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PREFACE 

The United Nations Industrial Devclop~cnt Organization (UNIDO) 

was established in 1967 to assist developing couotries in their 

efforts towards industriali ition. Wood is a virtually univer~al 

mate\"ial 11nich is familiar to peopll.! world-widl·, whether grown "in 

their country or not. Wood is usej for a great variety of purposes 

but principally for const~uction, furniture, packaging and other 

specialized uses such as transmission poles, railway sleepers, matches 

and household woodenware. UNIDO has :he :esponsibility within the 

United Nations' system for assisting in the de~elopment of secondary 

woodworking industries, and has done so sine~ its inception, at 

national, regfonal a!ld intt-rregio_nal levels through projects both 

large and small. UNIDO also assists through the preparatiQn of a 

range of manuals dealin~ with specific t~pic~ of wide~pread interest 

h . h . • d k" J/ w 1c are co11111on to most countries woo wcr 1ng sectors.-

The lectures comprising this set of documents are part of UNIDO's 

continuing efforts to help engineer~ and :pecifiers appreciate the 

role _that wood can play as a structural m,:-terial. Part 4 consists 

of 8 out of the: 36 lectures prepared for the Timber ~Eng.neering 

Wo:kshop (TEW) held 2 - 20 May 198J in Melbourne, Australia. The TEW 

was organized by UNIDO with the t.o-operation of the Commonw~alth 

Scientific and Industrial Research Organization (CSlRO) and fvnded by 

a contribution made under the Australian Govt-rnment's aid vote to the 

United Nations Industrial Development Fund. Administrative !upport 

was provided by the Australian Covernme.lt's·oepartmer.t of lndu!.try and 

Commerce. Tte remaining lectures are reproduced as Parts 1, 2, 3 and 5 

covering a wid• range of subjects, including Caie studies, as showr. i~ 

the list of contents. 

!/A fuller 1Jmmary of these activjties is available in~-, brochure 
entitled "UNIDO for Industrialization. ~:Clod Pr.)cessi'l~ and !food 
Products", Pl/78. 

----1 
I 
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These lectures were complemented by site and factory visits, 

discussion sessions and assignment work done in small groups by the 

participants following the pattern used in other specialized t•chnical 

tr•ining courses in this sector - notably in furniture and joinery 

production!/ and on criteria for the selection Qf woodw~rking machinery~/. 

It is hoped that publication of these lectures will contribute to 

greater use of timber as a structural material to help satisfy the tre­

mendous need for buildings: domestic, agricultural, industrial and 

commercial as well as for particular structures, such as ~ridges, in 

the developing countries. It is also hoped that this material vill be 

of use to teachers in training institute~ as well as to engineers and 

architects in both public and private practice. 

Readers should note that examples cited are oft~n of Australian 

ccnditions and may not be wholly applicabl~ to d~veloping countries 

despite the widespread use of the Australian timb•r scr~~s grading and 

strehgth grouping systems and the range of conditions encountered in the 

Austr3lian subcontinent. Readers shouid also note that th~ lectures 

~ere Lsual~y acccmpanied by slides and other visual aids, together with 

informal comments by the lecturer, for added d~pth of coverage. 

The views expressed •re tho~e of the individual aJthors and do ~ot 

necessarily reflect the views of ~NIDO. 

!I Lectures reproduced as ID,'108/Rev.1. 

!1Lec:ture1 ~eproduced a1 1~/247/Rev.i. 

> 
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INTRODUCTION 

Many developing c~untries are fortunate in having good 

resources ot timber but virtually all countries make considerable 

use ot vood and vood pre.ducts. vhether home~rovra or ia!>Qrted. tor 

housing and gther buildin~s in both structural and non-stru~tural 

at>J>lications, as well as for furniture and cabinet vork and 

specialized uses. It is a familiar material. but one that is 

all too ot'ten misunderstood or not fully apni·eciated since vood 

exists in !! great variety o! tynes and <!_ualities. 

There are certain vell-knovn species that almost everyone 

knovs or. such as teak, oak and nine, vhile some stich as 1-eech, 

eucalyt>tus. acacia, mahogany and rosevood are knovn nriJt.aily in 

certain regions. Others have been introduced to videsnread use 

more recently. notably the merantis, lauans and keruing from 

Southeast Asia. Plantations also ~rovide Rn increasing volume 

ot wood. Very many more species exist and are knovn locally ani 

usually used to good purpose by those in the business. 

The use or timber for construction is not nev and• in tact, bas 

a very long tradition. This tradition has unfortunately given vay 

in many countries to the use or other materials vhose lar~e industries 

have success~ully suot>Orted the develoanent of desi1a1 informt1tion and 

~eachin~ ot engineerinp, design methods tor their materials - notably 

concrete• steel and brick. This has not been so much the c11se for 

timber despite considerable ~ftorts by certain research and develop-

ment institutions ~.n countries Yhere timber and timber-tr81aed constructien 

has maintained a stron~ position. Usually their buildin« methods are 

based on the use of only a rev vell-knovn coniferous (sorcvood) speci~s 

Md a limited nu:l'ber of standard sizes ant\ ~rades. A.lftnlt: desi~n aids 

exist and relatively rev nroblens are encountere~ by the very many 

builders involved. 
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Recen~ly, computer-aided design has been develoned alon~ vith 

factory-made ccanonents and fully ~refabricated houses vith the 

a.cr;oir:!>&D.v-irur; ii:i.nroveaent i:t au&lity control and. decreased risk of 

site probleas. Other modern timber engineerinv developments have 

enabled timber to be used vith increasirur; confidence for an ever 

rider range of structure3. This has been esnecially so in North 

Ameri~a, Vestern E1.1rone • Australia and !iev Zealand. 

UNIOO reel::; that nn important means or transferrinF. this 

technology is through the organization of S!)ecialized training 

courses aimed at intrlducin~ engineers, architects and s~ecifiers 

to the subject and er;necially dravinf', to their attention the 

advant~es af vood (a.s vell a.s disadvant~es and potential problem 

areas) and referenc~ sources so that ror particular nrojects or 

structures, vood rAf~Y be fairly considered in comnetition vith other 

materials and used. vhen anpror,riate. Cost comn~ris,:>ns, aesthetic 

and traditional C·lnsiderations must natural.l~r be made in the context 

of each coWltry hlld nroject but it is honed that the public~tion of 

these lectures vill lead those involved to a ration&.l approach to 

the use of vood in construction and r~cve some of the mi!Stmder­

standinp:s and ruisapnrehensions all too o~en associated vith this 

ancient yet modern material. 

Material in this publication may be freely quoted o~ reprinted, 

but acknowledgement is requested together with twc. copies of the 

publication containing the quotation or •eprint. 

-1 
I 
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THI:: FRACTURE STRENGTH OF woon 

Rohen H. Leicester!/ 

1 • INTRODUCTION 

Failure of .any types of structural ti•ber elements can occur due to 

fracture. This type of failure can be catastrophic because it occurs 
quickly in a lrittle llOde. Fracture can occur at any sharp discontinuity 
in a structure. Usually these are difficult to analyse ard for such 
cases predictions of fracture atre1'11)th -t be based on rrot"Jtype 

testing. Hovever. there are mny cases of practic:al inten:st for which 
the source of potentiel fracture is the stress concentration at the root 
of a sharp note~ located in an element subjected to a state of plane 
stress. Solle exa11plea of thia are shown in FiCjUreS 1 and 2. For such 

cases, the le.ad to cauae failure can be predicted quite accurately 
through the application of elastic fracttr"e mechanics. 

In the follovinq, a brief outline of the basic concept~ of elastic 

fracture iaechanics vill be given, t.Jgether vith its apph'!ation to the 

type of structural ela.enta shovn in Figure 1 and 2. 

!/A11-:;flccr of CSIRO, Di\'lsic. .. of Building Reiocarch, Melbourne•, 
Australia. 

--1 
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(a) Butt- joint in glulam 

radius 'A 

(b) Crack in curved arch 

• 

(c) Longitudinal split in beam 

• indicates lQcation of potential fracture 

rigure 1 Example• of cr~cks 
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(b) Notched beam 

* indicates location of potential fracture 

FiCJtr• 2 EXa111Pl•• of 90° notche• 
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2. NOTATION 

a = crack length 

b.b
0 

= llellber width 

d.dn = llellber depth 

d = di11ension fa~ critical size er 

f' = averaqe shear strength measured on Sllllll clear v 

fb,ft,fv 

g<B>.hCB> 

= applied nminal stress in bending, tension and shear 

= functions of 8 

Kil .~.KI ,Kil = stress intensity factors 

KAC'Y'BC.KIC'KIIC = critical stress intensity factors 

~.R.RL,LT. TL.RT, TR = notati•''• for crack orientation defined in Secticn 

4.t, Figure 7 

H = bending 1110111ent 

= distance from origin. a polar coordinate 

= radius of arch 

= intensity constants 

v = shear force 

0 = stress 

= stress referenced to cartesian coordinat~s 

x,y,z = cartesian coordinates 

p = density 
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3. ELASTIC FRL'IURE tlEt:HANIC:S 

3.1 The Strea Field Around Notches 

It can be 8hmm Cteiceater 1971> that for an fll ... nt tn a atate of plane 
.11tress such as that ahoun in Figure J. the stress field in the vicinity 
of a notch root has the for. 

C la> 

<lb> 

Cle> 

where x. y and r, a are cartesian and polar coordinates :-espectively 

relative to the notch root: ox, ay and oxy are streSHeS: gCB> and h<B> 

denote functions of B and K1 , Ka· s and q are constants with s ~ q. 

PiCJUr• J Notation for streaaea and notch root 

--, 
l 

I 
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The tenns_q<9>. ~C8>. KA. KB. s anct q all depend on the elastic 

properties of the 111aterial and on the notch angle. In addition. KA and 

KB are proportional to the applied loads. For practical purposes. it is 

sufficiently accurate to use a single set of typical elastic p~operties 
for thl frtcture analysis of all species of tilllber. 

