a competing species. This will 
produce a bias in the market value of specific grades. Another aspect is the 
severe constraints on choice imposed by limitations on the availability of 
technology and financing. 

Finally, a factor that is sometimes not anticir'•t.ed is the effect of 
start-up time. For example, a typical small timber laboratory with three 
operating personnel will complete evaluation tests on some 10,000 sticks of 
structural lumber per year. With this restriction on the evaluation rate, any 
grading procedure that is tied to extensive structural lumber testing will not 
be feasible for mills that process several hundred species. 

E. Tbe_ long-:J&nn_ f u_t_1,1re 

As mentioned earlier, the prognostication for the immediate future is for 
an increase in the quantity of timber to be graded and for a greater variety 
of situations in whir.h grading will be undertaken. There will probably also 
be a more systematic approach to the assessment and development of grading 
methods by the use of models such as the one sketched in this paper. Over the 
longer term, it is probable that the grade verification procedure will be 
highly codified and rationalized to ensure that the design strength charac­
teristir:s of timber have the same reliability as those of other structural 
materials. Furthermore, because of their importance, the various grade 
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verification procedures are likely to be co-ordinated internationally by the 
International Organization for Standardization. There is a possibility that 
this will be done within a strength grouping format. 

Because there will be an increased demand for grading under a wide range 
of resource and marketing situations, there will also be a wide range of 
grading systems. Based on the mathematical model discussed in section A. 2, 
the following predictions may be made of the probab!e characteristics of 
future grading systems for three interesting situations: 

(a) Where few species and large volwnes are involved, such as occurs 
with plantation-grown material, the grading systems -..ill be undertaken by 
electromechanical methods characterized by high throughput rates and complex 
but efficient grading parameters. Extensive evaluation testing will be under­
taken, perhaps even on an annual basis, to ensure that the grading parameters 
used are the best ones possible; 

(b) Where multiple-species forests are the source of raw material for 
mills that have easy access to finance and highly developed technology, the 
grading system will again involve high throughput machines with the ability to 
operate with complex grading parameters. However, because of the nwnerous 
species involved, many of which will be unidentified or available only in 
small volwnes, even a modest amount of evaluation testing for each species may 
not be economically feasible. Consequently, the grading parameters will 
probably be evaluated by on-line proof testing facilities. These facilities 
will need to be capable of applying bending and tension loads and will need to 
have rapid re:;ponse characteristics so that the applied load may be changed 
from one stick cf lumber to the next; 

(c) Where multiple-species forests are associated with mills that have 
poor access to finance and technology, the most appropriate grading system 
will be proof testing based on a simple bending test. Such mills will produce 
a very limited set of grades, t;>Ossibly only one for each group of similar 
species. 
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V. VISUAL GRADING OF TIMBER 
J. Hay* 

Introduction 

It is important with any visual grading pro~ess that the method of measur­
ing and assessing defects is consistent. This means not only that a single 
grader should be able to obtain almost the same result on re-grading, but also 
that any difference between two graders is marginal. To achieve this requires 
training to explain the grading terms, the methods of measurement, the relative 
importance of the various defects and the way in which the results are 
recorded. 

A. Training material 

The following figures and accompanying descriptions have been used with 
consioerable success in the training of graders at Victoria. They are taken 
from the ~l Stress Grading Manual of the Timber Promotion Council, by per­
mission of the Council. 

1. Timbers in general use 

The three main varieties of timber used in the Australian building 
industry are eucalyptus, radiata pine and Oregon (Douglas fir). Eucalyptus is 
the generi.::: or family name for a large number of Australian timber species. 
As these species usually occur in random mixtures, depending on geographical 
location, timber produced for the building industry from them is generally not 
classified into individual species. Radiata pine and Oregon are ordered and 
produced according to species. 

Table 3 lists, by species. the various timbers used throughout Australia 
and the strength and stress characteristics determined for each. These defini­
tions relate to various standards in use throughout Australia, which are 
subject to occasional amendment. Data obtained from the table must not be 
considered final. Always refer to the prevailing local standard. 

2. ~ription of a log cross~~ 

The cross-section of a typical log is shown in figure 46. The amount of 
sapwood, t ruewood or heart in a piece of timber depends on the size of the 
original log and the position within the log from which the piece was cut. A 
piece of timber may be cut from a log by hacksawing or quartersawing. 

Sapwood is composed of living wood tissue. It forms the outer layers of 
a tree trunk and stores and conveys food material within the tree. Truewood 
is wood tissue from which food material has been removed or converted to hard 
tissue. It constitutes the bulk of the tree trunk and lies under th~ sapwood. 
Heart is the material in the centre of the tru.1k. It is composed of brittle 
dead wood tissue and is surrounded by the truewood. 

*Co-ordination of Timber Industry Courses, Dandenong College of Technical 
dnd Further Education, Victoria. 



Table 3. Relationship between visual structural grades and 
stress grades for common structural timbers a/ 

~iaua.l !:Zude bL 
Unseas!.1.rut!L Seasaned 

Str. Str. Str. Str. Str. 
Australian __s_trenath i[Q!J(,l Ng t 2 Na. 3 N12. 2 NQ I 3 Na, 5 Lyctus 

Species Standard Unseasoned Seasoned Stress grade susceptibility c. I 

Unidentified 
Australian 
hardwoods from 
Victoria, 
Tasmania and 
New South Wales 
highlands g/ 2082 S4 SD4 Fll F8 Fl 7 Fl4 s 

Ash, alpine 2082 S4 SD4 Fll FB Fl7 Fl4 R 
Ash, mountain :!082 S4 SD3 Fll FB F22 Fl7 R 
Ash, silver top 2082 S3 SD3 Fl4 Fll F22 Fl7 "" R N 

Box, brush 2082 S3 SD3 Fl4 Fll F22 Fl7 R 
Box, grey 2082 S2 SD2 Fl7 Fl4 F27 F22 R 
Gum, blue, southern 2082 S3 SD2 Fl4 Fll F27 F22 s 
Gum, grey, mountain 2082 S3 SD2 Fl4 Fll F27 F22 s 
Gum, Manna 2082 S4 SD4 Fll F8 Fl7 Fl4 s 
Gum, red, river 2082 SS SD6 FB F7 Fll F8 s 
Gum, shining 2082 S4 SD4 Fll F8 Fl7 Fl4 s 
Gum, S!)Otted Z082 S2 SD2 Fl7 Fl4 F27 F22 s 
lronbar\c, red 2082 Sl SD3 F22 Fl7 F22 Fl7 s 
Jarrah 2082 S4 SD4 Fll F8 Fl7 Fl4 R 
Mahogany, southern 2082 S2 SD3 Fl7 F14 F22 Fl7 R 
Messmate 2082 S3 SD3 Fl4 Fll F22 Fl7 s 
Peppermints, var. 2082 S4 SD4 Fll FB Fl7 Fl4 s 
Pine, radiata e./ 1490 SD6 F8 FS R 
Stringybark, brown 2082 S3 SD3 Fl4 Fll F22 Fl7 R 
Stringybar\c, red 2082 S3 SD4 Fl4 Fll Fl7 F14 s 
Stringybark, white 2082 S3 SD3 F14 Fll F22 Fl7 R 
Stringybark, yellow 2082 S3 SD3 Fl4 Fll F22 Fl7 R 
Tallowwood 2082 S2 SD2 Fl 7 Fl4 F27 F22 s 

continued 



Table 3 (~t_inu.e..d,) 

Species 
Australian 

Standard 
Stren&th &rou~-­

Unseasoned Seasoned 

-------~al 
Unseasone.d__ 

Str. Str. 
No . 2 _N.o_.___J 

Grade .~b~'---· 
___ s_e_a~sone..d_ __ 
St~. Str. Str. 

No. ... _2_ __ _No_. _ _L_N.Q .__ 5 
Stress grade 

Lyctus 
susceptibility c/ 

------- ---------·-------------------- - ---·-- -------- ---·--·----·----------------

Kapur 
Kwila (Merbau) 

Fir, Douglas 
(Oregon) f/ 

Hemlock, western 
(hem-fir etc.) 

2082 
2082 

2440 

2440 

S3 
S2 

SS 

S6 

SD3 
SD2 

SDS 

SD6 

Fl4 
Fl7 

Fll 
Sel. 
eng. 

F8 
Sel. 
eng. 

Fll F22 
Fl4 F27 

F8 F7 
Std. Sel. 
eng. mer. 

F7 F5 
Std. Sel. 
eng. mer. 

F'l 7 
F22 

F5 
Mer. 
mer. 

F4 
Mer. 

R 
s 

R 

R 

------------ - ------------------------- ----------------------- ------··-.. --

al Stress grade is a strength classification for structural timbers, derived by means of either 
visual or mechanical grading in accordance with the relevant Australian Standard. The current standards 
for visual grading of softwoods use differing systems of grade classification. For simplicity, the 
structural grades of softwoodt> have been classified here in the same way as hardwoods. The structural 
grade No. 5 shown is a theoretical grade only and has been included to assist this classification. The 
grade names for Oregon and western hemlock have also been included. 

bl The following abbreviations are used: Str. No., structural grade; Sel. eng., select engineering 
grade; Sel. mer., select merchantable grade; Std. eng., standard engineering grade; Mer., merchantable 
grade. 

cl Lyctus susceptibility: R = resistant, S = susceptible. 
di Hardwoods are usually marketed as a mixed species and only in special circumstances can 

particular species be obtained. Supply availability should be determined before design documentation or 
specification. 

~I In seasoned condit:i.on, as required by AS 1490 (grades apply to treated and untreated radiata 
pine). 

fl Grading applies to Oregon from the West Coa~t of North America. 
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Figure 46. Log cross-section 

3. T:iJDber terminolocy 

Each piece of timber has two faces, two edges and two ends (figure 47). 
Its cross-sectional area is obtained by multiplying the width of one edge by 
the width of one face. The edges are the two narrow surfaces of one piece of 
timber. They extend throughout its length. The faces are the two wide sur­
faces of the piece of timber. They extend throughout its length. A piece of 
timber may contain sapwood, truewood or heart, or combinations of these. The 
ends are the two remaining surfaces. They extend across the width of the piece 
of timber. An arris is the boundary between an edge and a face. Each piece 
of timber has four arrises. 

Figure 47. Edges. faces and ends 

4. Visual stress cradin& 

Visual stress grading is a technique for grading timber to meet building 
standards, without the use of mechanical equipment. Success depends on careful 
visual inspection of each piece cf c;awn timber, recognition of any defects 
within that piece and evaluation of their sig:dficance with reference to the 
appropriate standard. 

The grading of timber cannot be considered an exact science because it is 
based on a visual inspection of each piece and thus relies to an extent on the 
judgement of the grader. These rules provide for a 5 per cent variation 
between graders. While definite and complete descriptions 'Jf timber quality 
are usually given, it is not feasible or practicable to be fully explicit in 
every respect, but defects capable of physical measurement are judged solely 
on the basis of their dimensions. 
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Grade descriptions based upon the poorest pieces allowed in each grade are 
desirable in the interest of keeping the rules simple and facilitating the work 
of the grader. As a result, the average quality in any grade is far better 
than the minimum described. 

The stress g!"ader needs ~ straight edge, a steel tape (calibrated in 
millimetres) and a strong pocket knife. 

Handling the piece of timber 

Both faces, both edges and each end of the piece of timber must be 
inspected. This usually involves inspection from one end and rolling of the 
piece to allow the length of each edge and face to be examined (figure 48). 

Figure 48. Steps in the visual stress grading process 

Inspection of a piece of timber should be thorough, but for reasons of 
economy it must be performed as rapidly as possible. The inspector must roll 
the piece, check the edge and face widths, then look for the most obvious 
defect. If this is sufficient to reject the piece, any other defects present 
are ignored. 

Rework of many rejected pieces is possible. This is noted in accordance 
with mill practice and the next piece is inspected «ithout delay. 

When in doubt, the piece 
re-evaluation. The supervisor 
re-evaluation exerci<e. 

is 
may 

stored in 
be asked 

a separate stack for future 
for assistance during this 

Many of the defects described require measurements to be taken during 
evaluation. When the grader has had some practical experience it should be 
possible to judge most defects accurately by eye without measurement. The 
attainment of this ability should b~ the goal of the trainee. 
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Spri_ng 

Spring is curvature along the edge of a piece of timber (figure 49). To 
measure, lay the concave edge of the timber against a straight edge, measure 
the greatest distance between the straight edge and the face with a tape. When 
related to the dimensions of the piece, this measurement will indicate accept­
ability of the spring. With practice, spring may be accurately checked, with-
0ut measurement, by sighting along the concave arris. 

Figure 49. Spring in a piece of timber 

Row 

Bow is ~urvatur~ along the faces of a piece of timber (figure 50). It is 
measured in the same way as spring and, with practice, may also be accurately 
checked, without measurement, by sighting along the concave arris. 

Figure 50. Bow in a piece of timber 

Knots 

Knots are inclusions of h1-.1w:h ~rowth ser.tions in timber pieces. There 
an: several types of knot, :md th~ mell1od of evaluation of each type differs. 
lt is import;111t that the timh•~r ~ra<l1:r is ahle to recop;n.ize ea<:h typf:. The 
;11·c•:ptahi I ity of (•ach ty1w of k11nt i:; r:alr:ul;~ted on ~he basis that t.111: knot. 
:11·N1 is a lo.c;s of ;1re;1 of th~ pir·r:e, regarrlless of the <:ondition of the knot. 
Thrit i~;, the knot is treated ar; ii it wer~ a hole. The acceptability of knots 
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may vary between the three general species - eucalyptus, radiata pine and 
Oregon. The timber grader should check the standard for the species before 
grading is col'!lllenced. 

Tl:e material contained within a sound, tight knot (figure 51) is hard, 
free frc n decay and firmly fixed within the piece of timber. 

Figure 51. Sound tight knot 

!1.ru;ound knots 

The material contained within an unsound knot (figure 52) may be decayed 
or softer than the surrounding material of the piece. It may also be chipped, 
split or loose. 

Figure 52. Unsound knot 

Knot-hol_es 

Knot-holes occu• where the material origin3lly ~ontained within the knot 
l1as been dislodged from the piece of timber (figure 53). Sloping grain sur­
rounding a knot may be ignored. The effect of this is taken into r.onsidera­
t ion when thP. standards for knot acr.eptability are determined. 
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Figure 53. Knot-hole 

Arris knots 

Arris knots (figure S4) are knots that extend across a face and an edge 
of a piece of timber. They incluce a section of the arr is in their area. 
Depending on species, arris knots are measured differently (figure SS). In 
hardwood, they are measured by determining their width as for face or edge 
knots but on the face or edge of least effect. Where they occur in Oregon or 
radiata pine, tl-ie width of the arris knot is measured on the face and the 
edge. These two measurements are then multiplied together and the figure 
obtained related to the cross-sectional area of the piece to determine accept­
ability. 

Figure 54. Arris knot 

Figure 55. Measurement of arris knots 

AAD•AT.\ 
PINE 

tnl'Ature · 
11\Hf d11tal'ICH 

I 



f g,ce knots ( roun~ oval) 

Face knots are knots or knot-holes that occur on the face of a piece of 
timber. Measure face knots by noting their greatest width across the facF of 
the piece (figure 56). This measurement, when related to the face wid'"· 
determines the acceptability of the knot. 

Figure 56. Measurement of face knots 

Oval fKe 
11.not----r--~~ 

Edge knots (rotmd or oval .l 

Edge knots are similar to face knots. They occur on the edge of a piece 
of timber. They are measured in the same way as face knots, and their width 
in relation to the width of the edge determines their 3.cceptability 
(figure 57). 

Figure 57. Measurement of edge knots 

Thro\l.&P JntQJs 

Through knots are knots 
~dge and a face (figure 58). 
or edge of greatest effect. 

extending through a piece of timber betwP.~n an 
Th~ ~jameter of the knot is meJsured on th~ fa~e 

Figur~ SB. Through knots 



- 70 -

Spike_lcJ!Qts 

Spike knots (figure 59) ar~ ~longated knots with a spike-shaped area. In 
hardwood, Lhe width between the arrises is measured. In radiata pine, their 
size is determined as follows: (length + width)/2. This size is then related 
to the width of the face or edge whe~e the knot occurs to determine accept­
ability. 

Knot cll,..$ter 

Figure 59. ~easurement of spike knot 

./ u, r11Jtat.a pane 
h\a-u"9 th ... 
twod1,t•ftC• 

7 

A knot cluster (figure 60) crmtains two or more knots within a single area 
of deflected grain. The overall width of the cluster is measured and related 
to the width of the face or edge where it occurs to determine acceptability. 
Knot clusters arP. usually only found in radiata pine o::- Oregon. 

Figure 60. Measurement of knot cluster 

Knnt groups 

/I. k11ot ~roup (figun! hi) i!: former! hy twn or more r:losely spacer! inrlivi­
d11;il knots, ~;ich knot heing bnnnrlerl hy rid lec::ted grain. The aggregate width of 
tlv· knots within the 11;ro11p is r·~lillf:'rl to the wirith of the face or edge on which 
it ocr~11rs to determine acceptal•ilitv. rnot groups are usually only noted in 
r.irliat;1 pin" or Orf:gon. 
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Figure 61. Knot group measurement 

End splits 

End splits are open cracks between the faces or edges of the piece 
(figure 62). They are caused by separation of the wood fibres and extend along 
the piece from the ends. Inspect each end of the piece for end splits and 
measure the length of any splits. 

Figure 62. End split 

Sloping gJ"ain 

Sloping grain is the presence of wood fibres at an angle to the arris 
(figure 63). The general slope of the fibres is important, and local devia­
tions are disregarded. It is measured and limited at that point in the length 
that shows the greatest slope and is expressed as a ratio such as "slope of 
grain 1 in 15". 

Figure 63. Sloping grain and the measurement thereof 

z:..d_ 
at *' engle to ~ . ,, .. 

&60Pn9 Ckeln 

"'~· ..... . 
two ctiat ... c:.• 

... ...,,.,,.,,, of Sloping 
Otain 
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S~ce checks 

Checks are shallow cracks extending along the grain on a face or edge 
(figure 64). Checks are usuall.r short in length and do not extend between the 
faces or edges. 

Figure 64. Checks 

c\\cc~~ _ ~ 
~ - '-/ 

Want describes wood missing from an arris, edge or face of a piece of 
timber (figure 65). It may be caused by a piece split ting off, or it may 
result from a sawing defect. Want is measured as a face and edge width defi­
ciency. 

Figure 65. Want 

Wane 

Wane is the natural absence of wood from an arris or surf ace produced by 
r:utting the piece from the outer surface of a log (figure 66). The ·.lane area 
includes a portion of the log's outer surface and possibly also some bark. 
Wane is measured in the same manner as want. Wane in a piece of hardwood indi­
r:ates the presence of sapwood. The sapwood must also be evaluated. 

fig11re 66. '..Jane 
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6. Marking 

Timber that has been visually or mechanically stress graded must be 
marked, usually by colour, with an indication of its stress grade. Colour 
coding for stress grade is as follows: F4, red; FS, black; F7, blue; F8, 
green; Fll, purple; Fl4, orange, Fl7, yellow; and F22, white. The marking is 
usually made on a face near one end of the piece. The particular mark to be 
applied is dictated by the prevailing standards. It may include other informa­
tion to indicate species and a mill ide:i.tification code number (figure 67). 
These marks are noted during examination of b~ilding frames by building 
inspectors. 

Figure 67. Typical marks 

H1tdwood Mltking 

Rldlata Pine Marking 

7. F,eworkin_g 

Timber that fails to meet requir~ments during stress grading must be 
reworked whenever possible. The grader should indicate what type of rework is 
required and note this in ai:cordance with mill practice. When conside:ing 
rework, the grader must have a clear understanding of the permissible extent 
of a defect within the grade. For example, in the case of an end split that 
exceeds the length limit imposed by the prevailing standard, it would be 
wasteful to dock the entire portion of the length of timber affected by the end 
split. Only that length ot the split that exceeds the grade limit should be 
docked. With practice, a competent grader is able to economically specify 
rework of ail defects in this mar-~r and keep timber wastage to an absolute 
minimum (figcre 68). 
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Figure 68. Rework within toi~rance 

There are two main types ot rework: ripping and docking. 

Where a ~efect such as sapwood extends along a major portion of the length 
of a piece but only across part of its width, it may be possible to rip the 
length of timber, remov._ the defective portion, and produce a narrower piece 
that ll"eets grade requirem~nt:s (figure 69). To judge if ripping is feas:ble, 
the grader must decide whether the sound port i..m of the piece can be ripped to 
a standard size. 

!Jocking 

Figure 69. Ripping 

~edivt 
ti1nber 

Where a defect affects only ~ portion of the length of a reject piece of 
timb~r, for example an end split. gum pocket or bot, it may be possible Lo 
dor.k Lhe defective :iortion to produce one or more shorter lengths of timber 
t'11h Meet grade requirements (figure 70). Shorter lengths may be utilized as 
noggins or finger-jointed where permitted. 



- 75 -

Figure 70. Do:king 

Gum is a conman defect in Australian hardwoods. It is formed in the 
growing tree • .1en some part is injured by fire, insects or mechanical agency. 
It is deposited like a shield to cover the injury. Gum attributable to fire 
may form around the growth ring or a substantial part of the ring. Gum attri­
butable to insects ana mechanical agency may be limi te·i to a cone around the 
affected position. Gum rings may be evident on the cross-cut end of a log, but 
there may be few other external signs. In sawn and hewn timber, gum bec.Jmes 
evident as veins on quarter-cut faces and as smears, streaks or splashes on 
backsawn faces, and gum pockets may occur a~ random. Veins may be distinguish­
able as "tight", in which case the gum is bridged at close intervals by woody 
tissue, or "loose", in which case there is evident separation of the wood 
elements. 

~um is more noticeable in pale timbers than in dark timbers and is of ten 
considered unsightly in its predominating occurrences. Tight gum veins do not 
adversely affect structural timber. Gum pockets and loose veins are described 
and limited by width and length. It is important to remember that gum veins 
and pockets :ire measured radially for width, that is at right angles to the 
growth rings. 

Knots are a section of the .Jriginal branch c,f the tree. They are referred 
to by various names denoting the condition of the rranch at Lhe time of conver­
sion, the shape of the knot or the condition of the knot after sawing and 
planing. Although knots do not occur in Australian hardwoods as often as they 
do in softwoods, they nre an important r!efect to be considered. 

The effect of a knot 01 the strength of wood in tension and bending is 
twofold. Firstly, the knot itself makef no contribution to the overall 
strength of the wood and thPrefore represents a loss of cross-section, that is 
the knot acts as if it were a hole. Secondiy, and more commonly, every knot 
causes a swirl or deviation of the grain acting as cross-grain, particularly 
if the knr·t is on an edge. The cross-grain can be extremely severe and its 
reduction of strength very great. In the case of h~rd~ood building s~antling, 
two types of knot are of concern: the face knot, which O<-curs on the wide 
face, and the arris knot, which breaks the arris and occurs on the face of the 
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edge or on the edge only. Sizes of knots are judged on diameter, with the dis­
tance b~tween lines touching their edges drawn parallel to the edge of the 
piece. 

3. Sloping grain 

When timber is used for load-bearing purposes, advantage is taken of the 
fact that it is stronger along the grain than across it. Where the load is 
applied at some angle to the grain, a lesser strength must be allowed for. 
Sawmillers have to accept practically the forest-run of logs, so that in many 
pieces of sa""ll timber the direc~ion of grain is not parallel with the length 
of the piece. Some account must be taken of the angle which the grain makes 
with Lhe length. Where the angle is small, the effect on strength may Le 
ignored. Where it is large, the timber should not be used for structural 
purposes. 

For many practical purposes it is desirable to set limits on the permis­
~ ible slope of the grain. Various grading rules impose limits consistent with 
the structural sufficiency of the grade. In ladder rungs, sporting goods and 
tool handles, the limit may b~ 1 in 20. Straight grain is important in barrel 
staves and in timber that is to be bent after steaming. 

Sloping grain is not always easily detected. Growth rings are not 
reliable indicators of the grain slope. In fact, timber may easily be sawn 
from a spiral grain log in such a way that the growth ring pattern on each face 
appears to be parallel with the length of the piece. 

For detecting sloping grain. there are three principal methods: 

(a) Observe the direction of the seasoning checks that are usually 
evident in sawn timber; these checks follow the grain, and its direction can 
be found accurately by examination; 

(b) Split a portion off the pie.::e (splits follow the grain) or lift a 
small sliver from the piece with a knife or chisel and note the direction in 
which the wood splinters strip; 

(c) Use ~ scribe. 

Trade Circular No. 48 of the CSIRO, Division of Building Research, 
"Sloping grain in timber", gives further information on this subject and 
includes instructions for measuring. The above methods are for ~etecting slop­
ing grafo if the grader is in doubt. Much of the sloping grain encountered is 
recognizable to people used to handling timber. Sloping grain associated with 
knot~ does not have to be consiGered as a separate defect: its effect is taken 
into account by the permissible size for knots. 

fimber bot!l green and dry is subject to attack by a number of insects. 
The insect physically consumes a p0rti0n of the timber and the attack becomes 
apparent in sawn timber as ho~~~ of various sizes and shapes. Experience with 
a particul~r species of timber usually provides a reliable index of what can be 
tolercited from a particul&r type of insect attack, and most specitications 
permit minor insect damage. Holes are limited usually by diameter and by 
number permissible in a stated area. In some ii.stances, severe insect r.t-tack 
may accompany fungal damage, so care should be ex ~rcised in assessing insect 
damage. 
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Pinhole borers 

Pinhole borers attack some damaged or suppressed trees and some freshly 
felled logs. The attacks are common in Australian hardwoods. Fortwiately, 
the effect on strength is negligible except in rare cases. Eggs are laid by 
adult beetles in the green log ill the forest. The larvae tunnel into the log, 
forming generally straight holes about 1.5 1111'1 in diameter. Attack can only 
occur when the wood is green and ceases as soon as the timber is partly 
seasoned. The attacks are generally well scattered, but clusters may occur as 
galleries, and where they do, parti~ular care must be taken to ensure that they 
have not weakened the piece of timber. 

Pinhole borers are known also as ambrosia beetles since the larvae feed 
on a fungus called ambrosia, which grows on the walls of the tunnels in the 
wood. This fungal growth ceases as soon as the moisture conteat is reduced by 
drying. Staining around the hoics is sometimes noticed, but this stajned wood 
is not weakened. 

Where the holes are scattered. the effect of pinhole attack on strength 
and stiffness is negligible, and in most cases appearance is not seriously 
affected. Where extreme clustering occurs, strength will be reduced and speci­
fications provide against clustering likely to impair strength. 