3.2 Failure Criteria 

Fiqur~ 4 show~-. values o( intensity constants s and q for four types of 

ri.-·.._: . ~. The vslues s > 1 and q > 1 are of interest because equation < t> 

sh·Y-e that for these cases a stress singularity exists at the notch 

root: i.e. as the distance r tendn to zero the stresses ax, ay and axy 
tsrd to infinity. 

The two stress fields associated with the intensity constants s and q 

will be denoted the primary and secondary stress singularities 

respectively. Except for the case of a sharp crack havinq notch anqle a 
= 0, the condition s > q holds ard consequently the primary singularity 

dominates at the notch root. 

Obviously equations <1> cannot hold tn.Je in the immediate vicinity of 

the notch ~oot. However, if the non-linear effects occur only within 

some small circle r = r locat'--d completely within the theoretical 
0 

singular stress field os shown in Fiqure 3, then the stress conditions 

within the immediate v~cinity of the notch root are detennined only by 

the elastic stresses actinq on the circle r = r
0

• These Atresses in turn 

are directly proportional to th~ ~ intensitv foci.or KA, and hence 

the failure criteria may be stated 

<2> 

where KAC' termed the ~icol at.r~ss intensity factor, is the 
theoretically computed value of KA for the loadi.nq at which failure is 

notP.d to occur in laboratory tests. 
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.-wood groin direction 

(a) Notation for notch type 

O·Sr-......::;;~~!it-::--=:;;;;::=-r,:\"--, 

0-4 

0·3 

0·2 

0-1 ---- Isotropic material 

0 60 120 180 

TEW/11 

Notch angle t>ldeg) 

(b) Intensity constant s for primary stress field 

0·5_,_ ____________ _ 

0·4 

0-3 

0·2 

0·1 

0 60 

----Isotropic material 

120 180 
Notch angle 1> (deg) 

(c) Intensity constant q, for secondary stress field 

l'igure 4 Exa111ples of intensity c:onstents 

l 
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For the special cose \lhen the notch is a sharp crack located alonq an 

axis of elasticity. s = q and lx>th the primary ard secondary 

1nngularities are of equal significance. Here the ir-imary ftncl SPCondary 

stress fields have S)'111118trical and antisynnetr1rftl defon1ation mndes 

re!'pP.ctively. These are tanned Mode I and Hade 11 defonnations ttnd are 

illustrated in Figure 5. Correspondingly the notations K
1 

and K
11 

are 

used for stress intensity factors in liP.u of KA and K8• The associated 

critical stress intensity factors are denoted Kie and Kuc· Thus the 
fe1lure criterion for sharp cracks 111ay be 11r1tten 

C3> 

uhere G is sa.ne ftJnction of stress in~ens1ty factors. 

Eqt~t1ons C2> and CJ> indicate that to predict the fracture load on a 

stt"lJCtural element. it is necessary to compute the relevant stre89 

intensity factor K
1

• K
11 

or KA for th£ type of loading to be used, and 

tG have evailable the results of experimental measurements of the 

relevant critical stress intensity factor Kie' Kiie or KA for the 

?Ort1cular type of not.ch under consideration. These 111atters \lill be 

c~ns1dered in the following Sections. 

3.3 The Size Effect 

A signiiirant aspect of fracture strength that may not be readily 

apparent is that the form of the singularity functions in equation Ct> 

imply a s17e effect on strength, 

To derive the size effect it is necessary to consider two geometrically 

similar structural Plements subjected to the same type of loading. 

Reference to these two elements will be distinguished by use ot the 

subscripts 1 and 2. 

From dimensional considerations for elastic, geometrically similar 

elements, the ultilllllte applied external stress at fracture fut and arrl 

t.he related i ntema 1 atreaa o 1Cr1 • 8 > on element 1, and the appl i erl 

extP.rnel stress at fracture fu2 and the reJated internal stress a2cr2.B> 

on element 2, are aaaociated by 

,, 
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co 

provided 

<S> 

where dt and d2 denote the reference di11ens1u:is of the tvo llletlbers. 

The notation at Crt .B> is used to denote the value of the stress a at. the 
polar coordinate location rt·' in llellber 1. 

from equations Ct> and <2> the stresses near the notch root 11ay be 

written 

Equations C4> to C7> lead to 

C6> 

<7> 

CS> 

Equatio:-i CS> sh.Jws that the nominal stress at fracture f is inversely 
u 

proportional to d8
• Obviously an upper bound tofu is the strength of 

unnotched tiinber. Jenoted by Pu· The theoretical characteristic 

dimension d at vhich fu = 'u will be tenl8d the critical fracture lm;rth 
and denoted by dcr· The relationship between these par8118ters and the 
strength of real structural el8118nts is illustrated in Figure 6. 
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(a) Mode I (b) Mode Il 

(c) Mode m 

Figure S Displacement lllOdes for cracks 
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- v- structure 
VI 
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Element size d/d,r 

(b) Effect of size 
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4. FRACTIJRE AT SHARP CRACKS 

4. 1 St.re"JS l"ltensi ty Feet.ors 

Cracks arr the special :ase of notches :.aith zero notch angle. For the 

case of cracks tyinq along the pr-incipl'll axes of elasticity in YOOd. 

there are six possible types of orientation for cracks. These are 

illustrated in Figure 7. in uhich the notation L. R and T refer to the 

longitudinal. :-adial and tanqential directions respectively. A tw 

letter notation is used to describe each crack: the first letter refers 

to the axis norlftal to the crack plane and the second refers to the 

direction in uhich the crack is pointing. Thus the six types of crack 

are denote~~ LT. TL. LR. RL. TR and RT. 

LT LR TR 

TL RL RT 

Figure 7 Notation for crack orientation 

For all six types of cracks the intensity constants a and~ are equal to 

O.S. Jn defininq the atreaa intRnaity factors the functionA 9?CRl end 
h
3

C8> in equotiona Ctb> and Ctc> are chosen so that at 8 = ll their 

values ere 92<9> = h3CB> = 1. Hence the singularity stresses at 9 = K 

are 91ven by 

·-1 
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a I = K /C21lr>
112 

y 8=• I 

TEW/ll 

<9> 

<to> 

For the ai11plut cue of a crack of lenqth •a· located along the x-axis 

of elasticity of an infinite sized elelllf:nt subjected to unifona stresses 

ft and fv as sN>un ln Figure 8. the stress intensity factors are 

<1 tl 

- 112 K,
1 

- f CJJa) 
j v 

<12> 

Figure 8 Notation for sharp t"'C'ack 

Str•• interwity factor• for •ny pract,cal aituationa have been 

caiiputed by Ve18h Cl972,t974>. One exuple 11t"..."'Vn in Pigure 10 relates to 

the effect of apacing of cracks auch u occur• vith ~t joint.a in 
qlulu beau. Par this cue, the Mode I atreaa intensity factor• are 

CWelah 1974 > 

~J •ft CC11a>C4+Cala>JIC2+<ala>1> 112 Cl 3 > 

---1 
I 
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where a denotes the lainination "1idth ard a is the longitudinal spacing 

of the joints. 

Rarrett and F'oschi <1977> have derived Kn. the Mode II stress intensity 

fact.ors. for the case of erd splits in beelas such as that shown in 

Pigure ta. 

I ·-' 

t=-- -

' 

i..--5-.... 

Figure 9 Spaced butt joints in t'ldjacent laminations 

Stress intensity factors for timber ele111enta that have not been formally 
analysed mey be eati•ted by extrapolating the values cOlftputed for 
isotropic materials, much as those collated by Paris ard Sih C1964>,or 
by the use of reaeonable appcoxi..ations. For axample, from s)'lllllletry 

considerations it '10Uld be reuonable to assume that for a butt jotnt 
Jocated in an edqe luination of vidth a Slch as that shovn in FiCJUre 

10, the streu intensity factoC' lllU&t be rt\uqhly that of an internal butt 

joint iri a lamination of vidth 24. Hence the estimate for tt.is case is 

K w f C21l81112 
I t. 

C14) 

l 
i 
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_J 

j 

J 
' 

Figure 10 Edqe hJt joint 

Si•ilarly the atreaa intensity factors for the cue of a crack in a 

curv•J arch llUbjected to a ... nt Hand aheer force V a11 r',~ in Pi91..1re 

1 b 111ay be eeti•ted by equations < 11 > a".id ct 2 > in which ta., · '•• 
ft = 3"12rA&XI and fv = JV/2bd are used. 

4.2 Critical Streu Intensity factors 

The fracture strength for aeveral types of sharp cracks in tiar have 

been MUUred by Barrett C198t>, Johneon C197J>, Leice.ter C1974>, 

Schnievind and Centeno <1971>, Walsh <1971> and Wu <1977>. f'rOM thia 

data, an eati•te of critical atreu if'tenaity factor• baMd on density 

can be Mcie u 8IKM'I in Tablet. If it i• required to relate critical 
atrff8 intenatty factors to the aheer strength of clear tilllber, then tha 
f actore in Table 1 •Y be tranafOl'lled by the relationship 

'v • 0.018 p CtS> 

-1 
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where F .. is the shear strength in HPa. ard p is the density in kgt•
3

. 

TABLE t 
CRITICAL STRESS INTENSITY FACTORS 

FOR SAWN CRACKS IN DRY TIMBER 

Crack 
orientation 

Critical stress 
intensity factor 

CNlllll-'·'', 

LR. LT 0.15 p 
-~~j _____ _ 

I 
RL. TL I 0.02 p 

·--------' I 
RT. TR I 0.02 p 

--------'-------

I 
I 
'----·---
1 
I 0.03 p 

'---------
' I 0.15 p 

-'-----------
1 
I 
I 

p = density at 12' 1110isture content. kg/mJ 

The values given in Table 1 are a reasonable estimate for S8'1n cracks. 

For cracks formed through gluing, such as occurs at butt joints in 
glulam, the critical stress intensity factors are on averi~ge about t.1.1ice 

the values shOl.ln for sa1.1n notches. However, because of the scatter of 
the data <Leicester 1974> it is recommended that for untested types of 
butt joints the values shmm in Table 1 also be used for glued cracks. 

1.1ith the added li11itation that the 111aximum value used does not exceed 

the value given in Table 1 for tilll.bers vith a density of 600 kg/m-
3

• 

Because of this poor correlation between fracture strength and de.ia!ty, 

it is reconnendecl that for econc1111ical desiqns of DUtt-jointed ~aminae 
the rules be baaed on critical stress intensity factors that Mve been 

measured directly for each species/glue coinbination of int.Prest. 

The use of drilled holes at notch roots to reduce atreas concentration 
effects is ca.xm practice but doea not aJJs:ear. to have a significant 

effect on fracture strength. In one set of mP.asurAments on cracks with 
LR and LT orientations <Leicester 1974>, it wt'ls found that the P.ffect of 

-1 
I 

I 

I 
1, 
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placing a drilled hole at the notchroot vas to irrrease Kie by a factor 

of only C1 + 0.15 ,.rhl. vher) rh is the radius of the holtt expres»Cl in 

•illi•tna. 

4.3 eo.bined Fracttre Modes 

When both Mode I and Kade II stress f ielda are present. then the failure 

criteria is found to be the follOYing (Leicester 1974. Wu 1967> 

Ct6> 

F.quation Ct6> ia illustrated in FiCJUA 11. It ia valid throughout the 

range of both poai ti ve ard 111KJ8ti Y'! stresses. 

1 

-2 0 

-1 

-2 

Pi9\S'• 11 Pailure criterion for cOllbinecl llOdea 

l 
I 



- 2U - TEW/11 

4.4 Exuple 

The example vi 11 be to eati11ate the bending stress thnt vi 11 cause 
fracture of a 20 • thick botta. luination of a glula11 bealt fabricated 

fr-a. a tiiaber species having a density of 500 kq/•
3

• 

As mted eorlier. a safe esti11ate of the fracture strength of notches 

fonied through gluing can be obtainea through use of the critical stress 

intensity factors for savn cracks given in Table 1. n.ua for a Mode I 

failure of a crack vi th LT or LR oz-ientation 

Kie= CO.tS>CSOO> = 75 Nlla-l.S 

Froni equation C14> the applied stress intensity factor is 

1/2 K1 = f b C2 x 11. x JOJ 
:: 13.7 fb 

uhere fb is the tension stress expressed in Nnm-2 occurring on the 

bottOlll lmnination of the beam. 

C17> 

ct8> 

Hence for the failure ci-iterion K1 = :<[c• equations C17> and Cl8> lead 

to 

-2 
fb = s.s ... 

5. FRACTURE AT RTGHT ANGLE NOTCHES 

5.1 Stress Intensity Pactoi-s 

The right angle notch to be considered vill be one vith an edqe located 

along the direction of the vood grain as shown in FiC)Ure 12. This 
direction will be denoted the x-axis. For this case the inteflliity 

r.onatant a has a value of 0.45 for typical tilllbers (Leicester 1971 >. In 
defining the atreu intensity factor. the function g2CB> in equation 

Clb> is chosen ao that at the location 9 = 11. as shown in Figure 12, 

9
2

C9> = 1 and the atreu ay i• thitn given by 

0 I = K /C2llr>0•45 
y 9=11. A 

(19) 
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direction of 
wood grain 

t r x 
[].......:~4-&......... _______ __. 

+ 

Pigure 12 Notation for 90° notch 

Walsh <1974> hu cQllPUted the stress intensity factors for several 
pr-actical applications. Por eXallJ)le, for the case of the glued lapjoint 
shown in Pigure 2a, the streaa intensity factor over the prtu.tical range 

of glued joints is roughly given by 

C20> 

whc.re the definition to be uaed for 1 and b is indicated in Figure 2o. 

Another exaple of practical signif icanc:e is that of the notched bMlll 

ahown in f'iCJUr• 2b. l'or beua with notch deptha dn/d in the range 0.3 to 
0.7 the factor• derived by Walsh CtCJ74>, extended by exa11ination of the 
teat data obtained by Leicester and t>oynter CtCJ7CJ> leeda to 

C21 > 

----1 
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where d is the t1111Xi11U111 depth of the beall. ard f b = 6H/bd 
2 

ard f = n v 
JV/2tdn are the nominal applied berding ard shear stresses. For notch 

depths d /d outside the range O.J to 0.7 the stress intensity factor is 
n 

reduced. 

S.2 Critical Stress Intensity Factors 

Fot" the case of saun right engle notches in dry timber. the data by 

Leicester and Poynter l1979> leads to 

KAC = 0,015 ,:; <22> 

where KAC is the critical stress intensity factor in N-nn-
1

•
55 

units. 

and p is th~ density of timber in kg/m
3

• 

For the case of glued lap joints such as that sh~-n -in Figure 2a. 'he 

value of KAC Pleasured by Walsh ~h C197Jl is about 20 per cent larger 

but shows more scatter. 

5.3 Example 

This problem is to estimate the load to cause fracture of the notched 

baam shown in Fi<!\Jre 13. The density of the timber is 500 kgtm
3

. 

For a given load P the nominal values of stress on the nett cross­

section ere 

fv = CP/2)C1.5/100x2r~> = C0,375/10
4

> p 

From equation <22> 

KAC = 500 x 0.015 = 7,5 N11111-
1

•
55 

Finally, equation C21 > and the failure criterion KA = KAC lead to 
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which qivea P = 14.600 N. a force exerted b}' " load of 14.600/9.81 = 
1491 kq • 

p 100 
H_ 
~ t2001300 

FiCJUre 13 Exuple of a notched be4ll 

b. CONCLUDING COHK!NT 

In order to uae the formal theory of elastic fracture 11eehanica to 
derive design recm.endations, additions! infonnation to that qiven 
nerein is required. Exuples of this are the effects of duration of 

load, 1110isture content and occurrence of natural defects such as knots 
and sloping qrain. Jn addition, a knowledqe of the variability in 

expected strength ia required. Such infonnation ia not readily availablP. 
in PJbliahed fon1, although a li•ited Mt of data has been given by 

Leicester <1974>. In addition, it i• to be noted that fracture 11eehanica 
predict. the onut of fracture at the notch root and does not 

neceuarily indicate failure of a structural 11181lber. Por exuiple, the 

notched bMM auch u that shown in Pigure 13 MY carry an increaMd load 
aft.4r fracture initiation if the tillber i• straight.'"1)nlined, 

--1 
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Neverthe~ess. the use of frncture mechanics~is valuable in ensuring that. 

the fonn of design rec011111endations is C'orrect. An example uould be the 
inclusion of the size effect discusser_\ in Section 3.3. Several sections 

of the Australian Standard AS 1720-1975 <Standards Association of 

Australia 1975> are based on the fonMl application of elastic fracture 

mechanics • 

. '.though this paper has been concerned with the fracture of elements in 

,. !ltate of plane stress. the research in fracture mechanics has covered 

other situations. For example. Westalann and Yang C1967> have imalysed 

cracked beus subjected to torsional forces and hence deforlllf!d in the 

Mode 'II mnner. Figure S. 

Finally, it is of SOllle interest to compare the fracture strength of 

timber with that of other materials. For the C'ase of a 90° notch. the 

following are typical values: 

brickwork 

plain concrete 

tiinber 

mild steel 
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TIMBER ~ONNECTORS 

Edward P. Lh•1cd•! an<! Robert H. Leicester.!./ 

t . INTRODUCTION 

The use of sawn and round tillber in a rangp of structural applications 
is qoverned. to a large extent. by the availability of suitable fasten­
ing systems or components which perait the jointing of the lllellbers in a 

reliable and efficient •nner. Over a period of more than SO years; 
desiqn criteria for the conaon tillber fasteners such as nails. screws. 

bolts. shear plates and split rings have evolved ard have been consolid­
ated by various workers; in somewhat more recent ti•s. data on Jl['eSSed 

steel nail plates and •tal support brackets. of various types. have 
been added to the existinq range of timber connector properties and are 
listed in national timber design codes. 

The data SJ:8Cified in such national codes will be relevant to the local 
conditions under which the particular fastener is to be used and my 

vary from country to country. but will represent a reasonably reliable 
desiqn figure. 

The purpose of this lecture is Eirstly to provide an understanding of 

the modes of behaviour of th~ various types of fasteners in use. and 
ther; to establish bases from which design data. relating to working 

loads and deflections or slip. can be calculated for these connectors. 
As might be expected. the dif ferinq approaches of 11any investigators. 
particularly for transversely loaded nailed joints, have resulted in 
alternative procedures for specifying design data. It is not propoaed to 

enter into a diacussion of all the relevant infor111ation on any partic­

ular fastener but the bases presented will have an overall or general 

acceptance and will be ca.patible. where relevant. within the range of 
data available. 

A system of cateqorizing futenera which has been.adopted in the Auat­

ralian Standard AS 1649 and the American National Standard ASTM 01761-n 
lists fasteners under the following headings: 

! 1
offic<>rs of CSIRO, Oivic;ion of Building Rc!;<•11rd1, Mrlh11urr11•, 

Aust r.1 l I,,. 
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Ca> Nails and scre\18 under withdravel and lateral loads. 

Cb> Bolts. and connectors requiring bolts for their use in three llelllber 

assemblies: sheer plates. split rings and douell type joints are 

included in this group. 

Cc> Nail plates and tooth plate connectors 11anufactured in a variety of 

thicknesses and with a range of tooth types. 

Cd> Liqht gauge metal brackets used as joist hangers and brackets used 

as ties and frue supports. 

Any grouping of fasteners into such cateqories may be open to criticiSll 

but represents a convenient basis for analysing performnce and is used 

in this lecture. 

The procedure to be followed will be to describe. Yhere possible. a 

load-deflection curve for the connector and then establish a •thod for 
calculating the .uimua load sustained by the joint. Particular aspects 

relevant to the general use or behaviour will be discussed. 

A section is included Yhich discusses the cost of fasteners in tind>er 

construction. 