Grub holes 

Other forms of insect attack that may be noted in sawn or hewn timber may 
be caused by longicorn, bostrychid. jewel or other beetles. The weakening 
eff~ct is roughly proportional to the d~gree of attack; affected timber is 
graded accordingly. Holes larger than 6 mm are generally well scattered and 
are considered by the grading rules.to be the same as knots. 

Lyctus .a_t.ta_c_k 

The lyctus b~etle attacks the sapwood only of t:mber that contains pore; 
an<l certain loadings of starch. Its effect is to completely destroy the 
sapwood in susceptible species, so that where the sapwood is wide, lyctus may 
cause substantial weakening. For this reason, the amowit of susceptible 
sapwood is limited in house framing timbers. 

With most timber~ there is little risk that structural pieces of large 
dimensions will lose strength. Where the cro&s-section involved is small, such 
as in &tuds, braces, tiling batten~ or small mouldings, the major portion could 
be vulntrable. The introduction of the Timber Framing Code may have caused 
problems with regard to house framing timbers, as smaller sections are per­
mitted. Sapwood can be ilMlunized against lyctus, and such immunization is 
required by law in New South Wales and Queensland. Treated sapwood is in every 
way equivalent in use to normal truewood. 

Termite 9tt9ck 

Termite attack may range trun i:lsignificant surface runs that have no 
appreciable weakening ~:feet to so.nplete d~~truction of the interior of a piece 
of wood, leading to failure. The termites preferentially attack near the pith 
and may be present for some years before the attack in large se~tions is detri­
mental or before a pole is seriously weakened. For No. 3 Structural Grr.de, 
insi~i!icant &urf~c€ runs are permitted, but care muFt be taken to ensure that 
the attack is on the surface only. 
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S. Br i ~ tl~~ near~ 

This defect is common in seve!'al eucalypts and ;s commonly believed to 
come from growth stresses within the growing tree. It may, however, be fungal 
in ong:m. It is confined to the heart aud the immediately surrounding area. 
The affected area may be relatively smJll, as is the case in most eucalypts, or 
fairly extensive, as is the case in large, over-mature trees. Brittle heart 
timber is usually not detectabl~ by simple visual examination as it may appear 
similar to sound mat:erial in every .J.y. In some cases, brittle heart may be 
tletected by breaking a small piece of timber and n<Jting whether the fracture 
is carrot-y, or by prizin~ up with the point of a penknife small splinters from 
the surface. Brittle heart timber snaps over the point, whereas sound timber 
tends to lift off in a long splinter. 

Tests show that althoug~ the impact strength of brittle heart is very low, 
i~s static strength properties are not appreciably less than those of adjacent, 
unaffected wood unless there is obvious decay. Brittle heart :s low in shock 
resistance and durability. For framing timbers, brittle ~eart is completely 
excluded by the grading rules fo1 all timbers with an end-section of less than 
175 x 175 mm. 

6. 12~c_a_y 

Decayed wood has very little strength and ~s particularly low in tough­
PP.Ss. As the full extent of the decay is diificult to estimate or define and 
as the decay may, under adverse conditions, spread even after the timber has 
been put in place, timber showing decay should not be used for purposes where 
strength is required. 

Checks show as crevices, while shal-:es occur around or across the ~rowtt. 

dngs. Checks are caused by unequal shrinkage in the radial, tangential or 
longitudinal directions. When the outside of a piece dries much more rapidly 
than the inside, the faces contract while the core remains unaltered, causing 
checks to appear on the face. As the interior dries, the checks may close att~ 

become invisible, ~ut the wood rloes not re-unite and remains weakened. 

End checking is due to local drying at the ends of logs or timber, where 
stresses set up splits along the medullary rays, which are naturally weak. 
They, too, may close as the timber dri-es, but the fibres may continue to be 
separated and strength reduced. 

Ring 
cutting. 
relief of 

and star shakes often occur in the ends of hardwood logs 
They r y be due to dryin~ of th~ ends. but the principal 
growth stresses lr. th~ tre~ by cross-cutting. 

after ~ross­
cause is the 

Sp Ii ts may be e 1 imina ted or r<>dnred in the course r:>f sawmil 1 ing. 

i3. Wupin~ 

Distortions may develop in timber for a ·Jariety of reas::ms, and the 1·epu­
tation of timber as a commerr.ial material is adv~rsely affected by thes~ dis­
ton.1.ons. The pri.1cipal kinds ;ire bow, cup, spring a~d twist. They are 
generally more evident in dry timber lhc.:1 in green t.imber. Howevf"r, bow ~.nd 

spr ~np; of ten ocr.ur i11 the course of ·'1WTnl 1 ling, and some occurn:n"'es can ;>e 
attributed to the uneven distrih11t. ion of stress ·n log:;. They can inr.rease 
thf" problem,; of controlling rlimensions <luring sa"1llilling; severe ,;pring, in 
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particular, causes economic losses. They can be a~centuated during seasoning 
but can also be controllPd or reduced hy suitably placing piec~s i~ seasoning 
stacks a~d carrying out the seasoning under weights and restraints associated 
with steaming treatments. Spring is rarticularly critical in studs used in 
light timber framing. 

Cup and twist develop mainly during seasoning as a resuit of differential 
shrinkage in the several directions relative to the growth rings. 

Warp can be limited to stated amounts per unit of length for bow and 
spring: per unit of width for cup, and per unit of both length and width for 
twist. 

? . Wane 

Imperfect sawing sometimes r2sults in the retention on part uf the corner, 
or part of the face or the edg~. of a port ion of the original log !:urf ace. 
This is called wane. It is a-::cepted on structural piect:s when the section 
meets the strength requirements or the fixing requirements for the riece. 

When the grading rules for Australian timbers were drafted, the signif i­
cant characteristics ot timber were realistically appreciated. The seriousness 
of ~ny irregularity, imperfection, bl~mish, fault or ~~r~ct is judged primarily 
wit~ respect to its influence upcn appearance and stren~th. The intended use 
determines the relative importanc~ of the one with respec~ to the other. 

Som·-> defects are unsightl v. some red:.ice strength and some affect other 
aspects of serviceability. P.s timber is used for many different purposes, 
there are many criteria of acceptability, and the significnr.~e of a 1efect of 
a certain type and ~ize in some uses may not be the same in other usts. The 
influence of the above features or defects on appearance is regarded <:ts a 
matter of opinion. The influence of defects on strength is a technical 
riuest ~:m that: needs to be answered hy control led tests. 

There is nothing highly technical involved in deciding limits for grades 
based on ~pp~arance factors. A buyer requires the highest standard possible. 
The seller ?Oints out that, with the best of intentions and deliberate effort 
to eliminate certain faults, timber will not be perfect. While there may be 
difficulty in attaining unanir.1ous agreement on the significance of an irreg11-
l3rjty. consensus, or at least r.omprumise between the conflic~ing attitudes of 
producers and users, must eventu.:ll ly become basic to the prepi:.ration of a 
spedfi-.dtion for grading rules. For panelling, furniture and other woo<lwork 
likely to~~ finished with clear coatings, irrregularities that contrast unduly 
with the main appearance of the woo<l may be regarded as defects. Thus, black 
!;tains on a pale background, whit.e streaks on a dark surface, holes, broke •• or 
rlerayerl knots, torn grain anrl nther rlefects may so consistently be regarded ~s 

faults by many users th~t tflr:v are ur1'"'..cceptable in timbe" used for such 
exacting purposes. 

The influence ot defects on strength has been investigated in consid~rable 
rlf:tnil. Ir h;is been foen<l th:it slopinF; ·ain, knots, spliti:;, <lec&y anrl holes 
'1re the principal causes of loss 0f str 1gth. The effect of these defects in 
various sizes and pos tions has been determined. From the inves;i~~tions, it 
is possible to say, for instanf'.e, lh:it provided the grain does f'lot exceed a 
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specified slope, or provided the size of a kr;.ot does not exceed a certain 
diameter, or provided the wane does not result in more than a certain loss of 
~ection, the piece will have a strength not less than a stated percentage of 
the strength of, respective!-,•, a straight-grain timber, a knot-free timber or 
a complete rectangular section. 

Accordingly, from a knowledge of the relationships between defects and 
strength it becomes possible to state the limits for type and size that will 
ensure that pieces so~ted to these iimits will not be lower in strength thafi a 
specific percentage of the strength of defect-free timber. Thus, the basis of 
grading rules for structural timber emerges. 

The effects of malformations and damage to trees, revealed as defects in 
products, are more objectionable in some uses than in others. What may be 
considered a defect for structural purposes may be accepted as a feature where 
appearance is the only consideration. Usual!~, if the defect is small in size 
and isolated, it is accepted without question. However, what is small in the 
opinion of a seller may not bP. regarded as small by a purchaser. There needs 
to be some clarification of terms or some specific descriptions. It would be 
especially desirable for any statement to have only one meaning for everyone 
concerned. 

For these reasons, there have been conscienti~ 1s efforts to "frite grading 
rules and specifications precisely. The Standards Association of Australia 
has attended to this matter, bringing together ~roducers, consumers and other 
intereste~ parties in order to air different points of view before the 
standards were set. The Association is the publisher of the standards that 
have ~ren endorsed hy the interested parties. Some of the grading rules are 
reproduced here as tables 4-8. ft· ~se are extracted from four sources: 

(a) AS ~.082-1979, VisuaDy Stress Graded Hardwood for Structural 
Purposes; 

(b) AS 1490-1973, Visually Stress Graded Radiata Pine for Structural 
Purposes; 

(c) AS 2440-1981, Sawn Douglas Fir (Oregon) and Sawn West.?rn Hemlock 
(Canada Pine); 

(d) "Sloping grain in timber", CSIRO Trade Circular No. 48. 
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Table 4. Grading rules for hardwuod F8 

GREEN IS T;t[ PRESUll[O COlOR rOR TH[ BUNt> NR~ TO [l(N(jJ[ F8 STRESS GUDE rneu 

511VLff ltD INFl)llMATION FOii CfJNST11UCTll'Wi Tl ... ll:.a '"' ru<:r ural I llAStO ON AS2fl82- l'Jl't. 

r"'"'''"': Lach pl~• of tllllber of atru('tu1 .. 1 •1r•de No. l atwl r be: heo fr- c:a11preaalon 
fa11.;r;. and other fracturea. 

sue: Each t•iece •hall be alzcd Vlth tho _,.i_ tol~rancc of 2- for thh su­
U.tler. 

rmt:: Each parcel of tlaibel' to thla 9r.de !!hall ccmtain a rea-.:able dlstrabuti- of 
.. tcr1al raft9lnq frooo the lavel' !••it detailed bel°" to .. tcrial ""'ich j.,.t 
falls altort of the neat hi9heat 9rade. 

-""E!F'P.C'tlntlS 

Q!!ill Internal 
Surface 

!!!Q!! Sound 
Oval 
Round 

Arris 
Splke 

LooH llftOU 

- Holea 

BORERS MOILS 
Over l• 

Qnd•r 1-

~ VEINS Tlfbt 
Loo•• 

Looee c... and Shake• 
Width 
Lenqth 

CUM POCIC£TS 
Lenqth 
Wldth 
- 1 aurf ac:e 
- tt-.ro• 

'NIST 

t;UPPING 

SLOPE or CllAIN 

DECAY /T'tlUUTH 

WANT/WANT/SAl'1«X>O 

DID SPLIT.ii 

MAXlfftJM PF.a.tlSSlaU: LIMITS 

rot to ••ceed " ~;.,cltne•• 
Unll•1t•d 

Not to eaceed l/l vldth 
Not to eac:eed l/l thacltneaa 

Not t, exceed l/l ,.,. least 
face or ed9C 

Sa•e aa a SOun<: Knot 

Ovel' J.., or where dlatance between la lee• ~n Jlaa •• .. •• 
•• So.and ltno t 

Unll•lted, provided dlatanc• between la •lnl~ of twlc. 
width of llol• 

Unll•it.ed 

Not to eace~d ]..., 1/4 len9th aqqreqat• 
Not to 90 throuqh one aurfaca to another 

1/2 vidth or 2S.. ... lmiu• 
l/l vldth or 20.. ... 1.,... 

JS.. in ~ place of lm lonq a JS .. thldl. !refer to tabl••I 

u .. 1 .. a piece of l• lonq • 100- wide.. (refer to tabl••I 

1- pel' 10- of width in pl•c••· 391 lon9 • JI .. 't:lell 
ll'efer to table•I 

1- ln 50.. of width 

1 '" • 

On •urfae-9 ~~tv and 111)ht 

1/4 of croe• ••ctlon la9~e9atel 
1/l thlckn••• except for 
1/l lenqth vher• lt .. y eKt•nd to lhe full width of the 
thlc:knHI 

Mf9Ht-t• 1•119th •t HC:h end. l't tl•• Width o~ 150mm 

••l.•1111 
Not pe ... ltted in aectlon under \15 .. x 17S... 

Ttll• 1nfonut1011 •~Ht Ila• be•n pre.,.ud H " raady r•fue"4.;e 911lde. ror eo11pl•t• 
~•till• of 9radln9 rul••• reference •hould be .ad• to AS2012-lt1t. 
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Table 5. Grading rules for radiato pine F5 

BLACK IS THE PRESCRIBED COLOR FOR THE BRAND MARK TO DENOTE F5 STRESS GRADE TlteER 

SIMPLIFIED INFOllMTI<»f FOil CONSTRUCTIOM TlHBEll (atructurdl BASED <* AS 1490-1973. 

Generals Each piece of tillber •hall be free from decay. sh.Akes, splits and fractures. 

Si.H • E&c:h piece shall be of actual diaenaiCll'l5 with a auiaia tolerance of 3-
Rl!El!SIZE only. 

~· £ .. ch ~oel of timber to thie qrade shall contain a reaaonabl• di•trubuUon 
o~ daber ranqi119 frc'9 the l<Mer Uaita of thia 9rade to just short of the 
n-t t.igheat 9rade. 

!!!!!!!.t£!'.!..Cl!! 

JalOTS race 
- Centre Mr,.in 
- race JCnot 

KC'leB 

USDI POCX!T5 
Lanqth 
Width 

STAill 

KEAln' /PITH 

'l'WIIT 

MAXIMUM PERMISSIBLE LIMITS 

ll&aiallll 60a.. l~ 

4/5 (80\) of face width 
l/~ 160\) of face widt.h 

110\) of face width 
7/16 (4:!\) of face width 

Maaure aa a knot 

Unlial.ted 

1. Only in ai&ea 240nl and over 
2. M .. at he in •iJdle l/l 

l in s 

l. 1/4 125\) of area of section 
2. K .. iaia 1/4 .>f any aurface 

40.. in a piece la in ler-9th and 3519 thick 1 ... 
tabl••l 

l'- in a piece lll in lenqth and 90.. wide l••• 
t.abl••l 

llm for 9Yery 10.. of au.:face width (a" t.ableal 
•·9· 27- in a piece 90 a 15-. 

la iri laft9th. 

Thia 1nfonuat1on anaet haa been prepared •• a ready reference 9'1ide. For omiplata 
d.etail of qrAdin~ rulea, referenca ahould be ••de to AS 1490-1971. 
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Table 6. Grading rules for Oregon (Dougl~s fir) F5 

SlllPL1'lm llllOllMtlc.I, POil CDllftUCtlml tllGIJl (nructwral), MS1E1 I* AS 2440-1981. 

llllll.r&l• t1-.r -.u M tNlr ..... and tr .. t,... 4ecay and c....,. ... ,on faU..re. 0-C• 
i'iiiiltl'na frea UM uae et 1MM1111, U.•, •ll .. 1 Ulll tile llk• 111&11 M aocaptecl provlC..a u.. •flan 
of tile '-1• le aot •re 1ar1 .... UiM \Mt of• ,.ralu.C laperfec\lon. 

llll• Tll9 111ai.. off·-..- 41aeeaaan tor tllla _ _... tUMr -t Mt Ito -ro - " • 
inir tll• ,_1-1 alao. 

Tbo foll-•111 MIDllC 1.perfectlou .a.au llo po,.lttecl - U\o -rat face and odl•• 

f!!B~OllS ~or.~-;;crlptl-) 

Olla.s 

raa IDIOTS 

IUJIClll IDIOTS 
ftllOUGll UIOTS 

IDOi IUIOTS 

AMiii JU«ml 

llOUI AllD U)OQ ICll)!I 

lllSll 91'\&AU 
llUIN l'OCUTS 
RUii lt.ISTDl:I 

W&lll AJID/Oll WAIT 

S&l'WOQD 

DID U'LITll 

SHAUS 

STAIJl/!llSOOUllU.TIOll 

SOUND HUllT 

s~ or aR.t.lN 

l"'lllC 

'IWIJT 

l!il!t• lach parcel ur u8bor to uua .,...so ~U 
iiiitlln a r .. -1110 41a'lr1Wtlon of Mterlal 
re11111111 t..- tale 1-r Halt 4ota1lod IHilw to 
-t•rl•l ""'ch J\lat fe.lla abort of tllo _, 
bla;b••t 1ra40. 

11611111! mlllala& lllBID 

Pel91ttod 

'/8 t- on Contro Llno l.laeoobere Proport1-l (So• note o...,.) 

'18" 
&a raco or llar11n lnot• \r ... aure OAlJ ~• U\9 loco of UM pleco) 

'" t 
I Soct\onal &roe • )/8 V • t 
Uuf\&1 -~u1 1/J. • )/It • )/8 
~orefor• po'j)Nlllle errl• l!not •1•• -14 Ma 

1 Wldtll of fooo lly .. tlUUftHI of .... or 
"" wlCUl et face lly 1/1 w ...... ot ..aa• 

11..-. .. -m llMU ln - pelltllln 

h..ittld 

··~ttld 
h1'91ttod 

!.t-1 <MI I. t. ! ac&· L) 

.. ,.1tto4 

Lo~a 1Wlce w14UI of piece (at toou. ODdo) 1 • " 

Centro face '/a t 11...eore )/It t 

Po1"91\tacl 

PeN!tted 

1 1n 6 

~ • .,. ple•H J.6 • lOftl & 100 • •!4• oa eq"1"'1•t 
curvat ... ·• 1• otll•r 11111\11• end wl4U11. (Refer •apru.c ... ..,,,, 
fablH) 

~ - ln plHH '·' • lone • ~ - UllCll Oii , .. , ... 1 ... ~ 
c:\&1"Yatw-• in oc.ber 190\IUll and Ul1cU••He. llefer 9prU.C ..S 
low' T•lllH) 

1 • per 10 • ot w14UI ln plecH ,.6 • 10D4 • ~ • Wck Cit 
aqul•·al•\ in ou.er hnctlll and UUc&n•••H. 
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Table 7. Grading rules for Oregon (Douglas fir) F7 

ilm.rt.11 ra•hea· i.hall ir.e \l'VlJ ••'"'· ••aG free fr- .tec•:t anG ~-r•••a&9ft C•Uun. 0.-Ce 
i'iiUITiftl er ... I.Ile uae c~ hllok•. ••1•. al&nc~ ane tbe like abell •• •c~•Pl9' trovlC9' U.• •fleet 
or th• ca_.,. u uot a.~re ••rloua \l\&ft \Mt oC • petlllt\"'1 111perf•ct1.on. 

!..l.!.!: Th• auu- off·tll•·Hw dl••MlOll f<.r \bU -•e•soned tlaber _., _, llMi aoro than C. -
\ii\CJir th• noa1n.a ! a11e. 

Th• followanc MJ.llllll l•perrecuona lhall be P•tllU.tecl 011 Ula -r•t l•co and ed&e: 

~OllS ""'eilir;-"-eicrlptlon) 

Ol£Cl.S 

F&Cl .-ns 
MA11G111 uon 
HOUGH IDIOTS 
II)t;£ IQIOTS 

AMIS IUIOTS 

110US • ~i IUIOTS 

U.Slll l1UAU 
RE.Siii POCU'tS 
RE.SIN ILIST!JIS 

"""' AJ#D/Oll WAllT 

MIWOOD -
1111 SPLITS 

StlAlU 

STAlll/D1SCOLOll&TlOll 

50IMD KIAllT 

ai .c11 or c:u.111 

Sl'RlHO 

IOlf 

TYIST 

llote: tech .,.reel or ll•bor to \Ale creel• -u 
coni.1n • r•••onabla dlatrlbutlon or .. terlal 
ru11nc rroe ui., l-r Uau d•taU.cs 111e1- to 
-t•rl•l wt11ct1 Juat Call• anon of a.. Milt IUpoat 
vad•· 

llilSU!!! m!lllSSIM 1.llUD 

Pera1t\a4 

1/2 V on Coetre Llae 11•...-,•r• Propor\lonal 
1/) v 
II••-• onlr on \lie face ot u.. piece 
1/2 T 

I Secu-1 Ar•• • 1/) v • T 
UHt\&l "'°l'ttll\I IUld•: 1/2 a 2/) • 11' 
Tllerefor• maatmir pera1••1~l• •rrl• lllno\ ala• woul4 lloe1 
1/2 wl4UI of race •J 2/) "'1cllnHa of .SC• or 
21' width of rar:e •1 t/2 UildlMH of .SC• 

Ilea_.. H -...s IUW\a ln - po•ltl-

Up to )75 - Md 1/) l.mcUI ln .... 
Up to ,75 - and 1/, LMCU\ ln .... 
Up to )75 - arlG 1/) LcncUI ln .... 

41 (MX If i 1 1:, • 1: •U· L) 

Peralt\ed 

Let11U1: VidUI or Pl•c• (•' llotll enda) 

Cenire race 1/2 T llaeWber• )/4 T 

P•tllltted 

Perwi\tecl 

1 hi. 

19 .. in piece• ,.6 • 1ona " 100 .. wid• Oii equlwe19ftt 
curvature In otaar lencUI• 91\:S wldUla. (Refer •Spr&llC 6 ...... 
T•bha) 

'8 .. ln plec:•• 5.6 • lone a ~ .. Ullcll Oii , ... lvdnt 
curwel.Yr• in ouia~ l•n1t11~ Mid Uli clu\eHaa. Rater •)pr1nc • 
low• Tab1 .. I. 

I - par 10 - of •Id.JI In Pl•CH ,.6 • lone a '° - uuc• OI 
.qu1wdent in oui.r lenaui.a uld Ullclllleuaa. 

. 
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Table 8. Grading rules for Oregon (Douglas fir) select dressing grade 

SELECT DRESSING GRAUE 

SlMh •• nt:lJ INt'ORHATION. l'Oll CONSTMUCTION TIM8£lt (al.Cuctur.all, BA:iED ON AS 2~40-l9dl. 

General: T1aber sh•ll be truly •~wn and free fr<>ta Jecay •nd 0Jmf>re~s1on f•&lure. 
o.a .. 9e re ultin9 froa the uae of hOOks, do9s, slings and the like sh•ll be •ccepted 
pr~vided the effect of the d4aa9e ,. not more serious than that of a pcraitted 
iiaperfect1on. 

Sizes The ainiaua off-the-aaw dimension for this unaea~on~d timber auat not be aore 
thii , .. under the nominal aize. 

Th• follow1nq MAXIMIM hperfectiona ahall be peraitted on the worst face and •d<je. 

Select drea•ln9 grade tlllber la intended to provide an.tl~rial 
for flnlallln9 and joinery purpoaea vh•r• better appearance la 
the prl-ry con•1derat1on. The tlllber •hall be truly aawn and 
he• from ct.cay. The followl119 1-perfectiona •h•ll be per•Hted: 

IMPERFECTIONS MAXIMUM PERMISSIBLE LIMITS 
(General Deacript.lon) 

CHECKS lso- long 

f"ACE KNOTS Not .01~ than ) in l.611 length x 20Jmm width. A 

MARGIN KNOTS proportional Nwaber of Knots •hall be Pec•1tted on other 
THROUCtl KNOTS Lengt.ha and Widtha Providlft9 the Knot ~· not E~cead l/IW 
EDGE KNOTS or l/lT or 2S.., whichever 1• leaat. 
ARRIS KNOTS 1/2 Per•itted for Sound Tight Knot~ vr 10 ... , wt11chever is 
HOLES OK :.DOSE ltNOTS leaat. 
--
R£SIN STREAKS lSO- Long 1;id1v idllelly 
llESJN POCl<f."l'S lSO- t.onv 1nd1v1dually 
RESIN BLl&TERS lSO- Lor,9 incUvldually 

WAN& llot penal tted 

SAPWOOD Peraltted 

END SPLITS 1/2 w 

SHAKES Not penaitted 

STAIN NOt. Peraitted 
-

SOUND tl&ART (PITH) Not pel'lllitted 

SLOPt: OF" CRAIN Per•ltted 

SPlllNC l•- in l.6 L.engtll 

BOW la- in l.6 Lengtll 

TWIST Not penutted 

DI SCOLOUAATION Per•ltted 
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VI. REVIEW OF TIMBER STRENGTH 
GRC'UPING SYSTEMS 

William G. Keating* 

1!1.' :-oduc t ion 

To the casual observer it must seem strange that in some countries, par­
ticularly those where forests are an obvious major natural resource, the 
structural u5e of timber lags well behind the use level attained by other con­
struction materials. There are probably many reasons, economic, technical and 
even cultural, why this is the case. One reason surely must be the problem 
invulved in presenting structural data to the end-user in an appropriate 
fashion whenever there is a multiplicity of species involved. A technique 
devised to minimize this problem is known as grouping. 

To give just a few examples of the magnitude of the problem, Pong Sono [l] 
has listed approximately 200 species of merchantable timber in Thailand, and 
Espiloy [2] notes that in the Philippines there are over 3,000 timber species, 
of which several hundred are probably merchantable. In Australia, while there 
are about 80 species used extensively, more than 500 species have been classi­
fied for structural use (3). Many of these species are sold in mixtures 
because of the practical difficulties associated with their identification an~ 
segregation, but strength grouping is able to cope with this requirement [4]. 

A. Basis of grouping 

Essentially, grouping for structural purposes means the creat.ion of a 
preferably small set of hypothetical species so that any timber may oe classi­
fied within this set and consicered as equivalent to one of the hypothetical 
species. 

From a survey of ~he literature it would appear that many countries have 
either adopted the Australian system of strength grouping, as described by 
Pearson (5) and Kloot [6], or have used it as the basis for developing their 
own systems. Some of the countries are Kenya, United Republic of Tanzania, 
Nigeria, Papua New Guinea, Fiji. Samoa and Solomon Islands. In addition, UNIDO 
has used the technique to develop the design of a low-cost, modular, prefabri­
cated wooden bridge. Of course there are many other systems in use, but most 
of the well-known ones, such as those used in North America, are, in the main, 
~oncerned with a compa~atively small number of softwood species. 