"' ... PERFORHANCE OF NAILS AND SCREWS 

2.1 Nail Withdravel: Loed-Deflection Curve 

Figure t indicates a typical withdravel loed-def lection curve for a nail 

driven into the side qrain of a Mdilm density hardYOOd. It shows that 
for a wll displacwnt, the loarl is pcoportional to displacwnt and 
that once a li11iting outwcard 110Y8Mnt ia exceeded failure of the joint 

results. A 111easurable slip occurs at or near the peak load and a sub­

sequent step-wise drop off in load reaults with increasing withdrawel 

distance. 
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LOAD-SLIP CURVE 
for o 3·16 mm Plnin Nail 
with 40mlft penetration 
in E.Regnans , side grain 

3 6 9 
SLIP mm 

figure 1 Withdrawal load-displacement curve 

TEW/12 

figure 2 is a si11ilar 9raph where the load has t>een taken up to a relat­
ively hN value. released, ard then reapplied to a hi9her level. The 

chart has been stepped along the displacement axis to separate the 
subsequent reloadinqs, there being ten separate loads ard unloadings 

before the maxi11U11 load was reached. Each load-deflection trace is 

approximately linear although there is a degree of hysteresis in the 

unloadinq phase. This behaviour of the joint shows that the loading can 

be cycled up ard dr1wn a linear reqion of the load-displacement curve. 

--1 
• 
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LOAD-CISPl.ACEt£NT C\INE 
for o 3· 16mm dia Plain Nail 
with 40mm penetrn'·ion 
in E.Regnons 

4 

TEW/12 

Figure 2 Load-displacement curves for a plain nail - 3.1& mm diameter 

45 mm penetration in E. reanans side grain, repeated loading 

F1gure 3 shows the behaviour of a helically-grooved, screw type nail 

~hic.h exhibits a differing load-displacement curve to otr,er plain and 

<1nnularly-grooved flails.After an initial failure the withdrawal load is 

seen to rise to a figure greater than the first failure load at a 

:J ignif icarit. displacement. 
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~.2 Assessment of HaxillllD Nail Withdrawal Loa<hs 

The work of Hack <1979> covers a comprehensive range of timber densities 

CJS0-1200 kglm3 on an air-dry basis at 12\ 1110isture content> and has 

~.stahlished the following equations between withdrawal resistance CR> as 

Ne1Jton per mll limetre of penetration CN/mm) and density: 

Initial 
moisture Time of test 
c-ontent 

of timber 

Green Illlediate 

J inonth delay 
before test 

Orv I mediate 

3 month delay 
before test 

uhere 
R = withdrau~l resistance in Newton 

Db = basic density in kg/m
3 

nd = bir dry density at 12% in kg/m
3 

d = nail diameter in ... 

and subscripts 
gi = green innediate withdrawal 

qd = green delayed 
di = dry immediate 
d~ = dry delayed. 

Regression betueen 
withdrawal load 

and density 

Rea = 24 x 10-• D.'·'.d 

R9 111 = 0 .14 o. 0 • 
10 .d 

Ro = 3.6 x 10-' 0111 2 ·•.d 

R111111 = 1.68 x 10-• 0111 1
•

1 .d 

NC1t& that the original test from which these equations have been derived 

w4a written for a nail of 2.8 11111 diameter and the nail diameter was not 

included in those equations. 

• 
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The delayed ard imnediate resistances are related as follows: 

R = 6 7 R _o. 9o 
gd • CJl 

Rdd = 1.5 Rdi0.90 

The performnc~ of nails with deformed shanks ard polymer coatinqs urdet· 
uithdrawal loads are not as comprehensively established for the range of 
densities ard tillber corditions as irdicated for plain nai!s. Houever. 
saae useful general pdnciples can be applied which show: 

Ca> For dry hardwoods of llediln density and softwoods. polymer coated 
ard/or treatej nails ard nails with defcrlled shanks produce 1. 7 to 
?.O times t..~ withdrawal resistance of plain nails after three 
months delayed withdrawal. 

1 o} For green hardwoods. pol}'ller coated ard treated nails at 3 mnths 

delay have a similar performance to plain nails. while defonied 

shank nails have 1.7 to 2.0 ti111es the withdrawal resistance of 
plain nails. 

Cc) For dry hardwoods of higher densities Ce.q. Jari:ah, £. Diversi­
.;Ql.2[> polymer coatings do not i~ove withdrauai resistance above 

· 'll!lt .;:.~asured for plain nails. 

2.3 Discussion of Withdrawal Reaiatance of Nails 

For plain ard coated nails in dry ti.t>er. the displace11ent of the nail 

at ultiinate load MY be related to the sheer properties of the tillber, 
ard the withdrawal load MY be related to t.he frictional pcO'J8rliea 
betweeri the nail ard the tillber. After initial failw-e the total area of 

nail in contact with the wood is decreatJed ard it MY be aaa.ed that 
the coefficient ~f friction is also ar-dif ied after the initial alip. la 

the load-1UspJ.<tceMnt or alip ia depfrdent on wood properties, for dry 

timber. the conventional relatioMhip between ahort- ard 101'19-tena 
strength properties 11iqht be expected to apply. That is, ahort-tena 
properties will be approxi111ately 1.5 tiMs those ineasured after about 3 
months: this is not in C011Plete agreement with data shown for dry 

material. 

---1 
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For \IOOd nailed green ard alloued to dry. particularly harduood species. 
shrinkage of the wood of up to 10% can be expected together with poss­

ible splitting ard deterioration of the wood arourd the nail. These two 

actions. winkage ard accOllpanying loss of strength. can leed to 
va1t4ble results. This precl~es a_rational explanation of long-terll'I 

behavio1Jr in relation to measure.ents taken shortly after driving. 

Pt?rivation of working loads is not covered in this i.~ture. but in 

general they will be approxi.ately one-quarter of the maxi11tm value. 

Withdrawal resistance of nails driven into end grain is the subject of 

current resea~-ch which tends to show that end grain loads are 0. 5 to 0. 7 

of the side grain values. However, present code stipulotions allCilol no 

load to be assigned to nails driven into er.cl grain. 

Erd ard edge distances for nails in withdrawal are discussed in relevant 

d~sign codes. 

2.4 Screw Withdrewol. Load-Deflection Curve 

Figure 4 shO\ls the withdrawal force-displacement· graph for a 5.6 man 

shank diall!Qter mild steel screw driven into a dry hardwood CJarrah> of 

density 8SO kgtm3• 

A ~haracteriF.tic •settling in· movement occurs. t~ereafter the load­

rt1splaceiaent relationship is linear almost up to maximum load. Where the 

load is cycled. the secord and subsequent loads produce a stiffer joint 

than irdicated on the first loading. Wood elements located between the 
threads of the scrw are loaded in shear and bending and the behaviour 
of the fastener aa indicated is c011P4tible with the elastic deformation 

of these annular el ... nta. 

This elastic displacet1&•1t <viz. 2 •> is greater than encountered "ith 

~ils where the slip is related directly to the embedd'!Ki length and the 

shear lllOdulua of the wood. 
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After 2.5 mm displacement. the load on the screw remains at a relatively 
high level and thereafter decreases in a similar way to which the ~ith­
drawal load on a nail falls away. This behaviour is in line with a 

r~sistance determined by friction and a decr-e.;.sing area of sheared wood. 

2. S Screw Withdrawel. Assessment of MaximUt. Load 

The sa.11.: source which provided data fol" nail \Jithdrawal yields si!llilar 

equations for screws: for steel screws driven into the side grain of 

wood. the foll~ing can be used: 

I 
Initial I Regression betwt:en 
moisture I Time of test withdrawal load 
content I and density 

of timber I 

I 
I 
I 
I 
I 

I _I 
I I 

Green I Illlllediate R11 = 0.008 0. 1 • 2 d I 
I I 
I J month delay R., = 0.018 o. I. I d I 
I I 
I I 

Dry I Inmecliate R., = 0.014 0. 1
•

2 d I 
I I 
I 3 month delay "·· = 0.016 0. 1 · 2 d I 

-' I 

The subscripts used in the above equations have the same relevance as 
those quoted for nail withdrawal; 108.d or resistance is measured in 
Newton per millimetre of penetration and wood densities are either on an 

air-dry or basic basis, d is nail Jiameter in nun. 

The shank diameters over which these eqll8tions can be taken to apply, 

r~nge from 2.74 mm to 7.72 mm or from size 4 to size 18. Predrilling to 

the root diameter of the screw ovet' its full length and a lead hole of 
the same diameter as the shank are required. 

2.6 Oi~cus&ion of Withdrawal Resistance of Screws 

The behaviour of hand-driven wood screws in withdrawal as compared with 
nails is different O&cause friction between the fastener and wood is not 

I 

a ma)or component of the resistance, 
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The equations for Rdi and Rdd are not statistically different Calthough 

t1o10 separate equations ere quoted> and R~ is greater than R . Cunlike ..,.... gl 
the situation for nails where 1o1ithdrawal resistance generally decreeseJ 
1o1ith time>. This may be explained by a contraction of the lolOOd around 
the scre1o1 1o1hich overrides any decrease in friction or deterioration of 

physical properties of the IJOOd. 

Withdrawal loads for scre1.1s ar-e roughly 2 to 3 times those for nails of 

similar diameter and penetration. 

S.,sic or working loads ar-e normlly subject <i.e. in codes> to fa.:toring 
for- duration of loading and two-thirds of the values allowed for side 

grain can be applied tc end grain. 

The data is specific for prebored lead holes and is not applicable to 

~.elf-tapping, machine driven screws. 

2.7 Lateral Load-Displace11ent Curve for Nailed J~ints 

A typical load-displacement or slip curve is shown in Figure 5 for a 
nail in single shear where ftn initial clearance exists between the 

members, i.e. friction in the joints is not included in the initial 
load. The relationship between load and slip is curvilinear over its 

i?ntire range and numerous approaches, ranging frOll the empirical to the 

fundamental, have been made to analyse the curve and predict loads. 

Mack's analyses of nailed joints C1966, 1977, 1978> led to an equation. 

where the load P <Newton> up to a limiting joint displacement C~> of 

2.5 mm, for a nail diameter d, was given by 

H in thi:3 equation can be regarded as a stiffness modulus or a factor 

characteristic of the species and 110iature content. 