B. Motivation for gro1~ing 

The degree of motivation for '1dopting a classification sy~tem based on 
structural properties varies direr:tly with the number of species that need to 
he acconunodated. Without groupin~. the problems invoJv'."!d are most obvious when 
it r.omes tn publishing design information. Even if data on a large numhcr of 
species from a particular country are available, it is not often feasible to 
publish the relevant design information in a convenient form. This is where 
the grouping techniques make th~ pre5entation much easier. 

*An offi~er of CSIRO, Division of Chemical and Wood Technolo~;y, Melbourne. 
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Building regulations is one area where grouping introduces advantages that 
are of particular value [7]. Besides the obvinus simplification, regulations 
written in terms of groups rather than indiv~dual spt?cies incorporate tables 
of design properties that remain fixed. This means that no major change is 
involved should a new timber be introduced to the market or an existing one be 
reassessed. In Austraiia, the Timber Framing Code [8] manages, by means of a 
limited set of tables, to present spans and sizes for all the timber framing 
members requi~ed in domestic housing construction. The data are app"icabl~ to 
all grades ;or several hundred species or species mixtures and are set torth 
in a convenient format. 

Even if a single species domina~e~ the timber construction scene, grouping 
in relation to building regulations is advantageous. Particularly with planta­
tion timbers, thP structural properties of populations of timber taken from the 
same species can vary from one forest location to the next and can also vary 
with forest age and silvicultural practices. Transferring a species, or the 
production from one area, from one group to another is not nearly as compli­
cated as promulgating a new or additional set of design stresses [7]. 

Internationally, an agreed grouping technique could help timber utiliza­
tion generally and have special relevance to the structural timber trade. 
UNIDO modular wooden bridge projects are good examples of grouping applied 
globally as the set of design standards based on eight strength classes can be 
used for almost any timber in the world. It is not difficult to envisage how 
other types of technology transfer in the form of timber design codes and 
manuals would be possible if an agreed or compatible grouping system for struc­
tural timber was in general use. The grouping technique has the fol lowing 
advantages: 

(a) Building regulations are concerned with only limited sets of design 
parameters; 

(b) The marketing of structural timber is easier as it is carried out in 
terms of structural properties rather than by nomination of the species and 
grading methods; 

(c) More flexibility is available to the supplier as the range of species 
is m11ch wider; 

( d) The entry of new. lesser-known species onto the market is 
fad 1 i ta ted; 

(e) Domestic and international trade in structural timber is simplified; 

(f) Technology transfer in the form of timber design coJes and manuals 
is easier; 

(id It is much less expe11Rive in terms of time and material to place a 
Rperies in a group than it is to rlevelop individual working stresses; 

(h) Tt is possible to ~rr)11p a species. albeit conservatively, base<! on 
density measurements alone. 

C:. f;xisting strr:ngth grouj!ing s.yst~IJ'I$ 

Stren~th grouping systems in a few rountries and one region are discuRsed 
next. 
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1. Australia 

Strength grouping in Australia has been in operation for more than 
50 years. In 1939, Langlands and Thomas [9] proposed for Australian conditions 
four strength groups. A species was placed in a group according to its species 
mean values as determined from standard tests on small, clear specimens. These 
strength groups were established when there was little information available 
about the properties of mo:;t Australian species, and they were used success­
fully only because the limits had not been closely defined [5]. 

The impetus at that time to establish strength groups came, as it does 
now, from the need to cope with a large number of species, many of which are 
difficult to identify and many of which are also marketed as mixtures. 

The 0=iginal Australian strength grouping system was revised and expanded, 
as has been explained by Pearson [ 5] and Kloot [ 6] . Prior to expanding the 
strength groups, which was made necessary by new information and new species, 
Pearson developed a set of working stresses that has become the basis for a 
strength classification system. 

Working backward from the set of working stresses, it was possible to 
develop the appropriate strength groups. This process is the reverse of the 
usual procedure for deriving working stresses for an individual species, 
allowing for duration of load, accidental overloads and estimating the 1 per 
cent probability point. 

In developing this set of stresses, Pearson reported that three decisions 
were required. Firstly, it was necessary to decide whether the stresses should 
be in arithmetric or geometric progression. Secondly, a compromise was 
required on the magnitude of the differences between successive stresses in 
order to achieve a satisfactory balance between the simplicity associated with 
having only a few groups and ti1e greater efficiency of having numerous groups. 
Finally, the actual value of the stresses h~d to be decided. 

Cooper [10] had shown th~ merits of a geometric series for working stres­
ses, and such a choice had also been reconmended by the International Organiza­
tion for Standardfaation and the Food and Agriculture Organization of the 
United Nations (FAQ). Accordingly, a geometric progression was chosen, using 
a preferred number series with adjacent terms chosen in the ratio of 1.25 to 1 
for modulus of rupture. This was judged to be the appropriate compromise 
between simplicity and preciseness. Also, it appeared that the Australian 
visual grading rules then being devP·~ped would probably aiso have differences 
between grades of 25 per cent. The range of the ~alues chosen was such that 
it covered all the species likely to be used structurally ir. Australia. 

Using the set of values decided upon as the basic working stresses in 
bending, the values of the other properties were determined from regression 
equations. The values thus determined are presented in table 9, which is the 
baeis of the current Australian strength classification system. 
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Table 9. Design properties for sawn timber, round poles and plywood 
(Megapascals) 

Stress 
grade a./ 

F34 
F27 
F22 
Fl7 
F14 
Fll 
F8 
F7 
F5 
F4 
F3 
F2 

Basic 
bending 

strength h/ 

34.S 
27.5 
22.0 
17.0 
14.0 
11.0 
8.6 
6.9 
5.5 
4.3 
3.4 
2.8 

Basic 
tension 

strength 

20. 7 
16.5 
13.2 
10.2 
8.4 
6.6 
5.2 
4.1 
3.3 
2.6 
2.1 
l. 7 

Basic 
compression Modulus of 

Etrength elasticity 

26.0 21 500 
20.S 18 500 
16.5 16 000 
13.0 14 000 
10.2 12 500 
8.4 10 500 
6.6 9 100 
5.2 7 900 
4.1 6 900 
3.3 6 100 
2.6 5 200 
2.1 4 500 

;!/ The insertion of the letter F before each valu~ in the table intro­
duces the concept of stress grade. Stress grade is defined as the classifica­
tion of a piece of timber for structural purposes by means of either visuai or 
mechanical grading to indicate primarily the basic working stress in bending 
in megapascals for purposes of design and by implication the basic working 
stresses for other properties normally used in engineering design. For 
example, a piece of timber with a stress grade of Fl4 resulting from a certain 
combination of strength group and visual grade would have a basic working 
stress in bending of 14 MPa. 

hi These values are the result of the soft metric conversion of a pre­
f erred series of values in imperial units, viz. 5,000, 4,000, 3,200, 2,500, 
2,000, 1,600, 1,250, 1,000, 800, 630, 500 and 400 p.s.i., readily recognizable 
as the RlO series. 

As described above, the species mean values for clear material fer each 
st::-ength group for the critical properties were developed for green and dry 
timber and are shown in tables lO and 11, respectively. 

Table 10. Preliminary classification values for unseasoned a/ timber 
(Megapascals) 

Property 

Modulus of rupture 
Modulus of elasticity 
Maximum crushing 

strength 

___________ ___,M_._.i._..njmum species mean 
SI 52 

103 
16 100 

52 

86 
14 200 

43 

53 54 SS 

73 
12 400 

)6 

62 
10 700 

11 

52 
9 100 

26 

56 

43 
7 900 

22 

57 

36 
6 900 

18 

al As measured or estimated at a moistu~e content above the fibre 
saturation point. 
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Table ! 1. Preliminary classification values for seasoned §/ timber 
(Megapascals) 

~--~~ 

Minimum seeti~s mean 
Property SDl SD2 SD3 SD4 SDS SD6 SD7 SD8 

Modulus of 
rupture 150 130 llO 94 78 65 55 45 

Modulus of 
elasticity 21 500 18 500 16 000 14 000 12 500 10 500 9 100 7 900 

Maximum crush-
ing strength 80 70 61 54 47 41 36 30 

ai As measured or adjusted to a moisture content of 12 per cent. 

Tables 10 and ll allow the strength grouping of every species that had 
been, or was capable of being, properly sampled and tested by standard methods 
using small, clear specimens. Once a species has been strength-grouped, 
comnercial pieces of that species can, following visual grading, be allocated 
a stress grade by reference to tables 12. and 13. The appropriate design 
parameters may be determined from table 9. 

Table 12. Relationship between strength group, visual grade 
and stress grade for green timber 

Visual g[ade al 
Per cent of 
strength 

Structural of clear ____ Stl:e_:i_S_ ~rade bl 
grade material Sl S2 S3 S4 SS 56 

No. l 75 F27 F22 Fl7 F14. Fll FS -No. 2 60 F22 F17 F14 - - Fl l F8 F7 --No. 3 48 F17 Fl4_ -n1 F8 Fl FS 
No. 4 38 Flt._ - f'11 F8 F7 F5 F4 

S7 

F7 
FS 
F4 
F3 

~I SJandards Association of _ _Australia. _ _2~1977: Visualll'~-s_t_r~­
Graded HA.ul~-2.0.d._ for S~ructural Purp~ (Sydney, 1977); and S_!a1lila.T_d~ 
ti.uociation of_ Australia J..6.!!8-1974: y_~1,1_aUy_StU"n_"'."~~~Lfine tor 
Str:uc_~!JAill -~1.n·_p_os~P. (Sydney, 1974). 

bl Note the interlocking effect (diagonal line), which reduces the 
possible number of stress grades from 28 to 10. 
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Table 13. Relationship between strength group, visual grade 
and stress grade for seasoned timber 

Visual 

Structural 
grade 

No. 1 
No. 2 
No. 3 
No. 4 

grade a/ 
Per cent 
strength 
of clear 
material 

15 
60 
48 
38 

of 

SDl 

F34 
F27 
F22 

St;-en &rad~ 
SD2 SD3 SD4 SDS SD6 

F34 F27 F22 F17 Fl4 
F27 F22 F17 F14 FU 
F22 F17 Fl4 FU F8 
F17 F14 Fll F8 F7 

SD7 SD8 

FU F8 
F8 F7 
F7 FS 
FS F4 

al Standards Association of Australia. 2082-1977: Visually Stress­
~raded Hardwood for Structural Purposes (Sydney, 1977); Standards Association 
of Australia. 2099-1977: Visually Stress-Graded Seasoned Australian Grown 
Softwood (Conifers) for Structural Purposes Cexcluclin& Radiata Pine and Cy~ress 
Pin~) (Sydney, 1977); ~tandards Association of Australia. 1490-1973: Visuallv 
Stress-Graded Radiata Pine for Structural Purposes (Sydney, 1973); and 
Standards Association of Australia. 1648-1974: Visually Stress-Graded Cypress 
Pine for Structural Purposes (Sydney, 1974). 

Because there has been international agreement on the standard methods of 
testing small, clear specimens, it is possible to utilize data from recognized 
laboratories anywhere in the world to place any species into a strength group. 
This has been done for 700 African species (11), 190 South Americ<~ 
species [12] and 362 South-East Asian species [13). 

One decision that must often be made in classifying a species from 
tables 10 and 11 is what to do when the three properties do not all have the 
same classification. A conservative approach would be to assign the species 
to the lowest group indicated from the individual properties. For many com­
binations, this is the correct approach, but there are several combinations 
for which the overall species strength group may justifiaMy be raised one 
step above the lowest assessment. Table 14 sU11111arizes the procedure that is 
followed. It shows that more emphasis is placed on modulus of rupture and 
modulus of elasticity than on compression strength. 

Table 14. Combinations of preliminary classifications that permit 
the overall strength group assessment to be one step abcve 

the !~west in the comhination a/ 

. __ .P.r.ell111i.nat:Y_clas&.iUcation based on ____ _ 
Mo~ulus of Modulus of Maximum 
rupture elasticity crushing st~ength 

Assessed 
S or SD 

strength group 
··-· ··- -------------- ----------

x x x + 1 x 
x x - 2 x - 1 x - 1 
x x + 2 x + 1 x + 1 

al Strength group x - l is stronger than strength group x; e.g. 
if str'?ngth grnup 54 is denoted by x, then strength group 53 is 
denote~ ~y x - 1. 
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This leaves those species for which the strength data are from a sample 
of less than five trees or for which no data are available. An examination by 
Leicester and Keating of the relationship between density and modulus of 
rupture of seasoned timber for 30 species from each of four regions around the 
world is indicated in figure 71. 

Figure 71. Regression lines for modulus of rupture-density of 
seasoned timber 
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On the basis of this relationship, table 15 was constructed to p~rmit 

classification. While it gives a rather conservative ass~ssment, at least it 
does allow those species with limited data to be entered into the system. In 
AS MP 45-1)/9, Report on Strength Grouping of Timbers, species assessed in this 
fashion are listed with their strength groups in brackets to indicate the 
provisional nature of the asses~ment. 

Table 15. Minimum air-dry density values from five or more trees 
for assigning species to strength groups in the absence of 

adequate strength data 
---------· 

Air-dry density at 12 per cent 
moisture content 

(kg/m3) 

-------· 

Strength group l 2 3 4 5 6 7 
( ::> or SD) 

Unseasoned material 1 180 1 030 900 800 700 600 500 

Seasoned material 1 200 1 080 9f.O 840 7JO 620 520 

----

8 

420 

Up to this point, discuLsion has been confined to indirect entry into ~he 

strength clai:;sif icbtion system ir.. table 9 by means of strength grouping 
combined with visual gra1ing. Direct ~ntry into the system is also possible 
by machine stre~~ gra1ing and proof ~rading. Beth techniques ar~ described in 
a later seclicn. 
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Details of the current system in the United Kingdom of Great Britain and 
Northern Ireland are given in tne British Standard Code of Practice on the 
Structural Use of Timber CP112:1967 [14]. Briefly, nine strength classes have 
been proposed, Cl to C9, as sholffi in table 16. 

Table 16. Dry grade stresses and moduli of elasticity for strength 
classes as proposed for BS 5268: part 2 

(Megapascals) 
--------------· ------- ---- ----

Strength Compression MQdUl!.!E Qf elasticill 
class Bending Tension (parallel) Mean Min. 

- -- -- ·- ---------· -------- ··---- --------

Cl 2.8 ..., '} .... ~ 3.5 6 800 4 500 
C2 4.1 3.2 5.3 8 000 5 000 
C3 5.3 4.2 6.8 8 800 5 800 
C4 7.5 5.1 7.9 9 900 6 600 
cs 10.0 6.0 8.7 10 700 7 100 
C6 12.5 7.5 13.6 12 100 9 200 
Cl 15.6 9.5 15.7 14 900 11 400 
CB 19.5 12.0 18.2 17 900 13 800 
C9 24.4 15.0 21.3 21 S'lO 16 700 

The derivation of these stresses and the allocation of the various grades 
of those softwood species in convnon use in the United Kingdom to the appro­
priate strength classes was based on a testing programne using structural-size 
timber. The range of species t~sted in this fashion did not include all those 
species in use. for those not yet tested, recourse was made to the test data 
for small, clear wood and a ratio was appli~d based on the five-percentile 
r~suits obtained from tests on structural-size timber. 

For th~ softwoods visually graded to British Standard 4978: 1973, Timber 
GraJes for Structural Use, the two visual grades GS (General Structural) and 
SS (Special Structural) cater for most of the imported softwood species and 
have been allocated to the CJ and C4 strength classes, respectively. TI1e grade 
ratios, i.e. the comparison with clear strength values, for these two grades 
are considered to be 0.35 and 0.50. respectively, in bending [15]. 

For tropical hardwoods that will also be included in British 
Standard 5268, only nne grade, HS (Hardwnod Structural), is proposed with a 
grade ratio in bending of 0.67. As with the softwoods, the stresses were b~sed 
on a combination of test data from small, c:ear samples and the five-percentile 
values obtained from tests on slru~tural-size timber. 

3. The Fhilippioes 

In the Philippine:;, a system haf. been developed that is very si'lli lar to 
the Austr~~ian strength grouping system in that it iF based on t~e results nf 
small -:lear tests and adopts a preferred number progression with an interval 
cf 1.25 b~tween the base numbers [21. However, it was judged that there was 
110 need to cover the same range, so only five groups have been t:hosen. 
Accordin~ to Espilay, the advantages of the grouping system are as fellows: 
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(a) Each member species within a class can substitute for another, which 
helps to overcome the problem of supply~ 

(b) The traditional bias against less-known species is easily overcome 
when they are grouped together with more co:imon species. The system helps 
engineers and architects to familiarize themselves with alternative species by 
specifying that any timber within a given class, rather than a particular named 
timber, may be used; 

(c) It overcomes the problem that is usually encountered in identifying 
sawn timber of similar physical and strength characteristics; 

(d) It sim~1ifies design and specification procedures and thus facili­
tates the fo1•11ulation of a comprehensive building code for structures using 
sclid wood. The grouping scheme forms a rational series that fits closely with 
timber grades. With this system, only a few sets of working stresses are 
adequate to cover the proposed strength classes and grades of timber. 

The limiting average values for classifying a species into one of the 
strength classes, Cl to CS, are given in table 17. 

Table 17. Minimum strength-class limits for grouping Philippine 
timber species 

Moisture ClaH Qf timbex: 
Property condition Cl C2 C3 C4 

Modulus of rupture Green, 800 630 soo 400 
bend in~ 12% :1c l 250 1 000 800 630 
(kg/cm ) a/ 

Modulus of Green, 130 100 770 600 
elasti:ity 12%. MC 160 !.20 9SO 730 
in bending 
(1,000 kg/ cm2) 

Compression Green, 400 305 235 185 
parallel to 
grair. (kg/cm2) 

12% MC 650 soo 38S 300 

Compression Green, 900 560 255 225 
perpendicular 12% MC 135 900 580 375 
to grain (kg/cm2) 

Shear parallel to Green, 100 80 630 500 
grain (kg/cm2) 12% MC 140 110 850 650 

Specific gravity bl Green, 0.670 0.545 0.450 0.365 
12% MC o. 710 0.580 0.475 0.385 

~, - ·- -------- ------------

a/ 1 kg/cm2 = 0.098 MPa. 

bl Based on weight when oven-dry and volume at test. 

cs 

.)15 
500 

460 
560 

140 
230 

140 
245 

400 
500 

0.300 
0.315 
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A procedure has been developed to cover the case when the property values 
for a particular species do not all fall within the same strength class. 

4. South America 

Under the auspices of the Andean Pact, five South American countries -
Bolivia, Colombia, Ecuador, Peru and Venezuela - have in recent years under­
taken a comprehensive testing programme aimed at developing a set of grade 
rules and a strength grouping system applicable to the region. This was the 
subject of a detailed report by Centeno (16], which set out the advantages of 
a strength grouping system as foliows: 

(a) It permits a large number of new, little-used species to be intro­
duced to the building icdustry; 

(b) It allows a raore homogeneous, balanced and rational exploitation of 
forest resources; 

(c) It limits or eliminates the vices implicit in the selective exploita­
tion of a few precious species; 

(d) It drastically simplifie~ the use and commercialization of wood as a 
construction material. 

As a result of the above testing programme, the five countries have agreed 
on a single visual grading rule for structural hardwood and a strength grouping 
system comprising three strength groups. The working stresses derived for each 
strength group were arrived at after taking cognizance of both the results 
available from the testing of small, clear samples of 72 species and the test­
ing of approximately 1,500 beams of structural-size timber representing more 
th3n 30 species. 

The proposed working stresses for the three strength groups are given in 
table 18. These values are derived by taking the lowest five-percentile value 
for the group. The minimum modulus of rupture values are then divided by 2.1 
to account for accidental overload and the effect of duration of load. A 
further reduction of 10 per cent is applied to account for a size effect. The 
modulus of elasticity values are the averages taken dire .... t:ly from the tests 
without further modification. 

For a n~w Epecies to be classified under the proposed system it is recom­
mended that at least 60 beams be tested in third point bending and that the 
five-percentile modulus of rupture values, modified as above, and the rr.ean 
modulus of elasticity values be used to determine the correct strength group 
by direct comparison with the table. A species may be allowed in a particular 
group when these parameters are no more than 10 per cent lower than the values 
indicated. 

During the course o" the testing progr811111e it was obset"Ved tilat basic 
density was a good indicator of strength. As a consequence, basic density is 
now proposed as a method of positioning a species in a group o~ a preliminary 
basis. The limits selected, taking a conservative approach, were as given in 
table 19. 



Group Fm 

A 120 
B 170 
c 130 

- ~7 -

Table 18. Proposed working stresses a/ 
(Kilograms per square centimetre) h/ 

Fv 
Fe Ft Fp Beams Joints Eo.5 

170 160 60 20 25 140 
130 120 45 16 20 120 
100 90 30 12 15 90 

Modulus of 
dil&ticity 

Eo.05 

110 
95 
70 

----

Source: J. C. Centeno, Andean Grading System for Structural Hardwood 
Timber: Working Stres&-Strength Groups, 32nd Annual Meeting (Atlanta, 
Georgia, United States of America, Forest Products Research Society, 1978). 

al 
parallel 
shear. 

is flexure; Fe, compression parallel to the grain; Ft, tension 
the grain; F .. , compression perpendicular to the grain; and Fv, y 

bl 1 kg/cm2 = 0.098 MPa. 

Table 19. Limits for basic density for each strength group 
(Grams per square centimetre) 

Group Basic density a/ 

A 0.76 and above 
B 0.60-0. 75 
c 0.44-0.59 

a/ Basic density is the density of the timber cal­
culated from the green (or fully saturated) volume and the 
mass when oven-dry. 

An interesting approach taken in the development of the single visual 
grading rule was that the limits set on the size and location of defects should 
permit an average mill to produce 50-60 per cent of acceptable structural 
material. The remainder of the mill output would normally be suitable for 
non-structural applications in housing, such as sheathing and joinery. 

Once the above system had been accepted, a timber construction manual was 
produced. The industry has since grown, as is evidenced by the establishment 
of factories producing prefabricated houses in several countries and by the 
construction of wood/cement panel plants. It is noteworthy that the 
various Governments support the rules and are incorporating them into the 
relevant building codes.* 

""As was reported to the UNIDO Expert Group Meeting on Timber Stress 
Grading and Strength Grouping, Vienna, Austria, 14-17 December 1981. 
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The incentive for the Andean Pact countries to develop a stress grading 
and grouping system was threefold: it would help to overcome serious housing 
shortages, it would utilize a valuable resource and it would c-eate employment. 

5. Mexico 

In Mexico [17], development of a simplified set of grading xules is close 
to being finalized. For convenience sake, the 50 ~ species in use through­
out the CO\llltry have been treated as a single species. A large in-grade 
testing progranne (5 ,000 full-size pieces) is in progress to dete-:...;~ne the 
appropriate working stresses for the two grades of structural timber considered 
necessary. North American grading rules have been used, but their validity 
has been questioned, prompting the above testing programne. 

The proposed grading rules have been framed so that, on average, mill 
output would be 30 per cent top grade and 40 per cent second grade, with the 
remainder going into non-structural applications. If this breakdown can be 
reflected throughout the country, there will be sufficient production to fulfil 
the needs of the local market. 

The tentative design values based on the tests to date for the two 
suggested grades of pine are given ~n table 20. 

Table 20. Tentative design values for Mexican pine 
(Kilograms per square centimetre) a/ 

---------------------------

Grade 

A 
B 

Single 
members 

140 
80 

al 1 kg/cm2 = 0.098 MPa. 

Bending 
Load-sharing 

members 

160 
90 

Mean modulus 
of elasticity 

x io3 

115 
90 

Investigations are also under way in an attempt to obviate the need for 
visual grading. 

Also being examined is the indication that in Mexico the within-mi~ l 
variation is larger than the regional variation. If this is the case, sampling 
will be much simpler and less expensive than previously thought. This could 
be of interest to countries with extensive pine resources. 

Mexican research workers feel that the lack oi a suitable timber grading 
system is the main reason why housing using timber framing is still not 
convnonly accepted. Timber frame construction could help to make such housing 
less expensive than housing built with traditional masonry materials and so 
woul<! make home ownership p;Jssible for a large!'.' proportion of the population. 
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There are several other countries, particularly those with hardwood 
resources, that have strength grouping systems similar to or based on the 
Australian system. In Canada and the United States, grouping techniques are 
used for the comparatively small number of species used structurally, but the 
degree of refinement attempted there appears to have little relevance to the 
problems of developing countries. However, in the broader sense, much of the 
research work ema:iating from both Canada and the United States has important 
implications for other countries, although, of course, most of the work is on 
softwood species. Of particular interest are the results of in-grade testing 
research programmes and the detailed studies being undertaken to determine the 
duration-of-load effect. 

7. Summary 

While the etrength grouping/stress grading systems described so far vary 
somewhat in the ways they have been developed and are being utilized, they 
still have muc~ in coll!llon. Firstly, they all use a small number of groups to 
cater for a comparatively large number of individual species. Secondly, they 
all aim to estimate the influence of defects on strength and stiffness. 
Thirdly, they are all based on visual grading. Their commonality becomes more 
obvious when working stresses are developed for some well-known species using 
the different systems. Indeed. despite the lack of accuracy inherent in the 
concepts as a whole, the end results are very similar. It is when attempts are 
made to bestow on the systems a degree of precision that is not really there, 
nor warranted, that discrepancles become apparent. 

D. Extension of the grouping technique. 

1. Joints 

It has been found that grouping is also a very useful technique in devel­
oping the basic loads applicable to metal fasteners (18]. When revised, the 
Australian Timber Engineering Code will use the classif i~ation system based on 
basic and air-dry density in table 21. 

Table 21. Proposed minimum density for joint strength groups 
(Kilograms per cubic metre) 

_ _ __ ill~TLt_iml1~r- _ _ _ 
Group Basic density 

Jl 
J2 
J3 
.J4 

750 
600 
475 
380 

____ S~a~ne_c;Ltimb__u _______ _ 
Group Air-dry density a/ 

JDl 
JD2 
.JD3 
JD4 

940 
750 
600 
475 

al Density at 12 per cent moisture content after recon­
ditioning. 

An example of its application to nailed joints is given in table 22. 
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Table 22. Proposed minimum properties of nailed joints a/ 

Green tjmber 

Maximum 
load 

Group (N/nail) 

Jl 2 170 
J2 l 710 
J3 1 330 
J4 1 050 

Minimum value 
Load at 
0.4 DID 

displace-
ment Stiffness 

(N/nail) modulus 

685 1 220 
505 895 
365 650 
270 480 

Seasoned tjmber b/ 

Maximum 
load 

Group (N/nail) 

JDl l 920 
JD2 l 490 
JD3 l 170 
JD4 905 

Minimum value 
Load at 
0.4 nm 

displace­
ment 

(N/nail) 

925 
700 
530 
395 

~I Loads are for 2.8 mm diameter nails in single shear. 

bl Approximately 12 per cent moisture content. 