The ~t1on applies over the range 0 < a < 2.5 but has limited 
application in the above form. It can be aiia:>lif ied up to slip value• of 

0.5 IMI C9iving 10' higher values of load> by the following two 
equations, which apply to a single loading in a five minute teat 
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Figure 5 Typical load-slip curve for a 75 nun x 2.8 1111 diameter 
nail in single shear loaded parallel to grain 

C.l> For green timber 

p = 0 023 dt.75 D 1.4 30.S 
O.Sg • b 

Cb> For dry ti~ber 

where Db ard D d are the basic ard air-dry densities < k9/m
3 

> , ard P 0• 5 
~ignif ies that the relationship holds up to about 0.5 1111 slip with the 

1sc:cunscy st.ated. 
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A change in curvature occurs between SO to 60 per cent of maxi- lOSli 

ard this is referred to loosely as the yield point. Working loads are 
roughly one-sixth to one-third of ulti1111te loads so that the initial 

slip. at the working load. MY be of the order of 0.10 to O.S • deperd­

ing on nail diameter. timber density and initial moisture content. 

There is no linear portion of the curve in the initial stages of loading 

although some workers define short- and long-tera stiffness moduli which 

assl.llle an initial linear range. The equations pc-esented are used as a 

basis for calculating long- and short-L!r1R deformations in the Austral­

ian Timber Engineering Code CAS 1720>. 1975. for a range of densities. 

As working loads for nails are well below the 'yield point·, analyses of 

the load-slip curve up to about 1.0 mm slip are relevant in establishing 

design information. and a 10' accuracy is probably acceptable. 

2.8 Ultimate Load capacity of Laterally Loaded Nails 

The empirical reqression equations due to Hack C1978> produce cmaparable 

loads to those obtained from either semi-empirical studies such as those 

of Holler C1951> and Heyer et al. C1957>. and other empirical studies. 

e.q. those of Brock C1957> and Horris (1973>. 

Mack's equations have a good correlation with a wide range of timber 

densities and for one nail in single shear in a three members joint. 

they are given as 

P = O 3 O 1•1 d1•75 Newton q • b • 

Pd= 0,17 Ddt.l d1•75 • Newton 

where 

P = ultimate load for qreen titlber CN> 

o: = basic density Ckqtm3
> 

Pd = ultimate load for dry tilllber CN> 

Dd = air-dry density Ckgtm3
> 

d = nail diueter ~-> 

---1 

r 
i 
[ 

I 
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Similar equations are quoted by Kack for loads at 0.4 aa slip. 

The equations in the test frora uhich these wr-e derived were specific to 

2 .8 nn diameter nails and the above relationships use a dependency of 
load on nail diameter to the power 1.75. 

This is somewhat different to the results for other equations for load 

capacity where load is related to diameter squared and is also taken to 

be directly related to density. 

For instance, Brock's equation would be 

and this produces a comparable result to the above equation: working 

loads are based on one-third of the 111axi1UD load derived by this 

formula. vhich relates mainly to dry timber. 

It is wrth noting the basis used by Moller. and later refined by Heyer. 

to determine the lateral load capacity: 

Both the bending of the nail in a joint and the bearing stress on the 

wood were taken into account to produce an equation 

where 

P = a ineasure of inaxi .. load 

d = nail diameter 

f = the ultimate stress in bending of the nail CPlastic Modulus is n 
used 

f c = a maxilllllll 'rod bearing strength' of wood 

k = a m.111erical constant. 

This equation accurately pr-edicts test results at the yield point but 

undereatimat:.es failure loads CHack 1960>. To take account of the nail 

deflection. at the hiqher levels of slip, where the nail tends to pull 

out of the wood. Heyer derived a 'rope' atreas. When added to Moller's 

load. the ultimate load was accurately predicted. 
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2. 9 Defoniation of Laterally Loeded Nails 

The prediction of slip in nailed joints can be impmtant in design <e.g. 
foe built-up beua where deflection is a •jcr design consideration>. 

Either of the equations for Po.Sq or Po.Sd can be tranaposed to Ht:ab-

1 ish values of displacements up to 0.5 ... i.e. 

Here M is the stiffness .00.ulus which is related to density by 

or 

M = 0 14 D t. 4 
q • b 

Md= 0.82 Ddt.1 

Where a load produces a slip in excess of 0.5 •. but less than 2.5 •. 
the slip value 11ay be obtained by interpolation frm the load at 2.5 • 

CP2_5> 9iven by 

Values of slip calculated on the above basis are increued for various 
load durations and foe initially qreen ti.tier which dries under load. 

2.10 Lateral Load capacity of Wood Screvs 

A load-defoniation curve for wood acreva under lateral load ia not 

presented nor ia the slip of acreved joints diacuaaed. 

The foniule generally quoted for calculating proportional li•it lateral 

loads is derived from tuts corducted at Cornell Univeraity in 1913 

<Ref. Kolberk. A., ard Burnbal.m, K. > ard is given as 

Values of K vary from 3300 to 6400 for hardvooda and from 3300 to 5200 
for softvooda of North lMrican origin and d is the .crev 8hank di...ter 

in •· The data ia relevant to dry wood. 
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The ~tion applies for a penetration of the screw into the receiving 
member of seven tiMS the shank dia11eter with the lead hole drilled to 

90 per cent of the root dia11eter. Preboring of the cleat or covering 

member to the shank diameter ia required. 

Basic loads are 0.63 of the proportional li•it loads and values of K 
quoted in the "woad Handbook" <Ref. United States Forest Products Labor-

atory> are relevant to basic loads. 

Where penetration is less than seven diameters. the basic loads are 

reduced proportionally. 

2.11 Discussion of Lateral Load Capacity of Wood Screws 

As screws urder lateral loads might reasonably be regarded as an altern­

ative to laterally loaded nails. a comparison of the relevant behaviours 

of the t\IO fasteners •Y be considered. 

Oat~ previously discussed for nails under lateral loads was for joints 
1o1here an initial clearance existed. and at low loads friction between 
members was not important. With screwed joints initial friction would 

exist. At the higher loads a nail tends to withdraw fre11 one member. 

~hile with a screwed joint a higher withdrawal load. and consequently a 

higher maximtm load may be expected. 

Because of such considerations. the maxilll\lll lateral loads for nails and 

screws of the same diameters and also basic or design loads will differ. 

It is of interest to note that allowable loads for nails and screws 

calculated from sources such as the 'Wood Handbook'. or froaa standard 
codes. e.g. SAA 1720. have values of within 15' to 20% of each other. 

Nail penetrations are greater than for screws. 

3. BOLTED JOINTS IN WOOD 

3.1 Load DefoI110tion Characteristics of Bolted Joints 

Load and diaplacenient characteristics of bolted joints vary with species 

ard bolt strength properties, thickness of inembers in relation to bolt 
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dia11eter. and in three llellber joints the 11aterial of the side plates is 

relevant. 

An extensive e•pirical study of three llellber joints <'!rayer 1932> showed 

that an initial lineer relationship existed between loed and joint slip. 

A proportional limit load was defined and average iroportiono.i li•it 
bearing stresses detenained for loading parallel and perpendicular to 

the grain. A range of widths of centre llE!llber for a given bolt dia11eter 

and a li•ited range of species were covered. 

A typical load displacement curve for a bolted joint •Y be of the fora 

shown in Figure 6 and the variation of proportional li•it stress for a 
range of llellber thickness <b> to bolt diameter Cd> ratios Cbld> ia also 

plotted in Figure 7. 

i 15 

0 Pl 
9 10 

s 
Pretoad 

0 
0 2 4 6 8 10 12 14 

SLIP -
Figure 6 Typical load-alip curve for a bolted joint 

----, 

I 
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Figure 7 Variation of stress at li•it of proportionality 
with bid ratio 

TEW/12 

The displacement, 4
0 

is an arbitrary value defined by the slope of the 
linear section and its intersecton with a horizontal line through the 

maxi_. load. 

While Trayer's work has foned the basis of a TUlber of current tillber 
desiqn codes, 110re recent investiqationa Ctlack 1978, Chu Yue Pun 1980> 
have shown that the linear relationship MY not always be obtained and 
the decrease in the pr-oportional limit stress with increasing b/d ratio 

is different frOll the earlier work. further application of Trayer's data 
to a range of specie• is li•ited by the absence of a basic analysis or a 
specific relationship between the pr-oportional li•it stress, bolt dia­
meter and timber properties Cauch u density, maxiaui crushing strenqth 

or ce11pr-esaive proportional li•it streu>. 



• 
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The follCNing section uses data fraa Hack which encompasses a useful 
density range. ard also Trayer·s inforaation to obtain an empirical 

relationship between beering stress. tillber. and joint properties. A 
si•plif ied version of Holler·s theory is used to derive loads. 

3.2 Deter11ination of Loads for Bolted Timber Jointa 

The equations presented are relevant to a basic joint shoun in Figure 8a 

Cand Sb>: this is a three mellber assembly with the thickness of the side 

members at leest equal to half the thickness of the centre metlber. which 
is then reqarded as the effective or most highly stressed cmponent. 

IJL 
2 

l 

Pigure 8a Bolted tillber joint type <a> 

' t ~ 
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b 

Figure 8b Bolted timber joint type <b> 

For a two member joint of equal thicknr·ss. the load capacity is about 

half that of the effective member of the same thickness in a three 
piece assembly. For other joint configurations l~s can be derived 

accordingly. 

In the equations which follow. the rod bearing stress <£ > corresponds c 
to the average proportional limit stress, determined.by the proportional 

limit load <PL> and the projected area of the bolt in the effective 
member. It is similar to the stress measured in a loading system as 
sho\IT\ in Figure 9 with a uniform load applied to the rod. lt is not 
directly related to the basic timber properties in comiress~on in these 

analyses. 
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F~gure 9 Determination of rod beering stress 

The rod bearing stress Cfc> differs with direction of loading and in a 

three memt>er assembly is given by, 

Ca> For green timber under parallel loading to grain 

f = 0 15 D 0.75 
c . b 

Cb> For dry tiiaber, parallel loading 

f = 0 24 0 o.75 
c • d 

Cc> For green timber, loading perpendicular to grain 
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Cd> For dry ti.tier. perpendicular loading 

Loads at the liait of proportionality <PL>. in Ne\llo"8. can be calcul­

ated. using the above values of le on the following basis: 

PL is the lesser of PCLt> and PCL2> 

P<L2> = 0.85 ,i2 ~fc.fy for timber side and centre members 

P,L
2

> = d1 
Jfc.fy for steel side and timber centre members. 

Maximun load on the joint CPmax> is given by 

Ca> Parallel loading to grain 

<b> Perpenrd\cular load-!ng 

Jn each of the above equations, the relev~nt value of fc is to be cal­

culated for use in determining the load capacity for the particular 

loading r.sttern. 

f c = nominal rod bearing stress CN> 
f Y = yield stress for bolts used in the joint <typically about 

JOO MPa for mild steel 
Db = basic density Ck9t113> 
Dd = air dry density Ckg/•

3
> 

d = bolt diueter <•> 
b = effective member thickness Cm> 
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PL = proportional li•it loadikN> 

P llllX = niaxilllll loed on joint (kN> 

J.3 Slip in Bolted Joints 

TEWil2 

The foll.JWing relationship is given for deteraining joint stiffneas. 

S = 0.6 PlllU for joints loaded either paralle~ or perperdicular to 

the qrain in green ard dry timber CkNI•>. also 

s· = t.5 Paiax for three lllellber assemblies with steel side plates 

CkNI•> 

3.4 Discussion of Load Capacity of Bolted Joints 

The above equatior.s are compatible with the exiatir-1 espirical ant 
theoretical data on bolted joints: at bid ratios less than about 4, a 
uniform stress exists urder the bolt ant timber iroperties deteraine 
loads at the proportional li111it: with increasing bid the deflection of 
the bolt becOllles mre illpol"tant 3nt higher bearing stresses at the adqe 
of the effective llellber are developed with a resulting decrease in the 
average rod bearing stress. Thus, at the higher b/d ratios the yield 
strength of the bolt becomes iiaprtant in detAraininq the yield load. 

At maxi•• load, availabie data BU1J9ests that the variation in stress 
under the bolt with increasing b/d is less than occurs with the load at 

proportional li11it. The Mxi- load can be reqarded as being deterained 

mainly by vood bearing JrOPertiea. 

Trayer f ourd that the atresa n•'.ned constant at .-e y.opo.-tion of the 
niaxirM\111 crushing stress for parall,91 loading, although u-., ttalayaian 
work shows some decrease with incret1J1ing bid, partic-..:larly under 

parallel loadings. 

J.5 Practical bpect.s of Bolted Joint Design 

Spacing of bolt. for end and edqe distances in both tenaile and cm­
preuion loeding and the distance between parallel rous of bolts were 
established or specified by Trayer and are still applied. 
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These recommeooations were for 

Ca) Centre to centre spacinqs of at least four times bolt diameter 
parallel to the grain. regardless of bid ratio. 

TEW/12 

Cb) Spacing approximately 80% .;,f the total area under bearing of all 
the bolts in the joint. 

Cc> Eoo margin for compression loading is the same as bolt spacing. 
namely four times bolt diameter. measured to the centre of the 

bolt. 

Cd> Uooer tension loads, the end distance is at least seven diameters. 

Ce) For loads perpeooicular to the grain, the spacinq across the grain 
need only be sufficient to peanit tightening of the bolt. Between 

bolt spacings along the grain are dependent on bid values and for 

bid > 6, spacings of at least 5 diameters are required. 

Cf> Clearance between bolts and holes was minimal in Trayer's analysis 
for seasoned material, but it was found that where joints of green 

material were assembled an then allowed to air dry, the substantial 
reductions in load capacity resulted: proportional limit loads 

ranged from 25 to 40% of what would be expected where loading was 

carried out directly after assembly. 

Where bolts are used for green hardwoods which have high shrinkage 
Ce. g. 1 o~, > • clearances of the same order may be necessac-y to obvi -
dte splitting, and allowances should be made as a proportion of 

bolt diameters. Some provision would need to be made to ~ccomodate 

the extra clearance where joint slip was important, due to the 

ovality of the hole. 

Cg> The use of washers under the heads and nuts on bolted joints is 
recommended but the opti111al size is a matter of some conjecture. 

For the diameters of bolts in common use Ce.g. 10 mm aoo 12 mm>, 

maximum sizes of waaher of 50 • x SO 11111 x J mm thickness have been 

su;geated. 



- )1 -

4. SPLIT RING AND SHEAR PLATE CONNECTORS 

4.1 Load Deformation Characteristics 

Figures 10 and 11 show typical load defor:wation curves for: 

Ca> Two split rings in a three lllellber CCllp["ession joint, 

CL> Two shear plates in a three llellber CO!RpC'ession joint, and 
Cc> Two shear plates in a three llelllber tension joint. 

"':EW/J 2 

When loaded in coa1pression there is a general similarity with the behav­

iour of these connectors and bolted joints. Sane observed differences 
are a well defined initial 'settling in' deformation with sheer plates 

and for both shear plates and split rings a prilllaI"Y failure occurs in 
advance of the maximun failure load. 

With shear plate connections, clearance between the bolt and the pilot 

hole can affect the initial deformation. The load is tra1"1811ittecl in the 
early loading i;ilase through the bolt to the adjoining naaber and, where 
th9 hole in the wood is less than that in the connector, initial slip 
may be relatively large. 

The primary failure observed on both types of connector under compress­

ion loading is regarded as a sheer failure of the central core of wood 
encompass"*1 by the connector. Final failure is due to cmiression 

failure of wood around the peripheral surface of the plate or ring. 

In ter.sion tests on shear plates, failure occurs as a result of a split 
developing due to the lateral force exerted by the plate. The slip is 

less at failure under tension loads than in compression. 

--1 
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Figure 10 Load-slip curve for 2 x 102 an split rings -
initial loed range expanded 
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Fiqure 11 Load-slip curves for 2 x 104 11111 shear plates in 90 nun 

thick Douqlas fir with steel side plates 

--1 
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4.2 Deter11ination of Basic l.oDds 

For split rings. a n\llber of references <Scholten 1'145. Kack 1981. Ow 

Yue Pun 1979> irdicate that inaxi- loads ard proportional li•it loads 
can be expressed. on an •pirical basis. as: 

P = k 0 

where 
P is the relevant load expressed either as P11ax• the ..axi .. load or PL 

the proportional limit load each in kM 
D is either the basic COb> or air dry COd> density in kg/•J 

k is given in the folloving equations Cfrm Olu Yue Pun>: 

I 
I Relationship P = k 0 

Split 
rings 

64 nn dia. 
12 Rll bolt 

102 mm dia. 
20 nun bolt 

Direction of 
load to grain 

Parallel 

Perpendicular 

Parallel 

Perperdicular 

•le of I 
wood I 

I PL 
I 
I 

Green I 0.04 o .. 
Dry I 0.046 o. I 

'------' 
I 

Green I 0.024 o .. 
Dry I 0.027 o. 

I 
I 

Green I 0.087 o .. 
Dry I 0.094 o. 

I 
I 

Green I 0.048 o .. 
Dry I 0.054 o. 
--'-

P ••• 

0.087 o .. 
0.093 o. 

0.037 o .. 
0.042 D. 

0.16 o .. 
0.17 o. 

0.070 o .. 
0.085 o. 

* The load per ring or connector as quoted is half the total load 

applied to the centre lllellber of a three member assembly. The values of 

PL and PH are approxi11ately half those tabulated in the work fro. 

which the data was derived. 

Infor111ation directly relevant to shear plates ia leas well docU1ented, 

but for a single 102 • plate with a 24 • bolt in COllJIE'easion parallel 
to the ;rain, the following equation MY be applicable: 
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limited work on the 11eUUre111ent of loads in tension parallel to the 
grain for 102 ir.1 plates suggests. in green hard\IOOds and dry conifers 

for one plate. 

Plll!lX = 0.055 Db 

4.3 Slip in Split Ring and Sheer Plate Joints 

Slip in the linear range is determined fro11 the proportional limit loed 

and corresponndirq displacement. Since there is rio established theoreti­

cal basis for relating perfoI11ance of different diameters. the relation­

ships are e111Pirical. 

As load is directly related to density. joint stiffness can be defined 

in terms of density of the timber in the joint for a given dimneter of 

rirq. 

The relevant equations are: 

- ----------------
1 I I I 
I I I Stiffness kN. Cmm>- 1

• for I 
!Split ring I I 3 member joint with 2 rings I 
I diameter I •le of I____ _ ___ I 
I C11111> I timber I I I 
I I I Load parallel !Load perpendicular! 
I I I to grain I to grain I 
I __________ , _______ I '--------------' 
I I I I I 
I 102 I Green I 0.15 D,,,. I 0.06 D,,,. I 
I I and dry I I I I ______ I _________ I _____ I ________ I 
I I I I I 
I 64 I Green I 0.07 D,,,. I 0.03 D,,,. I 
I I and dry I I I 

'---------'-~~--------' -~-----'--------------' 
Slip at load P. C3>. where P <PL 

3. = P/Stif fness 

ob,d refers to basic or air dry density. 
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4.4 Discussion of Split Rings and Sheer Plate Perfor11ance 

Load capacity of these connectors is detenained by both the sheer and 

COlllpression strengths of the uood ard. as such properties •Y be t4ken 
as being related to density. the a9ree11ent between load capacity ard 
density may be expected. 

The 64 • split ring has apsroxi•tely half the load capacity of the 

102 • ring. with about the sue slip at the proportional Hait. Stiff­
ness of the smiler diaaeter ring may reasonably be taken to be half 
that of the 102 .. diaaeter. 

Data on shear plates is not extensive but the qenerally aiailar aode of 

.behaviour to split rings ard the accordance between the liaited avail­
able results with those for split rings suqqest that the perforaance of 

a shear plate may be predicted by a siailar set of equations quoted for 
split rings. 

With qreen hardwoods, particularly near the erds of a tension llell.ber, 
split rings are a preferred fastener to shear plates because of the 

capabiliity of the split ring to accOllllCldate shrinkaqe of the wood. 