Stiffness 
modulus 

1 420 
1 110 

875 
680 

From tables 12 and 13 it can be seen that if the product under considera­
tion had only one visual grade and one moisture condition, then a greatly 
simplified new table would be possible. This is the case with poles if they 
are graded to the Australian standard. 

On the basis of a large pole-testing programme carried out by CSIRO [19], 
poles from mature trees are considered to be in a single grade, that just above 
the 75 per cent grade. As poles are normally regarded as unseasoned, table 12 
can be simplified to the form shown in table 23. 

Table 23. Correspondence between strength 
group and stress grade for round timber~ 

graded to AS 2209-1979 a/ 

Strength group 

Sl 
52 
53 
54 
SS 
56 
57 

Stress grade 

F34 
F27 
F22 
Fl7 
Fl4 
Fll 
F8 

al The equivalence expressed is 
based on the assumption that the poles or 
logs are from mature trees. 
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3. Plvwood 

A similar grouping technique is possible with plywood. In Australian 
Standard 2269-1979 for structural plywood [20], visual grading rules for ply­
wood veneer are specified so that its strength is roughly 60 per cent of the 
clear wood strength when the maximum permissible defects occur. With this pre­
requisite satisfied, the stress grade for a plywood may be derived from any one 
of the following three parameters: 

(a) The strength group of the timber veneer; 

(b) The density of veneers: 

(c) The stiffness of the plywood sheets. 

Table 24 shows the relationship between these parameters and the plywood 
stress grade. In this table, the modulus of elasticity is the value of stiff­
ness of solid wood parallel to the grain that must be used in computing the 
stiffness of the plywood sheet. 

Table 24. Grading parameters for plywood stress grade 

Plywood 
stress 
grade 

F34 
F27 
F22 
Fl7 
Fl4 
Fll 
F8 
F7 

Timber 
strength 

group 

SOI 
SD2 
SD3 
SD4 
sos 
SD6 
SD7 
SD8 

Grading parameter a~~~~-~~~­
Modulus of elasticity 

of plywood sheet 
(MPa) 

21 500 
18 500 
16 000 
14 000 
12 200 
10 500 

9 100 
7 900 

Minimum air-dry 
density 
(kg/m3) 

1 200 
1 080 

960 
840 
730 
620 
520 
420 

~I Only one of the three grading parameters needs to 
be useci. 

There are several properties that may be classed as non-structural, e.g. 
durability and shrinkage, but that are still of critical importanr:e to the 
engineer. Suggested methods f0r classifying these have been made by 
Keating f 21]. 

' .. 
References 

Pong Sono, "Merchantable timber of Thailand", Symposium on Research and 
Marketing for South Asian Timbers and Timber Products, organized hy the 
German Foundation for International Development (Berlin) and the 
Government 0f the Republic: of the Philippines, Manila ar.d Los Banos, 
Philippines, 19-23 November 1974, pp. 120-165. 



- 102 -

2. E. B. Espiloy Jr., "Strength grouping of Philippine timbers for utilisa­
tiott of lesser-known species", Forest Products Research and Industrial, 
D~v:tl.ru!filent Conmission • .J!fil._Mmal _ _S_d_e_ntif ic Development Board, Technical 
Note No. 187 (March 1978). 

1. Standards Association of Australia, Miscellaneous P.Yb.]j._c_a!.l&n.__42-=l27_9; 
Report on Strength Grouping of Timbers (Sydney, 1979). 

4. R. H. Leicester and W. G. Keating, "The use of strength classifications 
for timber engineering standards", Technical Paper (Second Series) No. 43 
(Melbourne, CSIRO, Division of Building Research, 1982). 

5. R. G. Pearson, "The establishment of working stresses for groups of 
species", Technological Paper No. 35 (South Melbourne, CSIRO, Division of 
Forest Products, 1965). 

6. N. H. Kloot, "The strength group and stress grade ;,ystems", CSIRO Forest 
Products Newsletter, No. 394, September-October 1973, pp. 1-12. 

7. R. H. Leicester, "Grouping and selection of species for structural 
utilization", Technical Paper (Second Series) No. 39 (Melbourne, CSIRO, 
Division of Building Research, 1981). 

8. Standards Association of Australia, Australian Standard 1684-19l.2__: __ SM 
Timber Framing Code (Sydney, 1979). 

9. I. Langlands and A. J. 
Technical Paper No. 32 
Products, 1939). 

Thomas, Handbook of Structural Timber Design, 
(South Melbourne, CSIRO, Division of Forest 

10. K. L. Cooper, "Preferred stress grades for structural timber", AYi_traliar:i 
Jo_yr_i1~l.9Llu!.RH!!d._ki_e_g~e. vol. 4, 1953, pp. 77-83. 

ll. E. Bolza and W. G. Keating, 'Ih~_f-1:.™-I.~ Uses and . .c.h~lel:.lli_:k_s_uo_f 
ZOiL Af_r_igm_ ~~ (Melbourne, CSIRO, Division of Building Research, 
1972). 

12. C. Berni, E. Bolza and F. J. Christensen, South American Timbers -~ 
C!lilrnct.erlitic.h_ Properties __filld_~_Qf_ 190 Sp'!c.ill (Melbourne, CSIRO, 
Divisior. of Building Research, 1979). 

11. W. G. Keating and E. Bolza, ChantcJ~ds_~ics_s __ tf_Qpertief: _aml._Jli~-oJ _36_2 
Sp~des and_ S_p_edes___G.r..01.1_p_s _Jr_om _S_ou.t_h_-::~!;Hi~-A~ NortMrn Austr..a]._i~ __ and 
t.h~_fai;_i_f_l_c_J~~n (Melbourne, lnkata Press, 1982). 

14. British Standards Institution, CP112~1967 - _Code_ of P~acti~e on_ the 
Structural Use of Timber (London, 1967). 

I "I. r.. .T. Mettem, "The principles involved in stress grading with special 
referen<:e to its application in developing countries", Paper present~d at 
UNIDO Expert Group Meeting on Timber Stress Grading and Strength 
Grouping, Vienna, Austria, 14-17 December 1981 (ID/WG.359/3, 1982). 

16. .J. c. Centeno, Ande~n Grading Sys tein for St rue t1,1ra 1 . Hard~ood Till!ber": 
Working Stress-Strength Groups, 32nd Annual Meeting (Atlanta, Georgia, 
Unite<! St.::ites of Ameri<:.::i, Forest Produ<:ts Research Sodety, 1978). 



- 103 -

17. R. Davalos, "Development of grading rules for structural Mexi-::an pine 
lumber", Paper presented at UNI DO E."!:pert Group Meeting on Timber Stress 
Grading and Strength Grouping, Vienna, Austria, 14-17 December 1981 
(ID/WG.359/2, 1982). 

18. J. J. Mack, "The grouping of species for the design of timber joints with 
particular application to nailed joints", Technical Paper (Second Series) 
No. 31 (Melbourne, CSIRO, Division of Building Research, 1978). 

19. J. D. Boyd, "The strength of Australian pole timbers. II: Principles in 
the derivation of design stresses for poles", Technological Paper No. 22 
(South Melbourne, CSIRO, Division of Forest Products, 1962). 

20. Standards Association of Australia, Australian Standard 22M=l.21_9_;_ 
StrQ<;_t\lrALPl.n-02.d (Sydney, 1979). 

21. W. G. Keating, "Utilization of mixed species through grouping and 
standards", Australian Forest Industries _ _J_oumal, vol. 43, No. 4 (1981), 
pp. 233-244. 

American Society for Testing and Materials. Standard methods for establishing 
structural grades and related allowable properties for visually graded 
lumber. Philadelphia, 1981. D245. 

Bryant, P.A.V. The stress grading of South African pine. Pretoria, HOUTIM, 
CSIR National Timber Research Institute, June 1978. 

Leicester, R. H. Proof grading a practical application of reliability theory. 
IP Proceedings of Third International Conference on the applications of 
statistics and probability in soil and structural engineering. Sydney, 
January-February 1979. p. 263-277. 

Leicester, R. H., H. O. Breitinger fil1d R. McNamara. Damage due to proof 
loading. ln Proceedings of 20th Forest Products Research Conference. 
Melbourne, CSIRO, Division of Chemical and Wood Technology, 1981. 

Standards Association of 
poles for overhead lines. 

Australia. Australian 
Sydney, 1979. 

Standard 2209-1979; timber 

Australian Standard 1490-1973; visually stress graded radiata pine for 
structural purFcses. Sydney, 1973. 

Australian Standard 1648-1974; visually stress-graded cypress pine for 
structural purposes. Sydney, 1974. 

Australian Standard 2082-1977; visually stress-graded hardwocd for struc­
tural purposes. Sydney, 1977. 

Australian Standard 2099-1977; visually stress graded seasoned Australian 
grown softwood (conifers) for structural purposes (excluding radiat;i pine 
and cypress pine). Sydney, 1977. 



- 105 -

VII. PROPERTIES AND END-USES OF A RANGE 
OF WOOD-BASED PANEL PRODUCTS 

Ke;; in J. Lyngcoln** 

In trQd1,1c!,jqn 

The range of wood-based panel products has grown dramatically d..iring the 
last 20 years. There have been many new ~ood-based panel products and, through 
technical innovation, modifications to existing wood-based panel products since 
the World Consul tat ion on Wood-IJased Panels held at New Delhi in 197) [ l J. In 
1970, there "'ere three basic types (lf wood panels: plywood, particle board and 
hardboard. In 1982, the ba~ic types of wood-based panels and variatio~s within 
each type include oriented strandboard (OSB), medium-density fibreboard (MDF), 
structural flakeboards and waferboards. composite panels as well as innovations 
within the conventional plywood. particle board and hardboard products. 

The objectives of this paper are as follows: 

(a) To describe the main types of wood-based panel products in terms of 
wood material, geometry and adhesive binder; 

(b) To c~mpare the main stru~tural properties of each product type; 

( c) To relate the physical and mechanical properties to the ability of 
~;ir:h product to p1::rform satisfar:torily in a range of end uses, mainly in 
..:onstruction, under the climati,_.. conditions experienced in the Asian-I'acific 
region. 

It became obvious when studing the references that to meet the above 
objectives it would be necessary to r:omment in detail on the various approar:hes 
to the structural application of wood-based panels. The approaches range from 
traditional prescription standards to straight performance standards to com­
binations of these. 

It was decid·:~ to segregate the panels into groups, structural and 
structural, based Jn the long-term durability of the adhesive binder. 
paper will deal mainly with structural wood-based panels. 

non­
Th is 

Finally, it was decided th;it hPfore any of the above objectives codrl he 
dealt with, some of the reasons for the development of the new wood-based 
panels, particularly those aimed at structural applications, shoulrf he 
r'.ons idered. 

Based 011 the literature r~·:ipwe-1. it must hA stated at the outset th;it 
this paper does not pr0vide rfetailerf anFwers to all of the questions pns~rf in 
the broad objectives. A great. rleal of additional research, in some casP.s 
fundamental research, will he :·,.,q11irerl to obtain acr:urate answers. Tlw pap1:r 

*This papr::r was first prese:ited a~; a lecture at the FAO Technical r:on­
~;•iltation on Wor.rl-J,ased Panels h•:lrl from )'i to 17 .January 19R1 at New Delhi ;mu 
i:-: n~prndu!".ed with the permii:;sirin nf FAO. 

**En1;;inecr, Plywoorl Assor.ial.ion of Australia. 
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provides a review and shows ad~itional areas that need researching if an Asian­
Pacific cowitry is to optimize its production of wood-based panels to suit its 
requirements relative to technical ability, availabili~y of capital for invest­
ment and human and forest resources. 

Since the mid-19/Js, tr -~ have been considerable efforts, particuiarly in 
North America but als<' in E<.:Jpe. tu develop structural wood-based panel pro­
ducts to replace pl~ood '·' construction applications. It is suggested (2) 
that, as far as the North Americ.an industry is concerned, this trend can be 
attributed to developments fa f<'ur areas: technology, raw materials, markets 
and politics. 

Al though in North ~rica the technology to produce high-quality, no~­

veneer wood-based paneis en a laboratory scale ha~ existed for many years, it 
is only recently that this level of quality has been achievable in connercial 
quar.tities. Process development has been rapid as a result of the following 
raw material, market and political dev~lopments. 

The raw material pressures to change come from the increased cost and 
poorer availability of high-quality peeler logs. Peeler log prices continued 
to inflate for the first time in history through the North American recession 
of the ear~y 1980s. Simultaneously there was an availability of low-cost, pre­
viously ignored secondary sp~cies such as trembling aspen in Canada and spruce 
and light hardwoods in the upper Midwest of the United States. The density and 
flaking characteristics of these secondary species made them suitable for the 
new breed of structural wood-based panels. 

Because lower cost plantation softwood species were available in Australia 
and New Zealand and high quality raw material was available in Malaysia and 
Indonesia, these trends towards the development of other structural wood 
panels, including fibre-aligned particle board, have been minimal in those 
r:ountries. 

The high price of peeler logs and their reduced availability to the North 
American plywood industry has caused a higher pricei, lower qual!.ty plywood to 
appear in the marketplace. In traditional uses such as roof and wall sheathing 
and sub-flooring, plywood no longer holds the dominant competitive edge that it 
held for decades. So as not t0 lose these large-volume markets to competitive 
non-wood panels, traditional plywood-producing companies developed lower cost 
wood-bas~d alternatives such as oriented strandboard, structural flalteboard, 
waferboard and Comply. 

Finally, in North Amt:rica there has been a philosophical change in the 
type of .standard used for wood panels. The traditional prescription approach, 
as detailed in Product Standard PSI-74 [JI and ANSI AS 208.1 (4), has been sup­
plemented by the acceptance of American Plywood Association performance-rated 
panels. Performance standards for specified applications facilitate the speedy 
acceptanr.e into building codes of a wide range of panel types and production 
ter'.hnique.s. 

Performance standards must relate closely to end-use and to the ~limate in 
which the panels are to bP. used. The development of performance standards in 
North America will be dis. uss~d in detail later in this paper. 

It must be stressed ht!re tha!: although it can be shown t:hat the <\hove 
reasons for the development of structural wood-based alternatives to plywood 
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are legitimate and logical in North America and Europe, before an Asian or 
Pacific country embarl.s on the production of similar wood panels, it would be 
well advised to ensure that the same reasons exist. 

The new wood-based panels generally require a higher cost, higher tech­
nology plant and have a lower labour component. They are no better struc­
turally than plywood and, so far, do nGt have the proven properties and range 
of aprlications, both external and structural, of plywood. 

I:iscu~sions with machinery suppliers in Australia have revealerl capital 
investment per cubic metre of panel produced in 24 hours and ma.~power (number 
of •~rkers) required per cubic metre of panel produced in 24 hours (table 25). 

Table 25. Capital investment and manpower requirements 

Capacity Capital 
output/ ir•restment/m3/ 

24 hr 24 hours Workers/ 
Product (m3) (iUS) m3/24 hr 

Plywood 120 33 000 0.4.Z 

Particle board 100 95 000 
300 53 000 0.20 

Medium-density 
fibreboard 300 64 000 0.20 

Oriented 
strandboard 300 64 000 o. 20 

Waferboard 300 72 000 0.20 

B. Iy.n.s_Qf J!Q.Qd-based panels 

The long-term durability of a wood-bAsed panel is closely related to the 
durability of the bond, provided the woo~ component is protected from biolog­
ical attacks either by a hazard-free end use, e.g. dry interior, or by preser­
vative treatment if a hazard exists. It has been shown [5) that the bond 
durability is related closely to the chemical type of the adhesive and the con­
ditions of exposure. It is therefore reasonable to classify wood-based panels 
into non-structural, semi-structural and structural, based on the long-ter11, 
durability of the adhesive type and thus the ability to continue to carry a 
sustained load under conditions ~{ semi-exposure or cyclic humidity changes as 
experienced in the Asian-Pacific region. 

A short-term ~~vsical test for bond durability related to long-term 
exposure, such as the 72-hour boil A bond test in AS 2098 [6] or the vacuum 
pressure soak in PSI-74 [3], also needs to be carried out to verify the per­
fonnance of a particular resin formulation within a broad chemical grouping. 
Before a panel can be classified as structural, its physical and mechanical 
properties must be established. The establishment of these properties will be 
discussed later in this paper. 
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However, bond durability under the conditions of use is a prime considera­
tion. Table Z6 groups wood-based panels into the above-mentioned classifica­
tions under the climatic conditions that prevail in the Asian-Pacific region. 
The basis for the structural rating is the research work on adhesives durabil­
ity carried out at the Forest Products Laboratory, Princes Risborough, United 
Kingdom [SJ. 

Table 26. Classification of wood-based panels a/ 

Panel type 

Plywood 

Particle board 
random-oriented, 
layered or homogeneous, 
including flakeboard 

Hardboard 
(fibreboard) 

Medium-density 
fibreboard 

Oriented 
strandboard 

Waferboard 

Comply 

Adhesive/binder b/ 

Phenolic, natural or 
synthetic 

Melamine urea 
formaldehyde 

Urea formaldehyde 

Phenolic, natural 
or synthetic 

Melamine urea 
formaldehyde 

Grea formaldehyde 

Naturally occuring 
Polyphenolic chemicals 

e.g. lignin 

Phenolic, natural 
or synthetic 

Urea formaldehyde 

Phenolic, natural 
or synthetic 

Phenolic, natural 
or synthetic 

Phenolic, natural 
or synthetic 

Isocyanate cl 

Classification 

Structural 

Semi-structural 

Non-structural 

Structural 

Semi-structural 

Non-structural 

Structural 

Structural 

Non-structu>:al 

Structural 

Structural 

Structural 

;)../ For the further treatment of the suitability of wood-based panels 
for developing countries, see "G11idel ines for the selection of options in 
establishing wood-b~Red p~nel industries in developing countries", pre­
sented at the Seminar on Wood-~ased Panels and Furniture Industries, Beijing, 
23 March-7 April 1981 (ID/WG.335/16). 

b/ The adhesive/binder types relative to board type were established from 
a gr~at number of the cited references. 

cl Lack of information on the long-term durability of isocyanate bin­
den; (7) prevents the classificat.ion of this panel at this time. 
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6. Plywoo.d 

Plywood is defined (8) as ''a panel consisting of an assembly of veneers 
bonded together with the grciin in most of the alternative plies at right 
angles". Each ply consists of a rotaryor sliced-cut veneer. Plywood is manu­
factured from indigenous or plantation pines, e.g. Shorea spp., or eucalypts, 
e.g. karri, and from combinations of species. Although a typical density 
range is 500-750 kg/m3, plywoods are manufactured with densities as low as 
400 and as high as 1,200 kg/m3. 

Individual veneer thicknesses for rotary-peeled veneer can range from 0.8 
to 4.5 lllD. In practice, however, the range is likely to be 1.0-3.2 mm. The 
panels are hot-pressed in flat presses and, depending on end-use, are bonded 
with phenolic, melamine, ureas or copolymers. 

2. Particle board. includin& f lakeboard 

The variables in particle board are the raw materials available, chip geo­
metry and method of chipping, particle alignment, homogenity through the thick­
ness, the adhesive used, density and thickness. With this number of variables, 
it is impossible to describe particle board in anything but broad terms. Par­
ticle board can be platen-pressed or extruded. The production method also 
affects properties. Each variable is dealt with below in general terms [9]. 

Originally, particle board utilized wood waste such as planer shavings, 
chipped lumber and han111er-milled veneer that resulted from other wood pro­
cess illg or fabrication lines. Al though particle board still hss a waste com­
por ent, much is now produced from forest thinnings in the form of roundwuod 
and secondary species that are unsuitable for processing into timber or ply­
wood (1, 9). 

Chip geometry plays an important part in the basic physical and mechanical 
properties of particle board. Geimer ~- (9) explain, for example, that 
"dimensional stability was closely related to flake or particle geometry and 
quality with best thickness stability associated with small particles and best 
linear stability associated with large flakes". Particles range in size from 
50 mm x SO 11111 x O.S 11111 (in the case of ring-flaked particles from SO 11111 chips) 
to 15 l1ID x l l1ID x 0.1 l1ID (in the case 0f planer shavings ha11111er-milled without 
screen). 

The particles may be randomly oriented, which provides about equal proper­
ties in both directions, or aligned to improve stability and strength in the 
direction of the fibre alignment. The boards may be homogeneous through the 
thickness or multi-layered, usually three-layered, to give improved surface 
characteristics and mechanical properties [9]. 

Particle board is usually manufactured ~ .. thicknesses from 3 to 25 mm with 
the platen-pressed, mat-formed process; f .·::.im 25 to 75 !Ml with the extrusion 
pror.ess; and from 2 to 9 mm with the continuous process. 

The density range for what are considered mediwn-density particle boards 
is 650-810 kg/m3. Densities above 810 kg/m3 are considered high-density 
particle board; those below 6SO kg/m3 are considered low-density [4J. 

Adhesive binders are similar to those used for plywood, i.e. they can be 
phenolic, mel.:.mine/urea, copolymers or urea formaldehydes, depending on the 
intended end-use of the board. 
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Hardboard is a panel manufactured from inter-felted ligno-cellulosic 
fibres that are consolidated under heat and pressure in a hot press to a den­
sity of 500 kg/m3 or greater. Other materials may be added to improve pro­
perties such as stiffness, hardness and resistance to abrasion and moisture, 
as well as to increase strength, durability and utility (10). 

Standard hardboard is 
oil-tempered hardboard is 
Both panel types are usually 

usually between 800 and 1,000 kg/m3 density, while 
slightly denser, between 950 and 1,200 kg/m3. 
manufactured in thicknesses from 3 to 13 Dill (1). 

Panels fabricated by the wet form method, which is used in Australia, are 
smooth on one side only and have a screened back. No binde!"s to improve 
adhesive properties are used in this process. 

4. Mediwn-density fibreboard 

Medium-density fibreboard (MDF) is a panel product manufactured from 
ligno-cellulosic fibres combined with synthetic resin or other suitable bin­
ders. The panels are manufactured to a density of 500-800 kg/m3 by the 
application of heat and pressure; in this process, the inter-fibre bond is 
substantially created by the added binder. Other materials can be added 
during manufacturing to improve certain properties [11]. With the drying 
process, which is normal in Australia and Ne~ Zealand, densities are between 
600 and 800 kg/m3 and thicknesses are betw~en 3 and 50 nm. The adhesive 
binder is usually urea formaldehyde, which renders the bond unsuitable for 
structural applications. Researchers suggest that by adding phenolic- or 
tannin-based binders, a durable structural panel can be achieved (12). 

5. Oriented strandboard 

Oriented strandboard (OSB) is a specialized particle board product. It is 
manufactured from aligned strands of wood that are much longer than they are 
wide. Typical dimensions for an individual strand are 40 nm in length by 6 mm 
in width and 0.4 mm thick. OSB is usually a thrPe-layer board in which the top 
and bottom layers are oriented in the direction of the panel length while the 
inside layer is aligned in the direction of the panel width. In essence, OSB 
configuration mimics that of plywood. 

Usually the two outside layers each contain 25 per cent of wood particle 
and the centre layer contains 50 per cent. 

OSB uses liquid phenolic resin at 5-6 per cent on a dry solids weight for 
weight basis. An average density value for OSB is 680 kg/m3. The commonly 
available thicknesses for OSB range from 8 to 20 11111 (2, 13). 

6. \ol.af erboard 

As previously reported, waferboard is generally manufactured from low-cost 
secondary species available throughout North America. The most conmon species 
is trembling aspen; howe~er, spruce and some lower density hardwoods are also 
used. The ability of the species to "flake" properly, as does trembling aspen, 
ts a prerequisite for suitability in waferboard production. Radiata pine pos­
sesses fair flaking characteristics and may be dgniEcant for the Asian­
Pacific region. 



- 111 -

The particles used in waferboard production are generally larger than 
those used for other particle board types. Particles 40-75 -"11 square by 
0.775-1 11111 thick ~re standard. The boards can have the wafers randomly 
oriented or align~d depending on the properties of the board that are required. 
Normal waf erboard has a thickness range from 12 to 25 11111 and an average den­
sity of 660 kg/m3. Waferboards are usually manufactured co11111ercially using 
powdered phenolic resins (2, 14, 15]. 

7. Comply 

Comply is the trade mark for a range of panels consisting of, basically, a 
phenolic-bonded particle board overlaid on both sides with veneer. The core 
may be randomly oriented particle board, OSB or waferboard. The fibres in the 
core may be aligned at right angles to the direction of the face veneer to giv~ 
improved dimensional stability in the cross direction. 

The panels can be made in a two-pass operation in which first the core is 
manufactured and then the overlay veneers are glued. One United States manu­
facturer is using a one-pass operation by pressing the veneers and particle mat 
at the same time. This company is using isocyanate adhesives. The density of 
Comply depends on veneer species and core type. From the literature [2], 
630 kg/m3 appears to be an average value for material produced from Southern 
pine. Presently, the thickness range in Comply appears to be between 12 and 
25 mm. 

C. Standar~ 

Before comparing the physical and mechanical properties and applications 
of the wood-based panels described in the preceding section, it is necessary 
to comment on the types of standards under which wood-based panels have been 
manufactured and marketed and on current changes in the rationale for these 
standards. The reasons for change are an important issue that is tied to 
structural properties and application. 

Until relatively recently, all wood-based panels were manufactured and 
marketed universally to prescription-type standards. Prescription standards 
are founded on the rationale that if the ingredients and manufacturing pro­
cesses and methods are rigidly enforced, then the product will have known per­
formance. United States and Australian standards for plywood (16, 10] and 
particle board (11, 17] are representative of this type of standard. 

Prescription or manufacturing standards have been used reasonably success­
fully for structural timber and plywood in countries where a small number of 
species are used, ~.g. the United States, Canada and Finland. In the Asian­
Pacific region, ciwing to the multitude of available sp€cies (90 species are 
available to the Australian ~lywood industry, for example), precription 
standards are inherently conservative and restrictive. This conservatism 
arises out of the need to group species (18) so that unit stresses need to be 
applied to only a few species rather than a rr•1lti 1.ude of species. For 
example, AS 2269 [ 16] has unit stresses for eight stress grades rather thar. 
for the 90 individual available species. The grouping method leads to a 
lowest-common-deno:ninator approach based on the pro;>erties of the weakest 
species in the group and is restrictive because every new available species 
must be tested so that it can be assigned to a group. 

AS 2269 has endeavoured to ov~rcome the restrictive and conservative 
nature of the prescription approach by including a performance section. The 
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performance test is used to establish the stiffness (modulus of elasticity) of 
any plywood panel manufactured from any species or group of spe~ies. 

Then, because of the well-established relationship between the modulus of 
elasticity and other basic strength properties, a grade mark can be applied. 
The grading mark has associated unit stresses prescribed in the standard. A 
stress grading machine has been developed to carry out the stiffness sorting. 
Al though machine grading has reduced the conservative and restrictive nature 
of the prescription approach to applying unit stresses to Australian plywood, 
it must not be overlooked that its use is based on the relationship between 
modulus of elasticity and the other strength properties, which was established 
by a great number of tests. 

trescription standards were a reasonable basis for the standardization of 
reconstituted wood products as long as the panels were used for non-structural 
applications such as door skins or furniture, where the main consideration was 
finish, not structural performance. For the reasons substantiated previously 
in this paper, particle board, OSB, waferboard, MDF and Comply now are being 
aimed at structural markets, as alternatives to plywood, particularly in light 
framed construction. To facilitate the acceptance of these products into 
building regulations and to avoid being over-conservative or restrictive in 
their applicatio11, there is a school of thought in North America, Australia 
and New Zealand [19, 20, 21, 22, 23] that favours performance standards over 
the traditional prescription approach. 

A performance standard is defined by the American Plywood Associa­
tion [19] as follows: 

A performance standard is oriented towards the end use of the 
product and does not prescribe by what means the product will be 
manufactured. The overall objective is to assure, for a particular 
e.nd us~. that the product will satisfy the requirements of the 
application for which it is intended. To do bis the performance 
rriteria must address the critical attributes of the product that 
will assure successful performance in the market place. This neces­
sitated the development of new and innovative test methods, each 
linked to field requirements. Therefore, under performance testing 
the qualification process correlates the attributes of the product 
to the market place. 

To qualify under performance testing, a product is evaluated to a&certain 
its compliance with a series of performance requirements relative to a specific 
end use. The product must demonstrate, for example, the structural adequacy, 
stability and durability necessary to perform in service. Simultaneously, pro­
perties such as density, internal bond and strength retention are also 
measured. A product specification is written based on these latter properties, 
which can be easily measured on a sustained basis. Minimum values are set and 
a mill must, by means of internal quality control, make sure these val11es are 
achieved. The mill is independently audited on a regular bads to ensure, 
firstly, that its quality control system is operational and, Eecondly, that a 
sample of the product when tested still meets the desired performance criteria. 

The American Plywood Association has performance standards for roof and 
wall sheathing and single-layer flooring. The Australian particle board 
industry has performance standard AS 1860 for single-layer flooring [23] 
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It must be emphasized that performance standards must be tied closely to 
a specific end-use and do not allow for the application of unit stresses. 

There is no doubt, towever. that it is possible to assign unit stresses 
to reconstituted wood-based panels using the prescription met~~d or the 
machine-grading methods describ€d above (24]. The problems confronting che 
end-use of thi~ traditional approach are the larg~ range of products available; 
the volume of testing that needs to be done by the industry; large coefficifnts 
of variation (Cy) across an industry, leading lo low unit working stresses; 
the time required to carry out testing and statistically evaluate the results; 
and the continual introduction of new products. 

If reconstituted wood products are to be truly structural products, unit 
stresses must be applied. On~ solution is to set up ~tandard test met~ods and 
statistical bases for applying unit stresses, which can then be applied to 
specific products by ind~vidual companies [2]. This approach seems sensible. 
The following quotatio~ sums up the thinking in North A!nerica and the struc­
tural use of reconstituted panels generally [2]: 

It is unclear whether Jissemination of engineering design values 
for the new panels will be handled more expeditiously via the per­
formance or the prescription route. The former will requ~ .. ~ each 
manufacturer to state and £upport design values for his product, 
while the latter could be manageJ ~o that single values could be 
used to represent the prouucls of all manufacturers producing like 
products. Considerable work has been done towards the derivation of 
allowable stress values for panel products in support cf the latter 
approact-. 

lt became apparent from studying the references that unit stress values, 
sometimes termed basic working stresses, wer€ available for plywocd only. It 
therefore h"'came necessary to compare the structural properties of the panel 
types listed in table 26 using mean values for modulus of elasticity and 
modulus of rigidity and average ulti~ate values for the remaining structural 
characteristics. 

Table 27 gives an average or rang~ of average values for modulus of rup­
ture, modulus of elasticity, average ultimate tension, compression and panel 
shear strengths and shear modulus (modulus of rigidity). The values given in 
table 27 were extracted from many of th€ sources in the reference list. Where 
no information could be found. a dash is used. The values in the table are 
ultimate average mean values and are for rurposes of comparison only. They 
must not be u~ed for engineering rlesign purposes. 

It is interesting to note t~lt internal bond strengths were not included, 
~s the literature showed that the values published by FAO [l] needed no modi­
f ir:ation. 

The values given in tabl~ 27 for fibre-aligned boards or plywood are 
parallel to the grain or direction of fibre alignment. The values for other 
rnndom-oriented particle board~ or fibreboard~ are parallel to the length of 
the panel. 



Panel type 

Plywood a/ 
Australian low-density (F8) 
Australian medium-density (Fl4) 
Australian high-density (F22) 
United States West Coast 
United States Gulf Coast 

Particle board, random-oriented 
United States high-density 
United States medium-density b/ 
United States low-density 
European medium-density 
Aligned, three-layer 

Hardboard 
Tempered 
Standard 
Medium-density fibreboard 
Oriented strandboard (OSB) 
Waferboard 
Comply 

Table 

Modulus 
of 

rupture 

28.4 
46.2 
72.5 
29.0 
27.5 

17-22 

14.6-28.S 
25.4-55.8 

45-75 
30-65 
32-34 
34.4 
17.2 
31.0 

27. Comparison of structural 
(Megapascals) 

Modulus 
of 

elasticity 

9 100 
12 500 
16 000 

9 600 
9 600 

2 750-4 000 

2 500-4 000 
9 500-11 000 

5 000-6 500 
'.) 000-5 000 
3 300-3650 

9 600 
3 400-4 800 

9 600 

Average 
ultimate 
tensile 
strength 

22.7 
36.3 
56.0 

14-34 
8-16 
6-8 

7.3-12.7 
11.7-21.3 

26-54 
21-41 

17. 2-21. 4 
r..I 

ptoperties 

Average 
ultimate 

compressive 
strength 

21.5 
34.6 
54.4 
41.0 
41.0 

17-36 
9-21 
3-10 

10.2-16.5 
15.2-26.0 

26-41 
12-41 

20.0-24.8 
r..I 

11.0-12.4 

Average 
ultimate 

shear 
strength 

(panel shear) 

5.3 
6.8 
7.6 
6.9 
6.9 

6-10 

5.8-7.6 
6.5-11.2 

16-20 
12-16 

r..I 
8.3-9.6 

1 

Modulus 
of 

rigidity 

525 
625 
800 
590 
590 

200-1 

970-1 

1 500 

600 

230 

a/ 
s_tandard 

bl 
r;/ 

The F designations refer to stress grade, as detailed in Standards Association of Australia (Australian 
~269: Structural Plywo~ (Sydney, 1979). 
Medium-density particle board in the density range 650-800 kg/m3 is the most widely used in the United States. 
It is believed these properties would be similar to those of fibre-aligned three-layer particle board. 

..... ..... 
1:-

I 
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A ratio that is significant from the viewpoint of transport costs and 
ease of handling on site, which in turn is important in the building of 
residences and in form-work applications, is the structural properties of the 
materials per unit weight. As flexural properties are usually important 
criteria in wood-based panel utilization. table 28 details the strength-weight 
and stiffness-weight ratios* of the panels under consideration. 

Table 28. Strength and stiffness to weight ratios 

Product 

Plywood 
Low-density 
Medium-density 
High-density 

Particle board 
Random-oriented, medium 
Fibre-aligned, medium 

Hardboard 
Tempered 
Standard 

Medium-density fibreboard 
Oriented strandboard 
Waferboard 
Comply 

Average 
density 
(kg/m3) 

520 
7JO 
%0 

720 
720 

075 
900 

700 
660 
670 
620 

Strength-weight 
ratio 

0.055 
0.063 
0.075 

0.028 
0.055 

0.047 
0.052 

0.047 
0.051 
0.026 
0.050 

--- ----~----- -

Stiffness-weight 
ratio 

17.5 
17.l 
16.7 

4.7 
14.2 

5.3 
4.4 

4.8 
14.5 
6. I 

15.h 

On the basis of structural properties per unit weight, it can be seen that 
plywood, aligned particle board. OSB and Comply have similar characteristics. 
Although waferboard has poor ratios for both strength and stiffness, i ~ is 
popular because of its low cost: it is made from waste, and manufacturing 
installations in the United States and Canada are close to high population 
densities rather than near the forests. which reduces transportation costs. 

Another major consideratinn in the structural utilization of any timber 
nr wood-based panel is creep. f"'.1 eep is the abi 1 i ty of a material tc resist 
increases in deflection additional to the initial deflection while it is under 
sustained dead load. Steel does not creery, whereas all timber and wood-based 
materials rlo. The creep charnrtP.ristirs of timber and plywood are well estah-
1 isherl; in foct, a multiplying f.tr.tnr of Z is applied to the short-tP.rm 
rleflection for dry timber and plywoor. products carrying sustained loads [25J. 

*Strength-weight ratio = (modulus of rupture)/(average density); 
stiffness-weight ratio: (mod11l11s nf elilsticity)/(average density). 
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Creep in wood is affected by conditions of exposure and cyclic humidity. 
It must be allowed for in any application of wood products involving sustained 
loads. Domestic floors that carry heavy refrigerators or roof sheathing that 
carries hot water services are examples of applications requiring the consider­
ation of creep. 

From the literature reviewed, it appeared that there was not a great 
amount of information available on the creep characteristics of reconstituted 
wood products. One source [ 26) does, however, compare the creep character­
istics of three-layer particle boards having random core and face flakes 
aligned in the direction of the panel with that of Douglas fir and Southern 
pine plywood. 

Because the particle boards were manufactured at Forest Products Labora­
tory, Madison, Wisconsin, it is assumed they were bonded with phenolic 
adhesive with 5-6 per ~ent phenolic used on a dry weight basis. Creep speci­
mens were loaded for 90 days under both constant humidity, 65 per cent rela­
tive humidity at 32° C, and cyclic humidity, 25-85 per cent relative humidity 
at 26° C. The results are given in table 29. 

Table 29. Creep behaviour of panel materials after 
90 days loading 

- ------ ----- ------------------------ -----~----

Density 
Panel type (kg/m3) 

Aspen 
Red oak 
Red oak 
Douglas fir plywood 
Southern pine plywood 

745 
745 
795 

Creep deflection 
(additional per-

- centage ®fkctiQn_)__ 
Constant Cyclic 
humidity humidity 

62.2 
68.9 
61.5 
43.8 
43.6 

228.6 
275.6 
248.2 
191. 2 
145.3 

The table shows that although the plywoods have better creep properties 
than the particle boards, it is possible to evaluate the creep characteristics 
of reconstituted wood products by comparing them to a material, such as ply­
wood, with well-defined creep characteristics. 

The dimensional stability of wood-based panels under changes in moisture 
r.ontent, sometimes referred to as hygroscopic movement, is an important physi­
cal property because of its relevance to almost every application. The linear 
expansion and thickness swelling of each product sh~uld be known so that 
installation methods can be devised that allow for hygroscopic movement. 

A good basis for comparison and design purpo~es is per cent movement for 
every 1 per ".'.ent change in panel moisture r::ontenl. Values for a range of wood 
panels are given in table 30. 
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Table 30. Hygroscopic movement of various wood panels 

Movement (percentage per 1 per cent 
change in moisture content}__~ 

Product Length Width Thickness 

Softwood plywood, 3-ply al 
Softwood plywood, 9-ply 
Mixed hardwood plywood, 3-ply 
Mixed hardwood plywood, 9-ply 
Australian particle board QI 
United States particle board 

(random oriented) ~! 
United States particle board 

(aligned fibres) ~I 
Oriented strandboard 91 
Waferboard di 
Comply d./ 

0.014 
0.017 
0.016 
0.024 

0.03~-0.055 

0.046 

0.015 
0.015 
0.022 
c.on 

0.020 
0.016 
0.016 
0.022 

0.039-0.055 

0.056 

0.29 
0.27 
0.29 
0.29 

0.38-0.61 

0.28-0.75 

0.80 
0.80 
1.60 
0.50 

~I CSIRO, Division of Building Research, Unpublished data (Melbourne, 
1982). 

bl Random three-layered particle board, 650 kglm3 average of ... lenolic 
and urea bonded. 

r;/ From D. R. Countryman, "American Plywood Association composite panel 
research an update", ~edings of the 12th Particleboard Symposium 
(Washington State University, 1979); J. D. McNatt, "Properties of particle­
boards at various humidity conditions", Research Paper, FPL 225 (Madison, 
Wisconsin, United States Department of Agriculture, Forest Products Laboratory, 
1974); and H. M. Montrey, Engineering Structural Panels for Light Framed CQn­
struction (Tacoma, Washington, United States of America, Weyerhauser, 1982). 

rj_/ From J. D. McNatt, "Properties of particleboards at various humidity 
conditions", Research Paper, FPL 225 (Madison, Wisconsin, United States Depart­
ment of Agriculture, Forest Products Laboratory, 1974). 

No comparable d~ta on the hygroscopic movement of hardboard and medium­
rlens i ty fibreboard r.ould be found in the literature. However, movement at 
hetween 30 and 90 per cent rel~tive humidity is reported by FAO (1). In many 
applications in which wood-based panels are used, such as wall and roof sheath­
ing and flooring, the thermal conductivity, k, of the panel is an important 
property. As heating and cooling costs hecome greater due to increased energy 
~osts, construction techniques that utilize pro~ucts providing both structural 
performance and insulation become more attractive. Wood-based panels can pro­
vide both of these ch~racteristi~s. 

Thermal conductivities for ii range of wood-based panels are givE>n in 
table 31. 

It is believed that waferboard. OSB and Comply would have characteristics 
similar to those shown for medi1un-density partidP. board in table 31. For pur­
poses of comparison, -isbestos r.ement sheeting, a common building panel, h.:is a 
therr.1al rondur:tivity of 22 W/m2/"f'. per 2'i mm thir.kness. 
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Table 31. Thermal conductivities of wood-based panels 

Thermal conductivity, k 
(W/m2/•c per 25 DID 

Product thickness) 

Plywood, softwood 
Plywood, hardwood 
Particle board, low-density 
Particle board, medium-density 
Particle board, high-density 
Hardboard, standard 
Hardboard, tempered 
Fibreboard, medium-density 

4.5 
6.4 
3.1 
5.3 
6.7 
4. 7 
5.7 
4.1 

~e: United States Department of Agriculture, 
Forest Products Laboratory, "Thermal insulation", J.l.5.DA 
Handbook No. 72 (Washington, D.C., 1974), chap. 20. 

F. End-uses 

It is intended finally to examine the suitability of each product for a 
range of end-uses and climate conditions experienced in the Asian-Pacific 
region. To do this, the author has selected climate conditions familiar to 
him (30) but which he believes cover the range of most Asian and Pacific 
climates. The information given in this section is based on the sources 
already cited and the author's experience in developing markets for structural 
plywood [31), [32), partkularly in applications in domestic dwellings up to 
two storeys high. Table 32 details the four climatic conditions considered in 
the exercise. 

Table 32. Climates prevalent in the Asian-Pacific region 

Australian 
Type example Humidity 

---------- ----

Tropical Darwin and High all 
( r.yclonic) Cairns year 

Suh tropical Brisbane High 
fryrlonfr) 1=ummer 

Temperate Sydney Hi11;h 
( W<\ rm) summer 

Tempera':.e Melbourne Hi11;h 
(cool) winter 

Average 
temperature 

{"C) 
SWllt'ler Winter 

35 25 

2.5 16 

2.6 8 

26 6 

Average annual 
rainfall 

(nm) 

864 in 
3 months 

1 132 

1 200 

1 200 
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The author's opinions on the a~ility of each wood-based panel product to 
perform under the range of climates given in table 32 for applications: in 
residential buildings are given in table 33. 

Some products have been excluded from an application or limited in use to 
particular climates. 

1. Internal fitments. wall panelling, door sk~~i~ 

Urea formaldehyde bonded panels are excluded in severe tropical environ­
ments because the bond is not durable under prolonged humid conditions [S, 33). 
Particle boards with random fibre orientation are excluded under tropical con­
ditions owing to their poor linear expansion and thickness swelling charac­
teristics [27, 28, 29, 2). 

2. Flooring 

Urea bonded products are excluded from this structural application owing 
to the poor durability of the bond. Melamine-fortified urea formaldehyde 
bonded boards are excluded from tropical and subtropical climates owing to the 
lack of long-term durability under damp or humid conditions. Phenolic bonded 
particle boards are restricted from use in tropical climates because they are 
unstable under moisture content changes. OSB, ~aferboard and Comply are 
excluded from use in severe tropical climates because it is suspected that the 
Ar.ierican Plywood Association performance standards [19) are not stringent 
enough to apply to these climates; however, subsequent testing may yet show 
that these three products can be used under tropical conditions. 

3. Flooring (wet areas) 

Wet areas in a building include bathrooms and laundries. Because of the 
likelihood of continued wetting, boards bonded with other than phenolic adhe­
sives are excluded regardless of climate on the basis that their bonding lacks 
durability under wet conditionG. Under hwnid conditions, sub-floor ventilation 
must be increased to allow panels to dry out. Alternatively, plywoods or other 
wood-based panels used in wet areas should be treated against fung<>l at tack. 
Phenolic particle board, OSB, waferboard and Comply are excluded for the same 
reasons they were excluded for normal flooring. 

Because wall sheathing is used to brace the house frame against horizontal 
forces set up by cyclonic winds or earthquakes, long-term structural integrity 
is essential. Panels with other than phenolic bonds are therefore excluded 
from this application regardless of climate. Standard hardboard is excluded 
from use in tropical and subtropical climates owing to moisture uptake and sub­
se~uent lack of panel durability and dimensional stability [13). 

MP.diurn-density phenolic bonded fibreboard was limited in use for the same 
reason. OSB, waferboard and Comply were excluded from use in tropical environ­
ments for the samP. reasons they were excluded from the flooring application. 

5. Webbed beams 

Plywood is the only material included for webbed beams because it is the 
only material for which unit i:;tresses <:ould be found [16). To rlP.i:;ign "" 
engineered fabricated product such as a web beam, unit stresses are es~ential. 



Tabl~ JJ. Suit:ibility 01' wood-based panels for end-uses in residential buildings 
under the four climates detailed in tab le 32 

.. ··-- - --------·-- ---- --·· --· - -- -- -· ---· ---· ·- . ·----- --- - .. - ----····-· - - . - -----------· --- .. 

- - --· - ------- -· -- - . ... ___ Appli.cat ion . . ai. __ . . -- - . ----- - - -- . 

Internal 
fitments, 
furniture, 

door skins, 
wall Flooring Wall Webbed 

Product Adhesive/binder panelling Flooring (wet areas) sheathing beams Cladding 
.. --- - -·- ---- - ..... --- .... .. -- -------- ... ---· --- - ------- -------- ..... ---- -· -·- - ----- -- . 

Plywo0d Urea formaldehyde •) 3. 4 N/S N/S N/S N/S N/S ... 
Melamine urea 

formaldehy1.e 1 ' 
'} 3. 4 3, 4 N/S N/S N/S N/S -· Phenol formaldehyde l ' 
'} 3, 4 1 • ? 3' 4 l ' 2, 4 l' 

'} 

3' 4 t' 2. 3' 4 l ' 
'} 3 I 4 .. , -. ... .. t 

Part i<.. le 
board Urea formaldehyde '} 

3' 4 N/S N/S N/S N/S N/S "'"" ... 
t.J 

~el amine urea 0 

formaldehyde '} 3, 4 3' 4 N/S N/S N/S N/S -· Phenol formaldehyde •) 3. 4 •) 3, 4 N/S 2, 3' 4 N/S 3. 4 .. , -· 
Hardboard Standard '} 3, 4 N/A N/A 3, 4 N/S N/S -· 

Temp~red 1 ' 
'} 3. 4 NIA N/A 1. '} 3. 4 N/S 1 t '} 3 I 4 .. , ... .. t 

MDF Urea formaldehyde ? 3, 4 N/S N/S N/S N/S N/S -· Phenol formaldehyde '} 3, 4 3, 4 N/S 3 t 4 N/S N/S -· 
OSB Phenol formaldehyde t. ? 3, '• 2, 3. 4 2, 3, 4 2, 3, 4 N/S N/S -· 
Waferboard Phenol formaldehyde 1, ? 3. 4 ? 3. 4 2, . 3. 4 2. • 3, 4 N/S N/S -· ... 
Comply Phenol formaldehyde l. 

.., 3, 4 .., 3, 4 2.. 3, 4 2, 3, 4 N/S N/S -· ... 
- ----- ~- - -- - ·----- - -- - - ------- ----- - --------- --- ------- ---·-------··--·--·- - --- -- -- - ------- ---·--·- -·-·-------- ----· ---·. -- ·----- -·- - ···---- ------------· 

al N/S = not suitable; N/A = not applicable; l = tropical (cyclonic); 2 • subtropical (cyclonic); 3 m; temperate 
(warm); and 4 = temperate (cool). 
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The cladding application has been restri.:ted to phenolic bonded plywood 
and tempered hardboard for reasons of durability. In both cases the panels 
would need to be treated against fun~al attack with higher preservative load­
ings, and better penetration pattern.: would be required as conditions become 
more severe. It is recommended that plywood be treated with rot preventatives 
regardless of climate; such treatment is essential, however, in subtropical and 
tropical environments. In Northern Australia, plywood cladding is also asually 
treated against termites [34}. The author has observed the successful use of 
particle board cladding in temperate climates in South Africa and under test 
at the New South Wales Forestry Coa111ission, Division of Wood Technology, at 
Sydney. 

It is significant that although structural wood-based panels and their 
application in residential building result mainly from applied research efforts 
in develo~ed countries such as the United Kingdom, United States, Canada and, 
more recently, Australia, there are cases where the technology has been trans­
ferred to developing countries with great success. 

An example of this type of technology transfer occurred after Cyclone 
Melli caused extensive property damage and life loss in Fiji in 1979. With 
winds gusting to more than 200 Ian/hr, damage to traditional housing was exten­
sive. In an effort to minimize future damage to housing, the Fiji Housing 
Authority, i~ close cooperation with a local timber and plywood manufacturer. 
developed a low-cost, cyclone-resistant dwelling 3long traditional lines using 
locally made plywood and timber. The structural design was based on specif ica­
tions for cyclone housing in Australia, pre~ared by the Plywood Association of 
Australia [ 31]. 

The low-cost dwellings comprised a timber sub-floor, wall frame and roof 
frame. Phenolic bonded structural plywood was used as flooring. The walls 
were clad with 7 nn thick structural plywood that had been treated with copper­
chrome-arsenic. The plywood provided wind bracing and hold-down resistance and 
also fulfilled its traditional function as cladding to keep the weather out. 
Plywood-webbed, timber-flanged box and channel beams were used over window and 
door openings to resist wind uplift, and treated plywood storm shutters were 
used over windows to protect occupants from flying debris. 

In March 1980, the cost, including assembly, of an 8 x 5 m two-room dwell­
ing was approximately $US 3,100. According to the Fiji Times of 14 March 1980, 
98.5 per cent of the material from which the dwelling was built was made in 
Fiji; 572 man-hours were needed to produce the timber and plywood for a single 
dwelling and to erect it. Thus the dwelling under discussion used dP.veloped­
country technology in a developing country to provide structurally improved, 
low-cost d"fellings that used a very high percentage of local material and 
labour. Similar developments have occurrej in other Pacific countries, for 
instance in Tonga after Cyclone Isaac. 

7. ConcreJe _!orm-""..o(}c 

An important end-use for p1ywcl')c! in Australia is in concrete form-work. 
Thirty per cent of Australian plvwood prnduction is used for this applici\tion. 
The design of plywood form-work is based presently on the availability of unit 
stresses and standardized section properties [35). It would be possihle to 
devis~ performance tests fur this application, and this may allow other wood­
based panels, particularly OSB. waferboard and Comply, to be used as plywood 
i\lternatives. The American Plywood Association was considering the development 
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of such a performance standard for form-work in 1980 [36]. The use of wood 
panels for form-work would be independent of climatic conditions. 

8. Other uses 

Finally, there is a wide range of engineered applications in which plywood 
is already used [37], such as portal frames, containers, industrial beams, pal­
lets. crates and industrial flooring, which may in the long term be open to the 
other structural wood-based panels described in this paper. These applications 
~ill only become available if unit stresses a~e applied to the products or if 
performance standards, tied to the specific end-use and climate in which the 
panels are to be used, are developed. 

G. CQru;lusions 

Several conclusions may be drawn from the above disc11fisions: 

(a) The continued development of new wood-based panel products will be 
aimed at structural applications; 

(b) New types of products such as OSB, waferbcard and Comply have been 
developed as plywood substitutes to utilize hitherto unused and therefore 
che~per wood resources, e.g. aspen in Canada and spruce and low-densi~y hard­
woods in the United States; 

(c) The technology exists to produce panels with characteristics similar 
to those of plywood. However, plant costs are higher than for plywood produc­
tion and manpower requirements are lower. These are believed to be the primary 
considerations in Asian-Pacific decision-making; 

(d) The types of panels produced in a country shoul~ depend on the cost 
and availability of raw materials, the technology available, the climate and 
the existence of building codes; 

(e) Future structural applications of wood-based panels require either 
the development of unit stresses or the development of performance standards 
related speciEcally to one application (which should be related also to the 
climate in which the panel is to be used) or both; 

(f) Research is required into the durability of new adhesives such as 
isocyanates and the performance of new formulations of existing adhesives such 
as phenolics, tannins and copolymers; 

(g) Medium-density fibreboard will be used to an even greater extent in 
furniture production. 

This paper has described the properties and applications of a wide range 
of panel products and has sought to give guidance on their application in the 
climates of the Asian-Pacific r~gion. The end-use array was biased towards use 
in residential buildings because this use is believed to off er the best poten­
tial for utilizing forest resources to the advantage of the majority of people. 
It is hoped that the paper will provide a basis for decision-making relative 
to the best utilization of the differeat types of forest resource in the 
region, keeping in mind the available technology and the requirements of 
manpower utilization. 
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VIII. STRUCTURAL PLYWOOD 
Lam Pham and Robert H. Leicester* 

A. Structural IU:Q.P~rti~n9 design crit~ 
for plywood structural compon~ 

Introduction 

Structural plywood is usually fabricated from rotary-peeled veneers. The 
veneers are normally glued together so that the grains of adjacent layers are 
placed at right angles to one another and the peeler checks lie on the inner 
side of each layer. Plywood panels may consist of plies of different thick­
nesses, species and grades of wood. The veneers in plywood have slightly dif­
ferent structural properties from those of the original wood because 
(a) plywood veneer contains nwnerous peeler checks, which are partly filled 
with adhesive during the fabrication process; (b) the veneers are dried to a 
lower moisture content prior to fabrication; and (c) natural timber defects 
are dispersed and consequently are less detrimental to strength. Because the 
alternate veneers are laid with their grains at right angles, plywood sheets 
are much more nearly equal in strength in the longitudinal and perpendicular 
directions than solid timber. Naturally, this also means that in any direc­
tion, plywood is not as strong as solid timber stressed parallel to the 
grain. The other advantages of plywood are (a) its greater resistance to 
checki~g and splitting; (b) its higher shear strength in planes perpendicular 
to the veneers; and (c) its greater dimensional stability. 