5. TOOTH PLATE CONNECTORS 

S.1 Load-DefOrllllltion Curve 

The load-slip characteristics of a metal tooth plate connector in 

tension parallel to the punched slots is shown in FiCJU['e 12. lt is 

curvilinear over the loed range ard llOl'e closely resetllblea the lateral 

load displacaent curve of a nail joint in shear than either a bolted or 
a shear plate connector joint. There is no well defined yield load. 

--1 



zo 

10 

//o ""',,,If( 
Y,c '"' AJ,,. r. 

Tyf'caf lood - 51tp 
Curr't: f-r z t , ... T111ec 

f/ot~s 111 Softt.IOOd. 

l·O l·O J·O 

Jo,"'r SLIP "'"' 

Figure 12 Typical load-slip curve for a metal toothad 

plate connector in aof twood 

TEW/12 



- 57 - TEW/12 

Where the load correspording to a displacement of 2.5 • is designated 
by P2_5• ard the load at a slip 3 • by P3• the ratio of loads is given 
by 

This fona of the relationship is very si•ilar to the reduced load equat­
ion for nailed joints ard was established for 14 and 18 gauqe thick 
plates and tw species. It is of li11ited value as P2_5 ia generally not 

known in terms of the llllXi- load on the joint. 

An empirical relationship obtained fur tw types of 20 qauqe plates in 

tw dry softwod species. based on MXi- load CPMX> my be qiven as 

p 
p_f_ = 1.25 a0•7 

llSX 

This applies up to P31PllU of 0.6 and covers a useful range since joint 
design loads are generally of the order of JO' of the 11Ui- load 
carried on the joint. With the knowledqe of an experi•ntally determined 
PllllX. values of 3 at design loads MY be obtained. 

-1 
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S.2 Load Capacity of Joints 

Because of the diversity of types of tooth shape. plate thickness. and 
plate dimensions. a single relationship encompassing all types of conn­
ector. between connector strength. wood IJl"Cperties and plate orientat­
ions and specifications is not available. 

For a qiven desiqn of plate and particular configuration as regards 

width and length. the maxi- load capacit.y of one plate in tension 

parallel to the p.mched slots •Y be e:qressed as 

PllaX = k.n.p.D 

uh ere 
Pmax is the moximun load capacity of one plate CN> 
k is an empirical constant for the plate 
n is the effective nuaber of teeth acting on one plate on one side of 

a joint 
p is the makers experimentally detenr.ined maxillllll load per tooth 

CN/tooth) 
D is the density of the timber Ckgtm3> 

l is the width of plate <1111> 
f is the makers experimentally determined maxi111U11 load per unit 

width of plate <Nina> 

Thus, at the current ti111e the load capacity of nail plates is based on 

cxpe~i:::cnt4lly datar:ain-ad data and joint design relies on the applicat­
ion of makers recommended loads. Different values of load per tooth are 

quoted for a variety of 108ding situations and are considered to be 

directly related to tillber density up to a li•iting value, where metal 

properties determine the maxi- 108d. 
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S.J Discussion of Performance of Tooth Plate Connectors 

Investiqations have llhown that for a given species the load per tooth in 
tension has a high correlation with wood density up to a load cordition 
where the tensile strength of the plate across the perforations is 

reached. a.rd above this value load remains constant. For different 

species. e.g. tuo softuoods. the relationship betveen load per tooth ard 

density will lie ~long tuo differing curves (figure 13>. tfowftver it is 
considered that a plot of species mean densities when plotted against 
load per tooth for a particular plate will show a linear relatiOnahip 
<Figure 14> and the general deperdency of load capacity on wood density 

is justified. 

- AArr ,.----C-~ ," --~z,._• -- ~ . ., ...... 

~fr..,,, - /)Ns,,-., ~ ~AX. /.Off() 

·.j:,, TllO C~~ .., c-,,," 
C/11114 ~ NA/1. ~ t; ,1il&Ar.a 

PiCJUr• 13 Loed/tooth-danaity relationships for toot.bed plate 

connectors.in Radiata pine and ssruc:e 

---1 
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Figure 14 Load/tooth-mean density relationship 

for a toothed plate connector 
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At the hiqhest wood densities, either plate failure may be encountered, 

or for heavy gauge plates shear failure at the root of the teeth Crath~r 
than tooth withdrawaU will occur. Incomplete penetration of the plate 
tooth into wood of high density may lead to an aJlOOlalous behaviour. 

6. METAL SUPPORT BRACKETS OR FRAMING ANCHORS 

A range of metal brackets pressed from qalvanized steel strip or plate 
of 1.2 mm Ct8 9> thicknesa are available for jointing between studs and 

plates, plates and rafters, trusses and plates, etc. Some typical •' 

applications are shown in Figure 15. 
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Figure 15 Typical applications of 11&t'tl brackets in 

jointing timber aiembers 
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Experimental investiqation of the load-deformation .behe· iour of lrackets 

tested either sinqly or in pairs in a seasoned softwood shova a cl!t"Ved 
relationship <Fi'JU!'• 16> vith f11ilure occurrinq either as a reault of 

timber fracture or through buckling of the steel 118111ber. Tilllber fracture 
can reaul~ where nails are placed in the tracket adjacent to a tillber 
edqe and loada are applied perpendicular to the grain. 
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Figure 16 Load-deformation behaviour of joints for:ned 
with metal brackets 
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A 111.ajor use of such brackets is in housing construction in situations 

where deformations of a few milliaieters MY be permissible, e.g. in 
connecting internal wslls to the underside of roof trusses. with joints 

betwetsn hanging bemns and ceiling joists, etc. The stiffness of the 
components in these applications is probably not critical, and load 

capacities should not therefore be based on arbitrary slip valUP~ of lou 

inaqnitude. 

The geometry of the various anchors, brackets and straps available is 

complex ard load capacities vary with the direction of the applied load. 

A rational developnent of load capacity is not possible at this stage 
for these reasons, and the simple addition of the lateral and/or with­

drawal load capacities of the nails in the joints may overest.imate the 

total capacity. 

-1 
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As with tooth plate connectors. use of sheet metal £ruing connectors 
relies on the provision o{ adequate design data being IMMle available by 

..anufacturers. nae adaptation of the fasteners to specific requiraments 

entails that the design data provided is relevant to the situation. 

6. COSTS OF TIKSER COMNECTIONS 

A simple basis of l&ti1111ting the cost of tillber connections llllde vith 
mechanical fasteners could be in tenns of the unit cost of the fasteners 
involved. St..ac:h an approach may bear little or oo relevance to the over­

all cost of the c011ponent in place in a structure. This will be deten­

ined by a n~r of other factors which need to be assessed for the 

particular application. 

The llOSt basic mechanical fastener. the hard driven plain vire nail used 

in liqhtly loaded structures. such as danestlc dwellinqs. is the cheap­

est 111ethod of connectinq llellbers where: 

Ca> Cheap scantling such as green hardwood can be cut and nailed in 

on-site constnx:tion. 

Cb> Labour, skilled in this-~ of construction. ia available. 

Cc> Dwellings are built in relatively smll nl.Bbers in specific 

localities. 

This has been the typical pattern of building in certain areu Ce.g. the 

Melbourne metropolitan area> ard precuttinq and asselllbly off-site cannot 

compete vith the hard cutting, 488Mbly ard hard nailing of relatively 

short runs of a particular house design. 

Sy contra.at, in other areas, wh.?re skilled labour is not a.a readily 

available and generally similar dwelling designs r.an be duplicated in 

estates of relatively larqe ......tlera of houses, different coat criteria 
apply. Hiqher rates of productivity can be achieved on repetitive oper­

ations and the hi~her unit coat of connectors, together with cartage 
coaJt between factory and site and on-site U88111bly, are offset by the 

lower labour coat.. 
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The in-place cost of a gun driven nail or a press_ed nail plate can 
therefore be competitive with a nunber of hand driven nails in a joint 

where production rates are sufficiently high. 

In general. the load capacity of many bolted joints can be achieved with 
a nail plate of suitable gauge and dimensions. In truss fabrication the 
setting up of members and pressing of the plate, even for a relatively 

sho::t production run. can be carried out at lower cost than fabricating 

a bolted joint of equal load capacity. The bolt hole has to be located. 

generally in three intersecting members. the hole drilled and the bolt 
fitted arri tightened. A metal splice plate may also be required with 

attendant dimensioning. drilling and fitting. 

On the basis of cost alone, there would appear to be limited justificat­

ion of bolted joints in the normal size range of co;11111ercial trusses. An 
added, perhaps ill-defined cost exi.1ts however in terms of aesthetics, 
and some architects and designers specify bolted joints in preference to 

a nail plate. The added cost of the bolt may be substantial but is pre­

ferred for reasons not directly relatud to monetary costs. 

Where bolts are used in conjunction with shear plates and split rings, 

the load capacity of the joint is in:rt.dsed so that a lesser number of 
structural elements will be necessary to carry a given total load. With 

such connectors the increased capacity is obtained at a total economic 

cost made up by the follows. 
Ca) Selection and marking out of timber. 

Cb) Drilling ard grooving timber. 

<c> Fitting the connector 
Cd) Assembling the structure. 
Ce> The cost of a bolt and connectors. 

Some industrial experience shows that a bolt and .jplit ring connected 
truss with steel gusset plates may cost 20 times as much as a nail plate 

connected truss of the same span, but at a lesser spacing. The major 

difference m cost arise4' because of the added labour associated with 

multiple handling of the timber and longer assembly times. 

The following table lists current <1983> Australian prices for various 

fasteners and estimates of the cost of items in place in a ~tructure. 