In a temperate climate, the equilibrium moisture content for a typical 
solid wood under normal indoor use is about 12 per cent and the moisture con­
tent of the wood in outdoor service may be higher than this, possibly around 
15 per cent. However, plywood made from the same material would have an ini­
tial moisture content of only 10 per cent. As a result, plywood in service 
tends to be at a lower moisture content than solid wood and its structural 
properties are correspondingly improved. The effect of moisture content on 
the properties of plywood have been found to be very similar to that for solid 
wood. 

The first section of this paper discusses the structural properties of 
plywood and the design criteria for structural components using plywood. 

1. Structural properties of plywood 

Basic streogth_ "nd . .stif_fo_ess 

The nature of a strip of plywood is such that the strength and stiffness 
of the plies that have their grain perpendicular to the direction of stress 
contribute little to the stren~th and stiffness of the panel. A good approx­
imation to the structural properties can be a.chieved by considering parallel 
plies only. The structural propert ;_t:s of plywood can therefore be romputed 
once the properties of the individual veneers are known. With th:s approach, 

*Officers of CSIRO, Division of Building Research, Melbourne. 
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plywood can be considered as a collection of pieces of solid timber stressed 
par~llel to the grain. Thus, it is appropriate to use the same basic stresses 
for plywood as are used for solid timber. 

When the stress is at 45° to the grain of the face ply and when shear 
stress is considered, the parallel-plies-only approach is not appropriate; the 
calculation of stress is most conveniently based on the full cross-section and 
the relevant basic stresses are derived directly from experimenta1 data on ply­
wood. 

Table 34 sUD1Darizes the methods ueed to calculate structural properties of 
plywood using the above approach. The following points are noted: 

(a) Tension and compressiQILstrength. For the case of plywood with the 
grain at 45° to the applied stress, experimental data indicate that the tension 
strength is about 1/6 and the compression strength is about 1/3 of the strength 
of the same timber !=tressed parallel to the grain, compared with an expected 
value of 1/2.5. The low tension strength is probably due to fracture caused by 
the differential straining of adjacent veneers; 

(b) Bending strength. It is difficult to calculate the bending strength 
of plywood because of r.omplexities introduced not only by the layered nature 
of the material but also by the non-linear stress-strain characteristics of the 
wood in the compression z~ne. Consequently, it is usual in engineering codes 
to specify that the hono;.1g strength, M, of a plywood strip be computed accord­
ing to some simple procedure such as the equation presented in table 34. The 
parallel-plies-only approximation is at its worst when three-ply plywood is 
used in bending with the grain of the face veneers perpendicular to the span; 

(c) Shear strength. For plywood there are two shear strength properties 
that are important in structural design. One is the in-plane, or panel, shear 
strength and th.- other is the interlayer, or rolling, shear strength. The 
panel shear st1 ~:1gth is n~duced by the presence of peeler checks. This effect 
is greater for thicker plies and is compensated to some extent by glue infill 
into the checks. If a veneer contains splits wider than 1.6 nm, it is ineffec­
tivP i~ panel shear. An approximate formula for the panel shear strength of 
plywood without splits is as follows [l]: 

Fsp = (1.17 - tvlb.35)Fs + 4.03(n - l)/ntv (1) 

where Fsp is the panel shear strength of the plywood (MPa), Fs is the 
shear block strength of solid wood (MP a) and n and tv are the number and 
thickness of the veneers (nun). A description of shear in the plane of the 
plies for various types of construction is given in table 35 and 
figures 72-74. The rolling shear strength of most structural plywoods is 
approximately the inter-fibre shear strength of the solid wood, but there is a 
slight increase when the veneers are less than 1.6 mm thick due t:o glue] ine 
effects; 

(d) Sti.f.f~. The effect of peeler checks in veneer is to reduce the 
panel shear stiffness to approximately 80 per cent of that of solid wood and 
the tension stiffness perpendicular to the grain to approximately 70 per cent 
of that of solid wood. The glueline makes a small contribution to stiffness 
only for plywood that is •ess than 1.2 mm thick [l]. 



Property 

Tension 

Compression 

Deformation in com­
pression or tension 

Shear through 
thickness 

Compression perpen­
dicular to face of 
plywood 

Table 34. Structural properties of plywood 

Stress direction with 
respect to grain direc­

tion in face plies 

Parallel or perpendicular 
± 45° 

Parallel or perpendicular 
± 45° 

Parallel or perpendicular 
± 45° 

Parallel or perpendicular 
± 115° 

Portion of cross-section to be 
considered in computing area for 

moment of inertia 

Parallel plies only b/ 

Full cross-sectional area 

Parallel plies only b/ 

Full cross-sectional area 

Parallel plies only b/ 

Full cross-sectional area 

Full cross-sectional area 

Full cross-sectional area 

Loaded area 

Str~ngth and stiffness 
in terms of basic values a/ 

Basic stress for tension 
parallel to grain 

0.17 x basic stress for 
tension parallel to grain 

Basic stress in 
compression parallel to 
grain 

0.34 x basic stress in 
compression parallel to 
grain 

Basic value for modulus 
of elasticity 

0.17 x basic value for 
modulus of elasticity 

Basic shear stress 

1.5 x basic shear stress 

Basic stress in compres­
sion perpe~dicular to grain 

continued 



Table 34 (continued) 

Property 

Strength in bending 

Deflection in 
bending 

Shear deformation in 
plane of sheet 

Shear deformation 
through the 
thickness 

Stress direction with 
respect to grain direc­

tion in face plies 

Parallel or 
perpendicular 

Parallel or 
perpendicular 

Parallel or 
perpendicular 

Parallel or 
perpendicular 

Portion of cross-section to be 
~onsidered in computing area for 

moment of inertia 

The bending moment M is 
computed as follows: 

where 
g19 

I 

Ymax 

M = g19F'b(I/ymax) 

= 1.20 for 3-ply plywood hav:i.ng 
the grain of the outer plies 
perpendicular to the span 

= 0.85 for all other plywood 
= Basic stress for extreme 

fibre in bending 
= Moment of inertia computed on 

basis of parallel plies only 
= Uistance from neutral axis to 

outermost ply having its grain 
in the direction of the span 

Deflection may be calculated by the 
usual formulae, taking as the moment 
of inertia that of the parallel 
plies + 0.03 times that of the perpen­
dicular plies 

Full cross-sectional area 

Full cross-sectional area 

Strength and stiffness 
in terms of basic values a/ 

Basic stress for extreme 
fibre in bending 

Basic value for modulus 
of elasticity 

Basic value for modulus 
of rigidity 

Basic value for modulus 
of rigidity 

a/ For stress computation, basic values can either be ultimate or working values, depending on the design method. 

hi "Parallel plies" means those plies whose grain direction is parallel to the direction of principal stress. 



Table 35. Shear in plane of plies 

Type of 
construction 

Plywood beams 

Box beams and 
I-beams with 
plywood ••ebs 

Panels wi:h 
plywood covers 
stressed in 
comp1·ession or 
tension or both 

Position of 
shear 

Longitudinal shear 
between plies 
(figure 72) 

Shear between plies 
of web or between 
web and flange 
l figure 73) 

Shear between plies 
or between cover and 
framing members, 
when (a) depth of 
member exceeds twice 
its width and end 
nogging is used or 
(b) depth of member 
is not more than 
twice its width and 
no end nogging is 
used (figure 74) 

------- ------ ------

a/ In terms of basic allowable stress. 

Area to be 
considered 

Full shear area 

Area of contact 
between plywood 
and flange 

Area of contact 
between plywood and 
framing member 

Interior members 

Edge members 

Stress direction 
with respect to 
grain direction 

in face plies 

Parallel or 
perpendicular 

Parallel or 
perpendicular 

t 45° 

Parallel or 
perpendicular 

t 45° 

Parallel or 
perpendicular 

± 45° 

Permissible 
stress a/ 

0.38 x basic 
shear stress 

0.19 x basic 
shear stress 

0.19 x basic 
shear stress 

0.38 x basic 
shear stress 

Basic shear 
stress 

0.19 x basic 
shear stress 

0.19 x basic 
shear stress 

------
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Figure 72. Longitudinal shear between plies • 

Figure 73. Shear between plies of web and between web and flange 

Figure 74. Shear between plies or between cover and framing members 

The above presentation of the design information is the traditional North 
American and Australian metho~. The Europeans use a different approach, which 
gives working stresses related to the full cross-section of the plywood (e.g. 
British Standard 5268, Part II, 1988). With the foil cross-section method, 
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the calculation of geometrical properties is simpler but the working stresses 
differ for each thickness of plywood and different lay-up of veneers. Conse­
quently, a greater number of tables must be used to present the design infor­
mation. 

Both methods, parallel plies only and full cross-section, are frequently 
used not only in design codes of practice but also in the presentation of 
experimental data. The reader is therefore advised to take note of the method 
used, particularly when comparing information from different sources. 

An important factor that has to be considered in the design of plywood 
components, particularly in engineered structural components, is the buckling 
of the panels Wlder stress. The design rrocedure based on small deformation 
theory involves the use of the elastic buckling load. A good approximation for 
this load may be obtained from the use of simple variational methods, such as 
those described by Timoshenko and G~re [Z]. These methods have been applied, 
with the plywood panel considered as an orthotropic plate by Lekhnitskii (3) 
and March ~t- ~l. (4) to solve a variety of problems of plywood buckling. The 
plywood plate equations and their applications to buckling problems are sumnar­
ized in a later part of this paper. 

Experimental data indicate that the theoretical elastic buckling load is a 
good indicator of the start of the growth of large lateral deflection. This is 
not innediatly followed by failure. For most cases, such as in compression and 
shear, the panel is able to sustain loads much greater than the buckling value. 
Thus, in design practice, the allowable loads must be kept under the buckling 
loads to prevent excessive deformation rather than for strength reasons. 

A convenient method of normalizing the information on buckling strength is 
to define two parameters, a stability factor Ku and a slenderness factor 50 , as 
follows: 

Ku = Fu!Fu(s) (2) 
and 

So =VFu(s)IFcrit (3) 

where fu is the ultimate value of the applied stress, fu(s) is the value of fu 
for a completely stable system and Fcrit is the elasti...: buckling str~ss of 
the system. 

A typical example for plywood under compression is presented in figure 75. 
The additional strength above the elastic buckling load that may be carried by 
plywood panel elements is amply demonstrated in the figure. This additional 
strength can only develop with large deformations and can only be made use of 
if large deformations are acceptable. No theoretical estimate of post buckling 
strength is available except for the case of plywood web in shear and plywood 
weh in compression. These estimates are given in section C of this chapter. 

The derivation of allowable strength for plywood liable to burkl ing is 
identical in approach to the derivation of design buckling strength for solirl 
timber components, which has been described in another paper. 
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F£gure 75. Buckling of plywood plate under compression 
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P}l!'ooq as sheathing materials 

tl99-(S and roofs 

Q 

Floors and roofs are usually designed for the most adverse effects from a 
spec if ied concentrated load or a specified uniformly distributed load. The 
three main design criteria are strength. deformation and vibration. Strength 
is rarely the critical design ~riterion for plywood floors and roofs. The cur­
rent Australian floor design criterion is based on the floor stiffness wider a 
concentrated load. A stiffness of 0.17 1111'1 per 100 N is considered adequate for 
domestic construction from both the deformation and vibration standpoints [5]. 
A romprehensive report on plywood composite panels for floors and roofs has 
been compiled by the American Plywood Association [6]. 

Shea~ wiills 

Plywood sheets. when attached to wall frames, form effective diaphragms to 
provide shear resistance. The common method of connecting plywood to the wall 
I rame is by nailing. The racking resistance of this form of construction is 
mostly controlled by ~he lateral resistance of the nails. for tall panels, the 
racking deflection may contMl the design (usually limited to about 8 mm). 'for 
large panels with few studs in between, the buckling load of the panel may be 
th·~ ~ontrolling parameter. As mentioned earlie··, the design load should be 
1-:epl b!!low the buck I ing load to control the growth of lateral deflections on 
walls, which might cause serviceability problems. 

Plywood in engineered structural components 

Plywcb beams 

For· hoth I-beams and box beams. plywood is frequently used as the web 
m;.iteri;d. It is connected with glue or n:e'.:hanical fasteners to timber flanges 
;11irl vertir:nl timber stiffeners al supports ancl al interval:; along the beam 
sp;m ( f i gun• 7f>A). 
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Figure 76. Plywood in engineered structural components 

,_ .... _ 
lal 

Glued connections, if carried out properly, usually have adequate shear 
resistance at the interface to ensure complete interaction between the sol id 
timber flange and the plywood web. For the normal design range, buckling of 
the plywood web under shear is not likely to be a problem. The shear capacity 
of the plyweb beam is in any case much larger than the buckling shear capacity 
of the web alone owing to the diagonal tension action of the web in the buck­
ling range and the Vierendeel truss action of the beam flanges and stiffen­
~rs. For nailed construction, the load-deformation characteristics of the nail 
introduce another design criterion for both strength and deflection. This 
creates no problem for the estimate of strength, but deflection is a much m~re 
difficult problem. Booth (7) and Fageiri and Booth [8] have outlined methods 
to account for the flange-web joint displacement on the deflection of a plywood 
beam. In computing the deflection of plyweb beams, it is ess£.;ntial that the 
shear deflection be taken into account. 

~ssed-skin pan~ 

Plywood stressed-skin panels consist of plywood sheets glued or mechani­
cally fastened to the top or to both top and bottom surfaces of longitudinal 
timber members. The assembly acts as an integral section to resist bending 
(figure 76B). The strength and deflection ~f a stressed-skin panel are depen­
dent on the strength and rigidity of the joints between the plywood and the 
longitudinal members. Two special design consiJerations need to be taken into 
tlccount: (a) the effect of shear lag on bending stresses and deflection and 
(b) the buckling of the plywood compression skin. The shear lag problem is 
only significant for relatively short sp~n panels that have a span to clear 
spacing ratio of less than 8. The problem has been analysed by Foschi (9, lOJ, 
who proposed a correction factor to be applied to the bending stresses and 
rieflertion calculated from bilsir engineering formulae applied to tt.r full 
sP.r.tion. 
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1. Material specifications 

The adhesives used in the manufacture of plywood are based on synthetic 
.-esins and are all thermosetting, including those used for cold-pressed ply­
wood, in ~hich application they are modified to cure at room temperature. As 
the name implies, the adhesives are cured or set by the action of heat and, 
once cured, are not replasticized by any subsequent heating. It is in this 
w~y that plywood adhesives differ from most conventional woodworking adhesives 
(polyvinyl alcohols, polyvinyl chlorides, contact adhesives and animal glues), 
which are thermoplastic. One cold-setting adhesive coD111only used in the boat­
building industry is resorcinol formaldehyde. This is a thermosetting 
adhesive. 

The principal difference between the adhesives used in plywood manufacture 
is the degree to which they are waterproof. To ascertain the degree to which a 
glueline is waterproof, the Standards Association of Australia, under the close 
dirertic!l of the plywood industry and CSIRO, has defined the following bond 
tests, from Type A to Type D in descending order of performance: 

Type of 
bond 

A 

R 

c 

n 

DescriptiID:i 

72 hr boil (or 7 hr at 
200 kPa steam pressure) 

6 hr boil 

3 hr at 70° C 

lb-20 hr cold soak, 
20° c 

~quired adq~~ 

Resorcinol/phenol formaldehyde 
Phenol formaldehyde 
Tannin formaldehyde 

Urea/melamine formaldehyde 

Low extended urea formaldehyde 

High-extension urea formaldehyde 

After soaking as prescribed above, the glueline is opened with a testing 
chisel and visually examined for wood failure. The basic requirement is that 
10 per cent of the failure must occur in the wood for the sample to pass. If 
this standard is reached, the result is a plywood in which the glueline is 
always as strong as the parent wood. 

Type A bo~1d 

Plywood manufactured to Type A bond has a glu~line that will not deterior­
ate under the action of water or extremes of heat and cold. It will withstand 
ioni:;-term stresses without degrading in any way. Plywood manufactured to Type 
A ho1HI therefore has a permanent, fully waterproof glueline that can be used 
11n<ler long-term stress in exposed conditio.1s. It is readily recognized by the 
l>l"dr rolour of the gl•1eline and the "Testing PAA Plywood" mark of the Plywood 
Asso-:i;ition of Australia. Marine, exterior and structural plywoods have this 
Typ•~ /, ho111I. 
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Type B bond plywood is incorporated within the exterior standard. How­
ever, owing to the adhesives used, this type of glueline will in time break 
down under the action of water or when placed under long-term stress. The 
glueline therefore cann'>t he termed fully permanent. For example, the stan­
dard suggests that Type B bond plywood can be used for concrete form-work with 
limited life expectancy. 

Type C and D bonds 

Plywoods manu~actured to Type C and D bonds are fC'r interior use only. 
Products made with this b'>nd must not be reconmended for exterior use or for 
structural applications involving Ieng-term stresses, even in interior appiica­
tions. The glueline can be readily recognized by its light colour and the 
"PAA Approved Interior Plywood" mark. 

~ood products 

Some of the following standards directly cover the products made by the 
Australian plywood industry; others are related standards that are of interest 
to the consumers of plywood in Australia. 

There are seven important publications of the Standards Association of 
Australia that refer directly to plywood and that are used in the industry. 

~i~ Structural Plywood 

AS 2269 specifies requirements for the construction, manufacture, grading 
and finishing of stress and surface grades of structural plywood. It specifies 
veneer qualities, bond quality, joints, dimensional tolerances, moisture con­
tent and basic working stresses. 

The standard prescribes three different methods f'Jr the determination of 
stress grades for structural plywood: 

(a) Species id~ntification; 

(b) Density determination; 

(c) Mechanical stress-grading of the finished sheet of plywood. 

Two surface grades, based on veneer quality of the face and bar.k veneers, 
and one bond quality, Type A bond, are prescribed. 

Appendices describe sampling, testing and acceptance, stress grading of 
plywood sheets. physical and mechanical data of structural plywood. stress 
grades for veneer of individual species and information to be supplied with 
enquiries and orders. 

AS 2274-1979. ttarine P_lywood 

AS 2272-1979 applies to plywood manufactured for use in the construction 
of mt\rine craft. Permissible timber species used in the manufacture of this 
plywcod are specified and details are given of quality of veneers, scarf joints 
and finger joints and manufacturing tolerances. The type of glueline is speri­
fied as Type A. 
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AS_ 2271-1979. Plywood and Blockboard for Exterior Use 

AS 2271-1979 sets out requirements for the construction, manufacture, 
grading and finishing of plywood and blockboard intended for uses where it is 
exposed to the weather or damp conditions. It specifies veneer and core strip 
qualities, bond quality, joints. dimensional tolerances and moisture content. 
Two bond qualities are specified. Types A and B. 

Exterior-grade plywood and blackboard may be grooved, prefinished, over­
laid or preservative-treated and/or scarf-jointed by agreement between the pur­
chaser and the vendor. 

Appendices A, B and C of the standard describe, respectively, sampling, 
testing and acceptance; information required for enquiries and ordering exter­
ior plywood and blockboard; and good practice for handling and storage of ply­
wood and blackboard. 

AS 2270-1979 specifies requirements for the construction, manufacture, 
grading and finishing of plywood and blackboard intended for non-structural 
uses where the material is tully protected from the weather or wet or damp con­
ditions. It specifies veneer and core strip qualities, bond quality joints, 
dimensional tolerances and moisture content. Two bond qualities, Types C and 
D, are specified. 

Interior-grade plywood and blackboard may be grooved, prefinished, over­
laid or r-:-eservative-treated and/or: scarf-jointed to suit individual needs. 

Appentl.1.ces A, B and C of the standard describe, respectively, sampling, 
testing and acceptance; information required for enquiries and ordering 
interior plywood and blockboard; and good practice for handling and storage of 
plywood and blockboard. 

AS ZQ.2._8, Methods~ TP.st for Veneer and PlY!!'..Q.Q.d 

AS 2098 describes in detail the various tests carried out on veneer and 
plywood. Methods for the determination of moisture content, bond quality, 
resistance of glueline to attack hy micro-organisms, quality of scarf joints 
and depth of peeler checks are given. 

AS 2097-1977. Met.hods_.f or _Sampling_V_eJ1_e_e1: __ amt_fmQQd ' 
AS 2097-1977 describes procedures for the sampling of veneers and plywood 

and specifies the number of samples required.* 

*Sampling for properties of preservative-treated plywood and veneer is set 
out in Stanclards Association of Australia, l\u.6.llali.an__£t_andll.d___l6.Q!>:-:l~Z~: 
Method_s _fQr 5.ampl UJ.& _ _an_<t__fil)fily~i.L _Q_f --~__fr.eil.x:.Yali~-L.-an.d __ J'nttr..~ive:::­
Trea_te_d_Woocl (Sydney, 19 7 4). 
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AS 2289-1979. Glossary of Terms Used in the Plywood Industry 

AS 2289-1979 standard is a comprehensive reference manual on all terms 
used in the plywood industry. 

Other Australian standards used by the plywood industry are as follows: 

AS_ Ol-196~l_Q_S~ary of Terms Used in the Timber Standards 

AS 01-1964 defines technical and descriptive terms used or likely to be 
used in the Australian timber standards. This includes terms used in piywood 
standards. 

AS 02-1965. Nomenclature of Australian Timbers 

AS 02-1965 lists the timbers of Australia in alphabetical order of their 
standard trade names, gives their corresponding botanical name, the state in 
which they occur and other conmon names. This standard is valuable as there 
always is a certain amount of confusion over names of species. 

~.s._1604. Preservative Treated Sawn Timber. Veneer and Plywoo__d 

AS 1604 defines the hazard and gives the required penetration patterns and 
loadings of preservative retentions required for timber and plywood if they are 
to survive the hazard. This standard also covers the treatment of veneer and 
plywood to inmunize it against lyctus attack. 

2. Design specifications 

The design rules for plywood are given in AS 1720-1975, Timber Engineering 
Code. The parallel-plies-only approach is adopted in this code. A working 
stress format is used and the basic values of stress are given as basic working 
stresses. The appendices allow a quick estimate of the permissible bending 
moment and stiffness of typical structural plywood as well as the buckling 
strength of plywood diaphragms. The theoretical bases of the buckling formulae 
in the code are given in sections C and D of this paper. 

C. Plywood plate equations ?illl_examples of their application 

Lateral deflections and buckling strengths are usually the properties of 
plywood elements that are of most importance in structural design. In this 
section some variational equations that are useful for obtaining approximate 
estimates of these properties are rierived. For simplicity, only plywoods with 
lay-ups that are synanetrical about the middle surface are considered. 

The notation and sign convention used herein is shown in figure 77. The 
Cartesian coordinates are taken to lie in the middle surf ace of the plate along 
the axes of elastic synanetry, and the coordinate z is taken normal to this sur­
face. The displacement of the middle surface in the x, y and z directions will 
be denoted by u, v and w. The forces acting on a plywood element of unit wirith 
and length are the membrane forces Nx, Ny and Nxy• the moments fix, My and Mxy• 
the shears Vx and Vy and the lateral load, p. 
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Figure il. Sign convention for a.'es. displacement, forces and moments 

surface 

stresses 

Displacements and membrane fortes 

( c) Bending and twisting moments 

It is shown in standard texts on elasticity that to the degree of approx­
imation required, the strains ex~', e/' and exy* at any point in the plywood 
plate are related to the displacements u, v and w by 

1 (; ;) 2 
.2 

e ,., 
= ;J \I + -l w 

x ~. x 2 z 2 
?Ix 

::Iv 1 r~i.r\ 2 
2 (4) e ,., 

= + - ;) w ... 
2 z--2 y :w \YI :ty 

+ '.1 v { '.\ w) (: w) . 2 
exy* = • ti + - 2z" w 

-, '! '.\ x ~ x .• y '.\x:,y 
\ , ' 
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and the corresponding stresses ax*• ay* and crxy* are 

E * + u *e *) a * = x (e * 
x --x- x yx y 

E * + u y*e *) oy * = y_(e * - y x x ) 
(5) 

a * = GLTexy * 
xy 

where 

(6) 

Fx* and Ey* are the Young's moduli in the x and y directions, respectively, and 
have the value E1 or ET. E1 and Er are the Young's moduli of elasticity 
parallel and perpendicular to the grain of the plies, respectively. Uxy* and 
u,yx* are the Poisson ratios for the plies in the x and y directions, respec­
tively, and have the value of uTL or u1r· uTL and UL~ are the Poisson ratios 
for the plies relative to the grain direction and are defined such that 

The membrane forces and moments are defined by 

N J h/2 c * dz 
x = -h/2 x 

N Jh/2 (J * dz y = -h/2 y 

N ! h/2 c * dz 
>ry = -h/2 xy 

. h/2 
M 

= ~ -h/2 
a *z dz x x 

M J h/
2 

0 *z dz 
y = -h/2 y 

M 
xy 

. h/2 =j rr *z dz 
-h/2 xy 

(7) 

the following equations: 

(8) 

(9) 

where h is the thickness of the plywood sheet. Substitution of equations (2) 
into (5) leads to 

N = ff lex + ge 
x y 

N = H2ey + ge (10) 
y x 

N = ffl2exy xy 
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where 

"1 
= ( h/2 (E */).) dz 
J -h/2 x 

H2 = I h/:!. (E *h) dz (11) 
-h/2 y 

..J 

Hl2 = hGLT 

g = hEi}1 TL/ ). 

and ex, ey and exy are the middle surface strains obtained from equatiohs (4), 
i.e. 

ex = a_y + 1 3~ 2 
-~--

3x 2 ax 

ey = ay + l(~l 2 
3y 2 3y, 

(12) 

In plate analysis, it is convenient to use the pa~ameters EA, EB. Ai, A2 
and AJ, defined by the following equations: 

EA = \ ~) H! (13) 

EB ~ ( ~)H2 

A1 = _ _!_1_ 
H1H2 - g2 

Ai = -~--
") 

H1H2 - g .. 

(14) 

AJ = _ _l __ - __.g __ 

2H12 H1H2 - g2 

The substitution of equations (5) into (9) leads to 
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2 
M = -D ~ -

y l ay2 
(15) 

2 
M = c (I w 
xy - ~xCly 

where 

,. h/2 
(E z

2 
(A) Dl :=J _h/2 

dz x 

. h/2 
2 

D2 
=f_h/2 

(E z 0) dz 
y 

(16) 

3 c = GLTh /6 

3 
a= E1uTLh /12). 

In plate an3lysis, it is convenient to use additional parameters Ei, E2, D3 
and B, defined by the following equations: 

(17) 

From equations (16) and (17), 

(18) 

Typical elastic parameters for plywood sheets are given in tables 36 and 
37. The elastic constants used in the com[>utation of these parameters were 
chosen to conform with the recommendations of AS 1720-1975 and are as follows: 
ET = E1/30, GLT = E1/20, IJTL = 0.02 and > = 0.988. 
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Table 36. Elastic parameters for plywood with equal plies lay-up 

No. of plies EA/E1 Es/E1 E1/E1 E2/E1 f3 

3 0.6667 0.3555 0.9642 0.0691 0.4603 
5 0.6133 0.4200 0.7989 0.2344 o. 2745 
7 0.5857 0.4476 o. 7210 0.3123 0.2504 
9 0.5704 0.4630 0.6765 0.3568 0.2418 

11 0.5606 0.4727 0.6478 0.3855 o. 2377 
n 0.5167 0.5167 0.5167 0.2300 0.5167 

Table 37. Elastic parameters for plywood with balanced plies lay-up 

No. of plies EA/E1 Es/E1 E1/E1 E2/E1 B 

3 0.5167 0.5167 0.8792 0.1541 0.3228 
5 0.5167 0.5167 0.6073 0.4260 0.2336 
7 0.5167 0.5167 0.5569 0.4764 0.2306 
9 0.5167 0.5167 0.5393 0.4940 0.2302 

11 0.5167 0.5167 0.5312 0.2300 0.2300 
n 0.5167 0.5167 0.5167 0.5167 0.2300 

3. Field equations 

For translational equilibrium in the x, y and z direction of the element 
shown in figure 77. 

(19) 

( 20) 

p + ~ + ~ + N ~ 2w + N S w + 2N ~ - O 
d x Cly x a2 y al xy ·axay -

x y 

(21) 

and for rotational equilibrium about the x and y axes, 

V ()M 'ClM 
x = J + .~Y 

ax a y 
(22) 

;JM C!M 
Vy = . xy + . y 

ax ay 
(23) 

Equations (15), (17), (21). (22) and (23) lead to the following useful field 
equation'. 
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,4 4 4 ., .,2 
D, 2D3 3 w D., 3 N ' - N ·- 2N ~ + + w = p + w + -W + :' w 

x v xy 
4 (I 2, 2 4 2 z ::.x:y 

Clx x -Y ?-y -·x :iy 

(24) 

From equations (9), the following equation of compatibility is obtained: 

., ? ., 
' ..... .._ ..... ;te ., 2 • Z C 2 ) 
(! e ,. e e ..... w } (25) __ x + _J - ----1il' = ( ·~) • w 

3y 
2 

2-.x 
2 3x~y ;x'.\y 

3x 
2 }y 2 

For the analysis of plate problems, it is convenient to introduce an Airy 
stress function,~defined as follows: ., 

[. ..... ~ ., = Ny 
'.\ --x 

") 

Cl -i _ N 
-:; - x 
ay .. 

? 
a-~ = -N 

:.x;iy xy 

(26) 

It is apparent that membrane stresses derived from this stress function 
will always automatically satisfy the equations of equilibriwn (19) and (20). 
Substitution of equations (26) into equations (24) and (25) leads to the fol­
lowing field equations that are required for the solution of plate problems 
according to large deformation theory: 

Dl 
,4 

+ 2D3 a4
w + D2 3

4w ,J w = 
t. 2 2 4 

(lw :.x ~y ay 

(27) 

ci2... a 2 2 2 2 2 
p + (-'-)(__'!') + (.1::1)(~) - ~(-1-1) (~) 

' 2 2 '.\x 2 
Cly 

2 •xay iX(ly ,,y ax 

In small deflection theory, the right-hand side of equation (28) is taken to be 
zero. 

4. ~oundarv_~Q!lJ:!H.io..rn 

The mathematical formulation of boundary C.)nditions that correspond to 
various practical plate edge condHions are to be found in texts on elastic 
plate theory. For a straight ed~e lying along the line y = 0, some typical 
hntmdary conditions associated with membrane forces are as follows: 

Nx = Nxy = 0 (free edge) (29) 

11 = v = O (fixed edge) (30) 

and typical boundary conditions associated with the bending moments are as 
followi:;: 
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., 
w = a-w = 0 (free edge) 

? 
ox"' 

M = w = 0 (simply supported edge) 
x 

Mx = Vx - ~Mxy = 0 (fixed edge) 
3y 

S. Potential energy equation 

(31) 

(32) 

(33) 

The strain energy of a deformed plywood plate, denoted by VP, is 
defined by 

1 J ,·h/2 v -
P = 2 area)-h/2 r ~ *e * + a *e * + '.'.\ *e *] dz dA x x y y ~ xy xy 

(34) 

where dA denotes an elemfa1tal area of the middle surface. Substitution of 
equations (4) and (5) into (34) leads to 

(35) 

where 

'

·32 )2 D., ·--~ + 
"-1 2 

tay 

(36) 

(37) 

The potential energy, n p, of the lateral load p, and potential energy, !'."! m, 
of the boundary membrane forces are as follows: 

np = - f area pw dA (38) 

.rim = ¢ [ (N v + N u )dx - (N u + N v) dy] 
y xy x xy 

(39) 

If it is assumed that there is no stretching of the middlt: surface during 
hending, i.e. ex = ey = exy = o. then 

vm = 0 (40) 

I") [N ::lw 2 
~ N rlW 

2 
2N riw ] dA ( '• l ) .. = + ;jw 

m area x 
JX 

y ::ly xy dx :.'ly 

The method for the drivation of equation (/11) from equation (39) is 
described in detail by Timoshenko and Gere [2]. 

6. Sol\1tion of -~he plate equatio:ns 

The plate equations may be 
r:onven t ion<1 l numerica 1 technique~, 

solved with the aid of computers by 
i;uc:h as the finite difference or finite 
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element methods. However, for sheets of simple geometrical shape, particularly 
rectangles. solutions may be more easily obtained by methods associated with 
mathematical series. Thesf: are discussed in detail in texts on elasticity. 
~e following are examples of the use of variational methods to obtain approxi­
mate solutions. 

La~r_al _d~llt:~tions of plvwood_p_l~tes 

For a plate loaded only by lateral loads, the membrane forces are neg­
ligible at small deflections, and from equation (21) the fie~d equation is as 
follows: 

(} 4.., + ZD3 -"--~~ - + D2 '~" = p 
". 4 - 2 ... 2 - 4 .,.x , x cy :-y 

(42) 

and the appropriate boundary conditions are given by equations (31)-(33}. 

From equations (35)-(39). the correponding potential energy functional V 
is as fellow--;: 

1 ( ' '~ 
V ::: 2 t D (~ '"} 

area · 1 " 2 ox 
L 

.. 

-J pw dA area 

(43) 

An approximate estimate of lateral defections can be obtained by choosing 
a reasonable deflection shape for w, substituting into equation (43) and then 
minimizing the functional V. 

Only the small deformation (critical elastic) buckling of initially flat 
plates subjected to membrane forces applied at the boundry will be 
considered. From equation (24), the eouilibrium equation for this is as 
follows: 

., 2 
N "2 < w + .t w + 

2 
y 

2 
~x riy 

(44) 

~nrl from equations (35) to (41 l. the corresponding increment in the potential 
energy functional V during lateral <leformation$ is as follows: 

( 4'}) 

~ 

r 
' 2 ') 7 .., -2 2 

!. v = 1 l D (' .w( + fl ( '.\ - ... ) - + Z(' w)('.\ w) I\ 
b 2 ' I _ 2 2 2 .., 2 

area d ~. :\y 1:.:"" -c.y 

( 46) 

.., ') 

j rlA + 2r: c-w ,-
•;(rl: 

~ Iarea 

2 2 1 
.~ ~ "."'. I l:'i W) (_ ., w} r •w) : = - 1N + N ( :,w) + 2N dA m 4. I 

I. x •x y •Y xy ;I w ·y J 

u~ n 
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where w is the lateral deflection ~uring buckling, and Nx, Ny• and N,.y are the 
membrane forces that are present just prior to buckling. The buckling condi­
tion is given by 

:_ v = 0 (48) 

7. Ex~es of application 

Deflection of rectangular plywood pl~ 

As a first example, the variational method will be applie~ to compute the 
deflection of a rectangular plate laterally loaded by a concentrated load P at 
the point x0 , y0 . The plate, shown in figure 78a, has sides of length a and b. 
The deflection pattern of the plate will be taken to be approximated by 

w = A0sinf~)sin{::J) 
a b 

(49) 

where A0 is a constant to be -:tetermihed. The subst:tution of equation (49) 
into (43) leads to 

Hence the minimization 

gives 

D "D -x -y 
2 + ~) -PA sin{--2)sin\__::_Q) 

b 4 a2i,2 o a b 

:,_y = 0 
;.;.. 

0 

Figure 78. Notation for plates 
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y 

a 
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x 
!11) Skew Plate 

(50) 

(51) 

(52) 
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Single-term variational solutions 
true deflection by 5-20 per cent. 
extremely versatile. For example. 
indicated in figure 78b, then an 
shape is as follows: 

of this type typically underestimate the 
However, they are simple to obtain and are 
if the plate is skewed to an angle .: as 
appropriate assumption for the deflected 

w:;; 

where c :;; cot t; • This leads to the solution 

where 

Uniform end compression 

A 
0 

-v 
4Psin(=<x - :y >]sin(j) 
. . a._.!L .-Q_ _____ ]L 

4 
abx'.T sin(e) 

(::;,)) 

( 54) 

(55) 

The variational method will be used to compute the buckling load of a 
rectangular plywood plate under uniform compression in one direction. A 
simply supported rectangular plywood plate of length a and width b is 
subjected to a uniform membrane compression N in ~te direction of the x-axis, 
as shown in figure 79. 

Figure 79. Buckling of ~lywood plate under uniform compression 
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A suitable approximation for the deflection shape is 

w = A0sin(~-x)sincn-v) 
a t> 

(56) 

where Ao is a constant and m and n are integers to be determined. The substi­
tution oi ffx = N, Ny = Nxy = 0 and equation (56) into equations (45) to (47) 
leads to 

-'- 2[D 4 D '"" 2 2 4 N 1 w = fAl/_A 1 car-) + z{n-) + L>:m D - - 'ma!!!ll.) 
8 ° a b a2ti2 

(57) 

where : = D3//D1D2· Hence the condition ~V = 0 gives 

2 Jo
1
o

2 
_ 

N = - \Y + (58) 

b2 

where 

(59) 

Obviously the minimum value of N is given for the case m = l, i.e. 

(60) 

This equation is plotted in figure 79. A strip infinitely long in the direc­
tion of the x-axis, denoted by Na,, is obtained from the condition nN/~y = 0, 
which gives 

y = 1 

2 J ~JD2 <1 

b2 

(61) 

(62) 

It is apparent from equations (59) and (60) that for an infinitely long strip, 
the plate buckles into panels of length ach• given by 

(63) 

This len~th will be called the characteristic buckling length. 

For the case of a panel with the sides y = 0 and y = b clamped, and the 
sides x - 0, simply supported, ~ suitable deflection shape is 

(64) 
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This leads to the following solution for an infinitely long strip: 

N.,, 

a = ch 
(16D /3D )O -l\ 

2 1 

(65) 

(66) 

Single-term variational solutions of the type derived above typically 
overestimate the buckling strength by 1-10 per cent. 

D. Stren~th of plywood plates 

Introduction 

fhis section sunmarizes the information relevant to the design of plywood 
in engineered structural components. It includes a sumnary of the formulae 
for elastic buckling loads of plywood plates Wlder compression, bending and 
shear and a discussinn on the ultimate strength of buckled plywood plates. 

1. formulae for elastic buckling loads 

The definitions and notations contained in section C apply also here. In 
that section, the parameters E1, Ei, D3 ands were defined as follows: 

Uniform end compression 

D1 = E1h3/12 :\ 

D2 = E2h3/12 :\ 

D3 = G1rh3/6 + E1~r1h3/12:\ 

A simply supported rectangular plywood plate of length a and width b is 
subjected to a uniform membrane compression N in the direction of the x-axis, 
as shown in figure 79. The elastic buckling value of N is given by 

(67) 

where 

Y = f D1/D2(mb/a)2 (m = 1, 2, 3 ... ) (68) 

For a strip infinitely long in the direction of the x-axis, the elastic 
buckling load, Nm, is given by 

(69) 
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It is apparent from equations (67) and (68) that for an infinitely long 
strip the plate buckles into panels of ler.gth ach, given by 

a = ch 
(D ID )0. 2\ 

1 2 
(70) 

This length is called the characteristic buckling length. For the case of a 
panel with sides y = 0 and y = b clamped, the buckling load for an infinitely 
long strip is as follows: 

and the characteristic buckling length is as follows: 

Edgewise Mllili"lK 

a = ch 
(16D /3D )O.ZSb 

2 1 

( 71) 

(72) 

A simply supported rectangular plate of length a and width b in 
(figure 80) is loaded in edgewise bending so that the membrane stresses prior 
to buckling are given by 

Nx = N[(2y/b) - l] 
(73) 

Figure 80. Plate under edgewise bending 

'y 

The value of the buckling force parameter N is as follows: 

where 

(75) 

The solution for an infinitely long plate is as follows: 

( 76) 
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and the characteristics buckling length is as follows: 

a = ch 

Edge shear 

(D /4D )O.Z\ 
1 2 

( 77) 

An infinitely long, simply supported strip of width b is subjected to 
edge shear force N

00
, as shown in figure 81. For these conditions, the plate 

buckles roughly in skew-shaved panels with the buckling force 

(78) 

and the characteristic buckling length 

(79) 

Figure 81. Plate under shear 

y 

Combined edge loa.ds. 

For an infinitely long, simply supported strip of plywood subjected to a 
uniform end compression Nx• an ·.dgewise bending with maximum value Nbx and 
an edge shear Nxy• an appropriate criterion for the onset of buckling 
obtained from the result of numerical analysis is 

(80) 

where Nxo• Nxyo and Nbxo would be the elastic buckling values of Nx• Nxy and 
Nbx• respectively, if these forces were acting alone. 

2. Ul_timate strength of buckled plyw.ood plates 

If large deformations are acceptable in a structural design, it is often 
very advantageous to make use of the additional strength above the elastic 
buckling load that may be carried by plywood plates. The necessary large 
deformation theory for this is outside the scope of this paper: however, two 
particular structural cases will be discussed to provide some insight on large 
deformation behaviour. 

Strength ..Q..f_Jtlywood plate in end compresB.iQn 

For the thin plate loaded in end compression, as shown in figure 82, large 
def~rmation theory shows that with increasing deformations the load tends to be 
carried by two edge stdlps of width denoted b0 /2. If it is assumed that 
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just prior to failure the membrance forces on the edge strip are Nu(s), the 
maximum that would be possible for completely stable members, then the average 
membrane edge force, Nu• is given by 

Figure 82. Ultimate strength of plate wider compression 
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(81) 

For the particular plywood sheet, the elastic buckling load is as follows: 

(82) 

Furthermore, if it is assumed that the plate acts effectively as a strip 
of width b0 in elastic buckling, then 

(83) 

Hence 

(84) 
or 

(85) 

Equation (85) must be considered to be merely an estimate of the panel 
str-ength, not only because of the heuristic arguments used to arrive at it, 
but also because the magnitudes of initial imperfections and other important 
strength parameters have not been considered. Figure 83 is a plot of the 
results of a series of tests on plywood sheets by March ~- {41 It indi­
cates that equation (85) is valid for extremely thin plates (NcrlNu(s) < 0.1), 
but that a more suitable formula for design is 

(86) 
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Experi~~ntal data for ultimate strength of plate 
under compression 
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Strength of plywood web in shear 

Consider a slender plywood panel loaded in shear (figure 84). Prior to 
buckling, the web panel develops both tensile and direct compressive stresses. 
After buckling has developed, the web has no further capacity to carry extra 
compressive stresses, but further laod can still be carried by diagonal ten­
sion. Many models for this diagonal tension have been developed to predict the 
post-buckling load capacity but are not suitable for application to plywood web 
beams. For example, the partial diagonal tension model currently being used 
for steel plate girders has been found to be unsuitable because plywood webs do 
n~t display the required ductile yield plateau and because timber flanges are, 
relatively speaking, too thick to form plastic hinges. Of the various models 
available, the complete diagonal tension model appears to best fit the experi­
mental behaviour observed in tests on plywood web beams, and this model will be 
used in this paper for the ultimate shear strength of plywood webs. 

Figure 84. Ultimate strength of plate under shear 
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The ultimate strength, Vu, of a plywood web beam will be taken to be the 
lesser of the following: 

(87) 

where Ve is the elastic shear buckling load of a plywood web, Vd is the she~r 
carrying capacity resulting from the diagonal ::.ension strength of the plywood 
web, Vf is the contribution of the flanges and web stiffeners to the shear 
carrying capacity of the beam and Vs is the panel shear strength of a stable 
plywood web. 

The method used to obtain the elastic buckling load Ve was described in 
section C. The stable shear strength Vs, which is the ultimate panel shear 
strength in the absence of buckling, was described in section A. 

The interaction between the web and the flanges is compl~.x, particularly 
in the post-buckling region and will not be discussed in detail herein. 
Roughly, the contribution of the flanges to the shear carrying capacity for 
the test beams, denoted by Vf, is estimated by a~suming that the flanges act 
as simply supported beams with deflection matching those of the plywood web 
under shear. 

Finally, the shear force Vd carried by a diagonal tension field Nd 
inclined at an angle e to the flanges is given by 

vd = o.sa.Ndsin e cos e (88) 

where Nd is the tension membrane force per unit length (figure 84). 

The tension membrane force Nd has a maximum possible value given by 

(89) 

where Nte is the membrane force of the plywood in the direction e and Nte is 
the membrane buckling force NE resolved in the direction 8, i.e. 

NtE = 2NEsin e cos e (90) 

The membrane force Nte can be obtained by fitting a curve to the follow­
ing three points of known tensile strength (figure 85). 

e = o 

e = ~/4 Nte = twFtul6 (91) 

8 = P./2 Nt8 = (1 - k)twFtu 

where Ftu is the ultimate tensile stress of the timber along the grain, k is 
the ratio of areas of effective plies to the gro&s ar~a and tw is the plywood 
web thickness. 

The expression for Vd is taken so as to give the highest possible shear 
capacity. This is achieved when e is approximately equal to 15 •. For this 
case, equations (88), (89) and (90) lead to 

(92) 
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Figure 85. Variation of strength with direction of tensile stress 
for plywood plate 

45 0 45 

Figure 86 is a graph of the results of a series of tes":s on plywood web 
~eams in shear. It indicates that the above method of estimating plywood we~ 
ultimate shear strength agrees fairly .tell with the available experimentc.. 
data. 

Figure 86. Ultimate strength of stiffened plywood webs 
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So..~: R. H. Lekester and L. Pham, "Ultimate strength '>f plywood webs", 
Paper No. 145C, Proceedings of Pacific Timber Engineering Conterence, Auckland, 
New Zealand, May 1984. 
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IX. GLUED LAMINATED TIMBER 
Robert H. Leicester* 

Introduction 

Glued laminated timber, or glulam, as it is often referred to, is formed 
by gluing together then laminae to form stru•;tural members, often of large 
size. In Australia, a great variety of species, including both softwoods and 
hardwoods, have been used for glulam. Each species has its own particular 
value in this regard. Softwood glulam tends to be easier to fabricate and 
therefore will often be the most economical type to use, while hardwood glulam 
is often favoured because of the specific properties of its timber, such as its 
appearance or durability. 

The glulam laminae used commercially range in thickness from 50 nwn down to 
veneer thicknesses of 5 DID or even less. In order to form laminae of suffi­
cient length, particularly for large members, it is usually necessary to end­
joint planks of timber. Because glulam members are fabricated from small 
elements, they ::an be of any size or shape. Members longer than 30 m and 
deeper than 2 m have been fabricated. Most coanonly, members are rectangular 
in cross-section and are either straight or have a uniform curvature. 

A. ~igth theories for glulam 

Early theories of glulam strength were related to the IKIIG concept 
illustrated in figure 87. The term IK denotes the moment of inertia of the 
projected area of all knots within 150 11111 of the cross-section under crutiny; 
the term IG denotes the moment of inertia of the gross cross-section. The 
IK/IG concept is based on finding the correlation of strength with the 
parameter l - IK/lG· The 5 per cent exclusion limit is then used to pre­
dict the characteristic strength RK· By running surveys of knot sizes in 
timber boards, it is possible to predict the statistics of IK/IG values 
that would be expected for various glulam lay-ups. 

Figure 87. Illustration of the knot ratio concept 
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*An officer of CSIRO, Division of Building Research, Melbourne. 



- 160 -

The IK/IG concept has been used extensively [l] but is not particularly 
effective for covering a wide range of parameters {2]. Accordingly, other 
strength theories have been proposed. The following will contain a description 
of th theory used for AS 1720 [3]. This theory is based on the concept that 
the strength of glulam is equal to the strength of solid wood, with some slight 
enhancement for one of the following two reasons: 

(a) There is a local reinforcement effect, wherein the weakness of a 
local defect is overcome to some extent by the assistance ~f clear wood in the 
laminae on each side of the defect; 

(b) There is a load sharing effect, wherein the five-percentile or 
characteristic strength of glulam is increased because the probability of 
occurrence of several weak laminae is less than with a single piece of solid 
wood of comparable weakness. 

B. Ibeory of local reinforcement 

1. Strength of butt-jointed glulam 

A butt joint, illustrated in figure 88, is essentially the absence of an 
end-joint between pieces of timber that form a lamina. This type of joint is 
useful for illustrating the characteristics of local reinforcement, as without 
such reinforcement this type of joint would have no strength at all. 

Figure 88. Butt joints in glulam 

internal 
butt joint - -- -- -F.- --F, 

- -- -
edge butt joint 

The strength of butt joints was discussed earlier. The applied load is 
stated in terms of a stress intensity factor Di, which is given by 

(l) 

for internal butt joints. The applied nominal tension stress ft is stated in 
MPa unit5 and the lamina thickness a is stated in millimetres. For edge butt 
joint, the intensity factor is about 40 per cent greater than the value given 
by equation (1). 

The critical stress intensity factor can be conservatively estimated from 

Kie = 0.15n (2) 

where n is the density of air dry timber in kg/m3. 
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Equations (1) and (2) lead to the following value of stress to cause fracture: 

ft(ult) = 0.15~/(-a)0.5 (3) 

If there are N butt joints in the zone of maximum stress, then a weakest­
link situation applies, and the stress to cause fracture of the member is 
reduced by a factor N11

, where a. is the coefficient of variatior. of the butt 
joint strength. Typically, Q = 0.2, so equation (3) should be modified to read 

ft(uit) = 0.15c/(~0.5a0.5~.2) (4) 

Equation (4) indicates that the nominal tension stress to cause failure 
increases as the lamina thickness a decreases. For a lamina thickness of a few 
millimetres, the tension strength is close to that of structural-grade timber; 
however, for lamina thicknesses in the range that is most frequently used in 
most fabrication, say 20-40 DD, the fracture strength may be less than one 
fourth of the value of the tension strength of structural timber. 

As would be expected from the above, glulam fabricated from •:eneer is 
extremely strong (4, 5, 6, 7). Such glulam is often referred to as ''microlam" 
or "laminated veneer lumber". 

2. Strength of continuous laminae 

Figure 89 illustrates schematically the method whereby the stress in a 
lamina, interrupted by the discontinuity of a defect, may be carried by the 
adjacent laminae, provided these are straight-grained material that iE defect­
free. This is the same action as that associated with a butt joint; however, 
in the case of a natural defect, the reinforcement effect is more efficient as 
the defect is not as sharply discontinuous as a butt joint. 

Figure 89. Local reinforcement of a defect 

The method for assessing the strength of glulam is illustrated in 
figure 90. This evaluation is made in terms of the grade ratio of the timber 
used for the laminae. The grade ratio, GR, is defined as follows: 

(5) 

where Rieg is the five-percentile characteristic value of bending strength of 
the graded timber and RJcc is the characteristic bending strength of small, 
clear wood specimens. 



Figure 90. 
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Method of establishing glulam strength 

Solid timber strer.gth 
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Glulam strength is evaluated in the following steps: 

(a) The strength of butt-jointed glulam is computed and taken to be the 
value relevant to a grade ratio cf zero; 

(b) The strength of clear structural timber is determined and taken to be 
relevant to a grade ratio of 0.l; 

(c) The glulam strength for the grade ratio relevant to the laminae used 
is obtained by interpolation between the values for grade ratios cf zero 
and 0.6. 

The above applies to bending and tension strength. It is assumed that the 
reinforcement effect on compression strength is negligible. 

Examples of the reinformcement factor specified in AS 1720 are ghen in 
table 38. 

Table 38. Factor for local reinforcement 

-·--------- . Reinforc:!?~Ulc.12L aJ ____ __ -----·----. 

Lamina Select Standard Select Standard 
thickness engineering engineering building builuing 
(nun) grade grade grade grade 

----------------· -----~----· 

50 1.00 1.10 1.15 1. 20 
20 1.00 1.15 l.:!5 1.40 

'l l.00 l. 25 1.45 l. 70 

Source: Standards Association of Australia, Australian Standard 
1720-1975; SM Iimb.er En&.ineedng Code (Sydney, 1975). 

al Applicabale only to straight-grained softwoods. 
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C. The load-~aring effect 

The load-sharing effect of laminae constrained 
discussed elsewhere. It is a function of the 
deformation characteristics of randomly selected 
enhancement of the five-percentile strength depends 
and the following is a typical set of values: 

to deform together will be 
interaction of the load­
groups of laminae. The 

on the species considered, 

Number 
of laminae 

1 
2 
5 

10 

Load-sharing 
factor 

1.00 
1.14 
1.26 
1.33 

In AS 1720 (3) the effective number of laminae for load-sharing estimates 
is specified as follows: tension member, N; column, O.SN; and beam, 0.2SN, 
where N is the total number of laminae in the member. 

D. Stiffness of Glulam 

It may be assumed that laminating does not affect the stiffn2ss proper­
ties of the laminae. If the laminae are of mixed species or grades, then a 
conventional analysis u~ing the transformed section technique may be used to 
evaluate the deflections of a glulam beam or the extension of a glulam tie. 

E. Effect of curvature on bending str..engtb 

1. ~L_Qp longitudinal stresses 

The efrect cf longitudinal stress on strength is described in terms of a 
curvature factor, CF, and defined as follows: 

Modulus ~f rupture of curved member 
(6) CF = 

Modulus of rupture of straight member 

The effect of this curvature factor is illustrated in figure 91 ~nd is based on 
the reports by Finnorn and Rapari (8) Hudson (9) KostukP.vich and Wangaard [10) 
and Wangaard e~ ~1. [11). 

For a radius-to-thickness ratio of 100, the bending during fabrication can 
introduce an initial stress of up to 40 per cent of the ultimate strength of 
the laminae. The effect of this is to give a curvature factor, as defined by 
equation (6), of about 0.8 immediately after:- fabrication; this relaxes to a 
value of 0.9 after a year or so. 

2. illE .. L.JltL .. !.r.art~rse stresses 

As discussed elsewhere, the application of a bending moment to a curved 
member can introduce a transverse tension stress, which can lead to failure by 
f rar.ture of longitudinal splits or checks. An examination of some typical 
member dimensions indicates that an effective curvature factor of about 0.8 
wo~ld be obtained through such failures if the members were to contain through 
cracks of 20-30 mm length. 
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Figure 91. Effects of curvature on longitudinal strength 

ntial 
,--- stress 

1•1 lnitiCll strnsu M ta fa.,cat""' 

1-0 -------..------. 

·~ 

a/R:0-01 -

o--~~~~~··~~~~~__, 

0 0-5 1-0 
PROPORTIONAL LIMIT 
ULTIMATE STRENGTH 

F. End joints in laminae 

1. Jy~e_s_pf join ts 

The three most commonly used end joints in commercial practice are the 
butt, finger and scarf joints illustrated in figure 92. 

Figure 92. Types of end joints 

J[ 
IDI llutt Joint 
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lcl Scorl Joint 

2. Bull joints 

The characteristcs of butt joints have been discussed elsewhere. It has 
been found that in general it is uneconomical to place butt joints in tension 
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members or ~ithin the bottom third of beams, because to do so would necessitate 
increased member sizes due to the poor strength of butt joints. 

Currently lhis is the most successful type of end joint for commercial 
appl ·cation. The machinery available for fabricating finger joints is quite 
effective and reliable. Typically the joints have a strength equal to that of 
structural timber having a grade ratio of about 0 .Li and for design purposes 
may be considered to be equivalent to such timber. 

If a finger joint fails to glue effectively, it acts as a butt joint, with 
a consequent dramatic drop in strength. There would appear to be no quality 
control technique that will guarantee that the quantity of defective finger 
joints is a negligible proportion, such as less than l in 10,000. Conse­
quently, when finger-jointed laminae are used for critical structural members, 
it is recommended that every fabricated joint should b~ proof-tested to ensure 
its structural integrity. 

Correctly fabricated scarf joints have a strength close to that of clear 
wood, and these joints used to be strongly favoured by the aircraft industry. 
However, in the rough environments of factories that fabricate building pro­
ducts, it is difticult to fabricate satisfactory scarf joints have a scarf 
slope of less than 1 in 10. Furthermore, ineffective scarf joints act like 
butt joints, and the proportion of such joints tends to be larger than that 
found in the fabrication of finger joints. Consequently, the use of scarf 
joints is not generally recommended for ··he fabrication of critical structural 
members. 

5. Sp9.cing of en_d joint_$ 

The spacing of butt joints has a significant effect on the strength of 
glulam. This effect can be predicted accurately through the use of fracture 
mechanics theory and has been discussed elsewherP. 

The spacing of scarf joints, if carefully fabricated, does not appear to 
affect the tension strength of gluiam [12]. In theory, the spacing of finger 
joints should also have a negligible effect. However, in one experimental 
study, Stickler and Pellerin [13) found that the vertical stacking of finger 
joints lead to a loss in strength of 15 per :::ent. This was probably due to 
the fa~t that commercial finger-jointing machines cannot produce sufficiently 
perfect joints so as to completely prevent stress discontinuities across 
joints. 

Glulam is fabricated with a great range of timber speries. In general, 
the diffir:ul ties of sur.cessful gluing inr.rease with the density of the timber. 
<:old-setting glues are the most commonly used glues. Thcee popular types are 
11rea formaldehyde, casein and resorcinol. Urea glues are cheap but deteriorate 
h high-temperature and high-humidity environments, and some ureas have a ques­
tionable long-tetm integdty. Casei.1 gl lC-S are excellent in dry environments, 
lrnt in humid environments they ;ire prone to ottock by fungi. Resorcinol glues 
h~v~ th0 hest ;i]J-rnunrl rh;iracteristirs, in~lurling stabilit/ in exposerl 
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environments; however, they are also the most expensive of the three cold­
setting glues mentioned. 

Hot-setting glues such as the phenolics have excellent stability 
exposed environments. They are usually cured by radio-frequency techniques. 

in 

Many timber additives, such as preservatives and fire retardants, create 
difficulties in gluing, and special fabrication techniques are necessary if 
these additives are impregnated prior to the laminating process. 

2- Quality control 

Notionally, quality control should comprise the following tvo components: 

(a) Laboratory tests to assess the timber, the glue and the operating 
limits for successful fabrication; 

(b) On-line checks of the fabrication process to ensure that the accept­
able range of the operating parameters is not exceeded. 

Parameters of significance include the species density, surface condition 
and moisture content of the timber; the mix temperature and pot life of the 
glue; and the temperature, pressure and time associated with the pressing oper­
ation. Many of these parameters are difficult to monitor continuously, so it 
is usual to also specify quality control checks on samples of the finished 
product. 

H. Gosts of glnlam 

The following example of costs, assessed by one particular manufacturer, 
may be taken as indicative of the distribution of costs associated with the 
fabrication of glulam. 

Basic costs 
Timber 
Urea formaldehyde glue 
Labour 
Capital 

Extras 
End jointing 
Resorcinol glue 

Relative cost 

55 
5 

25 
_li 
100 

Copper chrome arsenate treatment 
Sealer and primer 

25 
15 
15 

5 
20 
-2 
85 

Patching 
Wrapping 

Sinr.c glulam is frequently userl for large 
mance in exposed conditions iri A major concern. 
well-glued members cap delaminate ;.il;trmingly. 

exposed structures, its perfor­
Experience has shown that even 
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Probably the most useful information on this matter is to be found in the 
paper by Huggins and Aplin [ 11.] who surveyed 57 Canadian bridges fa'.:>dcated 
from softwoods and up to 30 years old. Results of the survey incl,. .. ~ the 
following: 

(a) Crecsote pressure treatment at a retention rate of 30 kg/m3 proved 
to be completely satisfactory; 

(b) Severe checking occurred if a moisture content differential of 5 per 
cent occurred between the surf ace and a depth of 60 11U1; 

(c) Tl!ere was negligible checking on surfaces protected from wind and 
rain. A north-south orientatio~ led to much worse deterioration than an east­
west orientation; 

(d) Copper chromearsenate treatment was associated with severe checking. 

From the above, it would appear that the best protection against delamina­
tion and/or severe checking in exposed locations is obtained by impregnating 
the timber with an oil to deter the two-way movement of moisture through ~he 

surface of the glulam. Oil-based additives can be impregnated either by con­
ventional pressure-treatment processes or by hot-and-cold batt. methods. The 
latter process requires only the construction of a shallow, heatable bath and 
is particularly suitable for members of <.wlr ... ard shape that may not fit into 
connercial pressure-treatment cylinders. 
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X. ADHESIVES FOR TIMBER 
R. £.. Palmer* 

Adhesive bonding (gluing) is but one of the processes used in the ~an11f ac­
ture of certain structural components. Bonds can be categorized according to 
service requirements as structural, temporary structural or non-structural. A 
structural bond has the strength and durability of the wood being bonded. 
Thus, a structural design incorporating bonded components can be based on wood 
strengths. and the bond does not constitute a fault or weakness. 

Bond testing is based on a comparison of bond strength with wood strength. 
Sample joints are subjected to a specified water soak treatment and then broken 
apart. Bor.d quality is expressed in terms of the area of broken fibre as a 
proportion of the total bonded area. The load at break is only of secondary 
importance. Sometimes the water soak treatment simply weakens the joint; in 
its more severe forms, it functions as an accelerated aging regime. 

This paper presents what is essentially an Australian philosophy o~ struc­
tural wood gluing. The philosophy was developed over many years because of the 
need to bond a large number of hardwoods and softwoods of widely varying den­
sities, primarily in plywood manufacture but also in glulam manufacture, where 
solid woods are glued. Such material can be put into service in a wide range 
of climates from Cairns to Alice Springs to Hobart. This need contrasts with 
waht in the developed countries of the northern hemisphere, where bonded struc­
tural components are manufactured from a rather smaller number of relatively 
gluing characteristics. The successful gluer in Australian industry tends to 
be somewhat of an experimenter who must be able to cope with a wide range of 
production variables, only some of which are under his control. Clearly, this 
does not so much apply to particle board production, where the process is more 
of a mass production process. Also, particle board finds only limited struc­
tural application, in its use as domestic flooring. 

A. The ?dhesives 

An adhesive is a substance capable of holding materials together by su~­
f ace attactunent. The materials held together by an adhesive are termed adher­
ends. For many centuries the principal wood adhesive was animal glue, so that 
the terms gluing and adhesive bonding of wood have become synonymous. 

The wood adhesives of greatest commercial importance are those based on 
formaldehyde, i.e. urea formaldehyde (UF), melamine formaldehyde (MF), phenol 
formaldehyde (PF), tam in formaldehyde (TF) and resorcinol formaldehyde (RF). 
Also of importance are those baser! on polyvinyl acetate (PVA), whir.Ii have 
largely replaced UF and animal glue in furniture and interior joinery applira­
t ions. Elastomerics are used primarily for interior panel and trim attactunent 
but are likely to become more important in enhancing the stiffness of struc­
tund assemhlies. Epoxies are expensive and can vary widely in performa11c•: 
hP.rr111s<· of the lrirge n11mher of possihlP. form11lations; they ten<l to hP. usNI in 

i'An offir.er of CSIRO, Division of B11ilding Researr.h, Melhourne. 



- 172 -

special applications where cost is not a major consideration. These wood 
adhesives are dealt with in United States Department of Agriculture publica­
tions r l] • [ 2.] • 

B. Wood as an adherend 

Certain characteristics of wood make it a unique adherend. These have 
been discussed in some detail in prPvious papers and so are only briefly sum­
marized below. 

Owing to t~e orientation of its constituent fibres, wood has properties 
that ar~ highly directional. It is hygroscopic, i.e. its moisture content 
depends on the temperature and relative hwnidity of the surrounding air. Both 
its dimensions and its propensity to absorb water are dependent on its moisture 
ccntent. 

Wood is porous. The art of gluing lies ir. being able to control the flow 
of glue into the first few layers of cells just prior to cure. Because of its 
porosity, wood offers the glueline little protection from the burrounding 
environment. Wood density varies because the degree of porosity varies. 
Indeed, it can vary by a factor of about 10. Strength properties generally 
increase with density. The swelling force, i.e. the force needed to prevent 
the expansion of wood during a moisture content increase, also increases with 
wood density (figure 93). The glueline constitutes a link in a mechanical 
system. The external forces capable of being c- 1°plied to the glueline and the 
internal forces generated as a result of wood moisture content fluctuations 
both increase with wood density. Since porosity decreases with an increase in 
density, it becomes more difficult as density ir.creases to produce bond 
strengths that match wood strengths increases. 

Figure 93. Relationship between swelling pressure and wood density 
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C. Dur;;;b.il_i ty cons idera t it.ns 

The sue of adhesives in buildiag co~1struction depends on a thorough know­
ledge of their long-term curability. Exposure trial~ carried out by Knight [3] 
over a period of 35 years have provided what still constitutes the most useful 
and extensive body of data available on wood adhesive durabilities. These data 
are surm.arized in table 39. 

Table ~9. Performance of various types of wood ad~esive in terms 
of end-use environment and actual or estimated life 

Chemical type 
of adhesive 

Resorcinol and 
phenol resorcinol 
formaldehyde 

Melamine-fortified 
utea formaldehyde 

Urea formalc'. .. hyde 

Casein 

Animal 

Exposure and performance 
Semi-exterior and 

Full exterior damp interior Dry interior 

Expected life Indefinitely long Indefinitely 
25 years long 

Fails in 5-10 yr Estimated life of Indefinitely 
10-20 yr long 

Fails in 2-5 yr Fails in 5-10 yr Indefinitely 
long 

Fails in 1-2 yr Fails in 2-5 yr Indefinitely 
long 

Fails in a few Fails in 1 yr Indefiniteiy 
months long 

-------

In these trials, a range of test specimens was used, with plywood being 
the predominant type. The effective lif~ of the bond was taken as the time to 
reach a certain degree of delamination. While this end point is obviously 
beyond what is acceptable structurally, the data ineica~e that durability is 
relatable to the chemical nature of the adhesive and the environment to which 
the bond is exposed. On the basis of these and other data, there is only one 
type of chemical adhesive that can be used in any structural application wherE 
it is possible to use wood. This is the phenolic type. 

Two other adhesive types can be used in the unlikely event that it is pos­
sible to guarantee that the bond will not ever in the life of the structure be 
subjecte~ to high or widely flucturating relative humidity. The first is case 
in woich has an excellent reputation for structural integrity in interior con­
ditions in tem?erate climates. It:. c.an be used in wooden aircraft, but there 
are strict design requirements that all joints must be self-draining and that 
the aircraft must be kept in a hangar when not in use. When the casein is 
satnrated with water, its bond strength can fall to as low as 20 per cent of 
initial dry strengt~. This is largely recoverable provided that drying takes 
place within a abort time. Prolonged high humidity conditions lead lo break­
down by biological attack. While attempts have been made, witt. varying ~uc­

cess, t0 reduce the susceptibility of casein adhesives to Liological breakdown 
by aciding various preserv-'\tives. the cervice restrictions remain. The other 
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type of adhesive is that tiased on melamine. Straight melamine formeldehyde 
adhesives h"ive limited application because they have a very short shelf-life 
and are le~s durable than straight phenol formaldehyde adhesives, even though 
they are similar in cost a11d have simHar high-temperature curing requirements. 
Their use in Aust1alia is largely confined to the production of Class I par­
ticle board. A more conmon form is a melamine-fortified urea formaldehyde 
adhesive, which can have a lon~ shelf-life, is much cheaper than the equivalent 
phenolic type and can be cured under ambient conditions. Its breakdown mechan­
ism is by hyrirolysis, probably accelerated by the fluctuating stresses asso­
ciaterl with normal in-service changes in moisture content. 

Since large variations in formulation are possible within any chemical 
type, how then does one ~elect a potentially durable formulation and know that 
it is being used so as to produce a durable bond? In practice there are two 
types of tes~. The first is a simple strength test, usually in shear or 
cleavage. The second is a strength test after some accelerated aging regime 
that has been shown from long-term durability trials to reduce strength in a 
way relateci to t:he rEduction in strength that would occur in service. The 
test requirements for plywocJ adhesives reconmended for the Australian standard 
are given in table 40. The test for plywood is a cleavage test in which bond 
strength is compared with wood strength. On cleavage, the break must occur 
predominantly in the wood, regardless of wood density. The ability of other 
adhesives to pass these tests is no guarantee of their long-term durability. 
The lack of a sLnilar set of tests for other adhesives such as epoxies, poly­
urP.thanes, cross-linked, polyvinyl acetates,, acrylics etc. rules out their 
use in structural applications at the present time. 

In view of the fact that only adhesives of the phenolic type can be used 
in unrestricted structural applications, the remainder 'Jf this paper will be 
largely confined to this type, with some mentioned of the close!} related 
mf3i.amine type. The traditional phenolic adhesives are the straight alkali­
c~talyzed phenolic formaldehydes for use in hot press applications su~h as ply­
wood or particle board manufacture. Acid-catalyzed phenolics can be cured at 
room temperature, but the residual acid continues to de~rade the wood and can 
lead ta early failure. Resorcinol is closely related chemically to phenol but 
reacts mw·h more rapidly with formaldehyde. Resorcinol formaldehyde adhesives 
can Ums be cured at ambient temperatures and so be used for the mclnufacture 
of glularn, finger-jointed material and various fabricat~d components. Wattle 
tannin is a natural polyphenol, and tarnin formaldehydes can be used where 
straight phenol formaldehydes are used. Resorcinol is an expensive chemical 
and is often partly replaced by tannin or p~P.nol. However, phenol resorcinol 
formaldehyde adhesives (PRFs) requi~e a higher curing temperature than straight 
resorcinol formaldehydes. Of the formulations available in Australia, the 
minimum glueline temperature for the cure of resorcinal formaldehydes is taken 
as 20° C; for a PRF, it is 40° C. The formu;ation cf adhesives is a science in 
itself and well outside the scope of most end users. 

E. Te_stin& amt duratlility pret;lication 

Experience with ?henolics over many years has shown that bonds prepared 
unde. the same conditions as test piec~s that exhibit high wood failures both 
initially and after a 72-hr boil can be expected to remain structurally sound 
for a least 25 years even under more adverse conditions, in which case the dur­
abiU ty of the wood itself i'> mr.re likely to be the limiting factor. These 
t~ree requirements - chemical type, 72-hr boil and high woo~ failure - are the 
basis for !ong-term durahility prediction. fo the case of plywood, the 72-hr 



Table 40. Australian plywood bond Lype classification 

Bond 
type Service condition 

A al Type A bonded plywood panels can b~ used in 
applications involving extreme long-term 
exposure to weather or wet or damp condi­
tions and/or long-term structural perfor­
mance reluirements without glueline breakdown 
or gluelLne creep. Examples: structural 
plywood flooring, highway signs and marine 
plywood. 

Water soak treatment 
(prior to testing t' Rule 7.2 

of AS 2098.~l__.~~-
Temperature 

Adhesive type h/ (°C) Time 

Synthetic phenol 100 
formaldehyde, 
natu~al polyphenol 
formaldehyde or 
mixtures thereof 

72 + 1 hr or 6 hr ~t 
- 0 

200 hPa steam pressure 

B Type B bonded plywood panels can be used in Melamine 100 6 h + 5 min 
- 0 

c 

applications involving short-ter~ (not more urea formaldehyde 
than two years) exposure to weather or wet 
or damp conditions and/or short-term 
structural performance without glueline 
breakdown or glueline creep. They can also 
be useJ for applications involving long-term 
exposure to protected exterior non-structural 
environments. Examples: concrete form-work 
and exterior door-skins. 

Type C bonded interior plywood panels can be 
used in applications involving full pro­
tection from the weather or wet or damp con­
ditions. They can be used in applications 
involviug long-term exposure to generally 
hi~h humidity and short-term exposure to 
extremely high humidity. Examples: 
interior panelling in geographically loca­
tions that have prolonged periods of high 
humidity, and panelling in bathrooms. 

Urea formaldehyde 70 ± 1 3 h + 5 min 
- 0 

continued 



Tabie 4C (~) 
---- ------ -----

Bond 
type 

D 

Service condition 

Type D bonded plywood panels can be used in 
interior applications fully protected from 
the weather or wet or damp conditions. They 
can t·e used for interior applications 
invol~ing long-term exposure to medium 
humidity with occasional exposure to high 
humidity. ~amples: furniture and 
interior wall panelling. 

Adhesive type bl 

Extended '..lrea 
formaldehyde 

Water soak treatment 
(prior to testing to Rule 7.2 

of AS 2098.2) 
Temperature 

(°C) Time 

--------· 

15-20 16-24 hr 

-----------------

a.I Experienc~ has shown that Type A bo1ded !>lywood will withstand complete exposure to the weather for 
20 years or maintjit. its integrity in structural situations for 50 years without glueline breakdown or glue­
line creep. 

bl With adhesiv~s of other chemical types, compliance with the test re~uirements alone would not indi­
cate equal durability, and confirmation by actual service trials would be required. 
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boil test is used both as a quality control test and an accelerated aging test. 
In glulam or finger joint manufacture (and in plywood in the United States), a 
vacuum-pressure soak treatment (VPS) is applied to the test specimen to provide 
a slightly more severe intial or qual:ty control test. In a VPS treatment, the 
specimen is irmnersed in water in a pressure vessel. A vacuum is applied to 
withdraw the air from with~n the wood and then a pressure is applied in order 
to bring about satvration. Times an-1 pressures vary with different standards. 
This has the effect of placing ~ome stress on the glueline and possibly elim­
inating hydrogen bonding effects. The 72-hr boil test is not ~ routine test 
but used cnly to establish that the particular adhesive formulation will have 
the required durability when used to bond the species to be used in actual 
manufacture. Some formulations are capable cf producing bonds only with low­
density species. Also, the presence of preservatives and some wood extractives 
c~n interfere either with surface wetting characteristics or with the curing 
reaction of the adhesive. In the case of woods such as teak, which have poor 
wetting chara::teristics, low wood failures are obtained when specimens are 
broken eithf!r in the dry state or after a VPS. Where the problem is one of 
interference with the curing reaction, low wood failures show up ~fter a 7~-hr 

boil. This is known to occur with some eucalyptus because of the presence of 
hydrolysable tannins. It also occurs where copper-chrome-arsenate preservative 
treatments have been applied. In general, timbers treated with copper-chrome­
arsenate cannot be glued consistently on a commercial basis. 

In many glulam and finger-jointing standards, the bond is assessed by 
determining the a'tlount of delamination visible after a standardized VPS anci 
drying regime. Australian experience has shovm this to be quit~ inadequate. 
It can be demonstrated that where delarnination occurs in such a test, there is 
zero wood failure if tl>e bond is cleaved in the wet condition after a VPS. 
Hardwoods with a density of up to 900 kg/m3 ar glued co11111errially in 
Aust~-alia. Of these, the beams that have delaminated in service are the onf's 
that were accepted on the basis of high initial shear strength values in the 
absence of high wood failures. 

A complicating factor in the testing of hardwood joints is the low pPr­
meabili':.y of some hardwoods to liquid water. In some Australian hardwoods, 
the penetration of liquid water under a standard VPS treatment can be of the 
order of millimetres and so little stress is placed upon the glueiine. The 
test :;pecimen proposed in 1983 for the Australian glulam standard was a 25 mm 
slice of beam with a saw cut extending 10 mm into theglueline on the cutface. 
After VPS treatment, the gluelines are cleaved wet and the wood failu~e esti­
mated after dyri~g. 

While toe gluing considerations ir. plywood and glulam production are 
thought to be re<>sonably well understood. this is not the case for finger­
jointin~. Finger joints are generally tested in bending, and test results are 
usually highly variable. ihere tends to be an inverse relati0nship between 
load to failure and .'lJllount of wood failure. Those specimens that break at a 
load ~onsistent ..,ith the average bending sti·ength for the species tend to 
exi:ibit quite low wood failure, particularly in the higher density species. A 
suitable test specimen has not yet been adopted that allows for the low water 
permeability of some hardwoods. Where laminated beruns are te:;ted to destruc­
t: io- the break frequently begins in a finger joint if tt:ere is one i11 th~ 

luwer laminate. Given that all the wood bonds lose st~-ength to some extent 
wit~ tirne and that thoG exhibiting 1··wwood faU·1re do so more rapidly, there 
must be some doubt about the durability of fin~er joints, particularly in 
critical tension situations. The.c;e consideratio is have led some Australiar. 
glulam manufacturers to either use sc:>rf joints in theother laminates or to 
regard finger-jointing purely as a materials handling aid and to design beams 
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on thea basis that all joints act as butt joints. The factthat there have been 
no known failures of beams in service due to finger-joint failure probably 
reflects a tendency tc overdesign rather than good gluing practice. Clearly 
some species can be finger-jointed to a consistently high quality. At present 
the main outlet for finger-jointed material in Australia is for wall studs and 
bottom plates. The quality of producti'>n should be thoroughly investigated 
befo!"e considering the use of finger-jointed material in situations any more 
critical than these. 

While scarf-jointing does not lend itself to automation in the sam~ way 
as does finger-jointing, it is possible, if care is taken, to consistently pro­
duce high-strength, high-wood-failure joints. 

F. ~ification 

v~rability consideration~ allow structural design incorporating bondeJ 
components to be based on wood strengths. These considerations also simplify 
test meth~tis in that the wood has already been selected on tlie basis of 
strength. ?roof testing procides virtual l~r no information on bone quality and 
the or.ly ll''.::d;!i•1gt~~ tests c.re destructive ones. This cana be shown by con­
sidering a finger joint in timber gradesas Fl7. A reasonable proof load for 
such c. joint would be Z.5 times the b:tsic working stress, or 42.5 MPa. The 
species average for clear material is likely to t~ in excess of 100 MPa. The 
modulus of rupture at tte joint would need LO be in the region of 80 MPa in 
order to exhibit significant wood failure. This is well in excess of any 
proof load. 

i;xcept in the case of plfwood, where a simple wetting treatment c:an be 
used to show up areas of delimination, bonded compcnents are essentially 
untested. The specifying engineer must therefore rely on tt.'- skill and 
integrity of the component manufacturer. In choosing a reliable manu~acturer, 
national standards can be of some assistance provided that they include a 
r~levant set of tl'!st methods and minimum personnel and equipment requirements 
for manufacturers. Many countrieE have an industry organizatic:-:, such as the 
Plywood Asscciation of Australia, th t runs a quality control scheme to ensure 
that any product bearing its stamp will conform to the standards to which it is 
oroduced. Such an o~-ganization must be prepared to withdraw the stamp of a 
manufact•1rer that consistently fails to meet the requirements of the standard. 
Where no such organization exists, it is necessary for the engineer to satisfy 
himself that a given mdnufacturer is capable of consistently producing compo­
neuls tc1 the ~igcrous standards required for structural applications. Clearly, 
t~( engineer cannot be expected to be an expert in adhe~~ve~. wood technology 
a~.d ~~-.:.dnction engineering. This is the province of the mar.ufacturer. 

In assessing the capabilities of a ".'.anufacturer, the first st~~ is to 
determine whether it has the appropriate personnel and production and ~esting 

equipm.:nt for the p:..!rpos~. Canadia11 Standard 0177, Q;,alification Corle for 
Manufacturers of Structural Glued-Laminated Timber, provides a useful check-
1 ist for such an assessment. Production should then be sampled on a. regul<.r 
hasis and tested to destruction acr:orcling to the principles previously out-
1 inerl. 

Finally, SU( ·essful structural bor1ding depends on the c..lc1 e control of a 
range of variables such as time, temperature, pressure, wood quality and mois­
turP r.ontent. The required ~evel of contro! is unlikely to be attainable on a 
building site. i.'hus, structural bonding will continue ~rir the forseeable 
future to be part of the manufacturing process rnther than of the constn.;ctio.1 
process. 
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