I 
I 

Item I 
I 
I 

·-' I 
Hand driven \lire nails I 

I 
Auto machine driven 
Polymer coated I 
Helical groove I 
Ring shank I 

I 
Frui ng anchors 
General p.rp:>se saddle I 
Cyclone strap I 
Truss boot I 

Bolted joint I 
(galvanized> I 

Nail plate I 

2.Shaer plate'} i 
+ bolt 2., (l)('mber I 

. . jo;l"'-t I 
Split ring I 
+ oolt I 

-------·--

• 

ESTIMATED COST OF TIMBER CONNEGTORS 
(Refer to text for relevance of notesJ 

, _________ 
I I 

Size I A I B 
( ftlll) I Unit I Estimated 

d is diameter I cost I fabr:ic.,tion 
I I time'', 

__ I _I 
I 

J.7Sd x 75 I 0.6c I 5 secs 12 > 

2.8d x 75 I 0.25c I 4 sec.P 
I I 

I 
l 

I 
I 
I 

J.08d x 75 I 1.Jc I 1. 25 seca 12 , I 
J.08d x 75 I 2.0c I 1.2S secs I 
3.08d x 75 I 2.0c I 1.25 se=s I 

I I I 

- I 25c I 2 mins• :n I 
- I 22c I 2 mins I - I $4-S I 5 mins: 4 > I 

I I I 
180 x 12d I $1.05 I 10 :ilin&C '> I 

x 16d I $1.70 I lll mins I 
x 20d I $2.54 I 10 mins l 

I I 
75 x 100 x 1.0 I 20c I 6 secs''' I 

I I 
108d + 24d 12.Ji $3. 75 p+4. 74) I 15 mins I 
68d + 20d ~$1.64 (+2,54) I 15 mi.1s I 

I I I 
t02d + 20d I $1.14 (+2.54> I ts mins I 
64d + 12d I 72c C+l,05> I 15 mina I 

Cost in place 
A + B + extra 

2.6c 
1.9c 

1.8c 
2.5C 
2.5c 

i5c 
72c 
$5-6 

$3,55 
$4.20 
$5.00 

20 + 12 + 5 = 37c 

$15<j=5 
s -=,.s+ 
$7.40 
$5.50 

--------'~--------------'-------------'--------

... 

I 0-
I "' 

' '"' I f'l'I 
I:; 

I ...... -I N 

- --- -----
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Machining ard hardling times have been based partly on estimates ard 
partly on kl'\O\IT\ or measured production times. Labour has been costed at 

$15 per hour. 

A consistent basis of comparison is not possible between the various 
connectors and the footnotes to the table irdicate the basis of the 

costs. 

These are 

ct> The estimated fabrication time inclooes in some cases an assembly 
time as well as the actual driving or fitting of the connector. 

C2> These times are for driving the Mils and do not include member 

placement. 

CJ> The framing anchor is asslfted to be held by 6 clouts. ard the time 
is that required for driving these fasteners. 

C4> The truss boot is assumed to be held by 2 bolts. 

CS> Fabrication time has been based on marking out. drilling ard fitt­

ing the bolt to a final assembly. The time required to select ard 

cut the timber is not included. 

(6) The in-place cost incll.des amortization and interest changes on 

plant costing $80,000 and a production rate of 200 trusses per day, 

using .i operators Cat $18/hr> and 20 plates per truss. Time 

includes laying up of the truss. 

C7> This time includes cutting, marking, dri Hing and d.Bsembly. 

7. CONCLUS l ONS 

A basis has been pcovided, where adequate theory or empirical data 
exists, for calculating the iaaxiarum or prcpcrtional limit load• for a 
range of timber fasteners in common use. For tooth plate connectors and 

presaed metal fra;ning anchors, qeometry and behaviour under load is 
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cOMplex: experi•ntally derived perfonance data provides the best buis 
for deteraining load capabilities for these fasteners. 

The derivation of design loads froa maxi- or proportional limit loads 
requires application of a load factor. which wi 11 vary vi th area of use. 

and type of load. The establishment of such factors is not considered in 
this paper. 

A short discussion of costs shova that accurate deterainations would 
require detailed work studies and experienced industry fabricator& have 

best access to such information. Sa.e qeneral asse8811!ents are possible 
and inodif ication of the data can be made uhere fabrication times or 

details seem inapprosriate. A •jor cost diiference is apparent between 
nail plate and bolt connector 111ethods of jointing. 
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BUCKLHiG STREN(;TH OF T!MBfR COLUMNS AND BEA~ 

Robert H. L~icester.!./ 

1 • INThODIJCTION 

The "!ff ects of slenderness on the strength of tillber structures are 

frequently of conaic!anlble IJ('aCtical significance. However. it is 

1.!.!Nally difficult to vrite effective design rules to cope vith the• 

effects. becaUBe while these rules ..t be si111>le for practical 

purposes, the practical applications to uhich they are applied are 
extr .. ly varied and extensive. In addition. theae difficulties are 

cOllpOlA'1ded by the lxk of adequate theoretical and experimental 

infonatum. anl alao by the larqe .....-.r of paramtera that affect 
buckling atrenqth. 

The folloving will deacribe •i11Ple models fer the buckling strenqth of 

coh..-ns ard bealm, anl vill indicate hoY these 11ay be applied in the 

formulation of deaign codes. The 11ethod is 9eneraliaed for mre cmp!ex 

cases. SOiie di8CU88ion on the aNlyai'I of the structures vith buckling 

restraints will alao be qiven. 

! 1An officer of CSIRO, Division of Building Research, Melbourne, 
Au~tralia. 
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2. Nal'ATION 

A =area 

8aJo·•co 
b 

d 

E 

F 

Fer 
Fc.Fb.Ft 

f bxu = 

1 •• 1y 

~ 
k 

kbx,kcx•kcy 

=crookedness panmeters. equations <48> ant <Jt> 
= width of cross-section 

=depth of cross-section 
= llOdulua of elasticity 

= atnaa capacity of stable llellbers 
= elaatic tu:kling atreas 

= allouable design values of comp:easion. bentinq and 
tension streu for stable lletabers 

= ulti•te cmpnaaion and bending streu of stable 

•alltrera 

= ulti•te streaa capacity of a stable ....t>er 
= applied stress 
= applied ca.pr-ession, bending and tension stress 

= allowable applied bending stress for llellbers that are 

bent only about the •jor or x-axis 
= allowble applied stress for colURnS that can buckle 

through bending only about the x-axis or y-axis 
respectively 

= applied ulti•te bending ant compression stress for 

lletlbers that are unstable 

= applied ulti•te bending stress for llellbers that are 
bent only about the 11ajor or x-axis 

= applied ulti.ate compression stress for lletlbers that 
can buckle through bendinq only about the x-axis or y­

axis respectively 
= applied nminal stress at failure 

= a function of moisture content defined by equation 
(13) 

= ..ants of inertia abut the x and y axes respectively 

= atif fne .. of lateral restraint 

= stability factor 

= stability factors for obtaining the alloueble design 

atr ..... fbx, fcx and fey 
klJXU'kcxu•kcyu • stability factors f« obtaining the ulti11ate atreu 

cap•citi•• f bxu• f cxu am f cyu 
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= at.ability factor for obtaining the applied strea at 

failure fu 
= length of colmn or span of beM 

= distance betueen points of lateral restraint 
=applied herding ..ant 

= elaatic buckling ...nt 
= elaatic buckling mment for applied .-ent that cauaea 

herding about the x-uis 
= dead and total load cowpurents reapec:tively of the 

applied ulti•te ..ant 
= dead ard total load cOlllJOllM1ts respectively of the 

alloueble desiCJn mEnt 
= miatw-e content 

= IUlber of lateral restraints 
= uave ruiber of eigernode shape, equation <80> 

= load. axial lOlld 
= elstic buckling load on a col\ml 

= elaatic buckling load on a col\ml that can buckle by 

bending about the x-axis only 
= eati•ted elastic buckling load for collm'I vith eiqen­

mde shape vith veve n.ber n. equation <81> 

= dead and total load cc•ponents resr1Ctively of the 

applied ulti11ate load on a col\SI 

· = deed ard total load cmponenta respectively of tM 

alloueble de•f.CJn load on a colUln 

= elastic buckling load for a pin-ended col._.., 

equation <82> 

= force on a lateral restraint 

= "o'"T· "o' '"t' 
= 'o''r· 'o'"r' 
= alenderne88 coefficient 
= alenderne88 coefficient for a bNll that i• bent about 

the •jor or x-axi• 

= alenderne88 coefficient of a col\lln that can buckle 
only through bendi~r about its x or y axis 

reapectively 
• total def orwationa in the x and y directions 

re81J9Ctively 
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= defoniationa that would r..ain after the load is 
remved 

,. defarmtion at the location of the t-th lateral 
restraint 

TEW/13 

= carteaian coordinates; x and y are 11ajoc and •inor 

axes ntapectively. z is in the direction along the 

length of the beell or colmn. Figure J 

= section modulus about the x ard y axes respectively 

= streas a11pl if ication factor due to -.her slenderTieas 
= value of a due to deed and total loads respectively 
= deflection or defor11ation 
= elastic cmJJOh9nt of a 
= initial value of 4

8 

= value of 6 that remins if the load is remved 
= strain 

= elastic ca.ponent of £ 

= initial value of ts 

= value of £ that re11ains if the load is rellOVed 

= mterial paral'eter used in definition of slenderness. 
equation <8> 

= parm1eter indicating the inaqnitude of the load 
= value of >. for the applied load 
= elastic buckling value of A 
= pauedo elastic buckling value of A. cOllpUted vith the 

asaaption that the buckling eiger.:Jde has the sue 

shape as the initial crookedness 

= creep factor. equation <tS> 

= tviat rotation of an unstable beall 

= initial value of ; due to crookedness 
=slenderness paruieter. equation Ct> 

= di•naionless restraint stiffness, equation <83> 
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J. SLENDERNESS AND STABILITY FACTORS 

The large n.Jlber of paraMtera that affect the bucklinq strenqth of 

tillber strucbres •Y be divided roughly into two groups. The first 
contains those panmeters that are usually specified as input panmeters 

into the desiqn process: these include the applied loads. the 

gec.etrical pm-a11eters of the stnx:ture. and the basic strucbral 

properties of the tillber such as its ulti11ate strenqth and stiffness. 

The second group of parMeters that affects the buckli1'11J stre1'11Jlh 

includes those which are USUlllly not specified in the desiqn process; 

these are llellber crookedness. 11aterial non-hmogeneity and nonlinear 

material characteristics. 

Jn order to cope with the ruierous parueters involved. the two 

followinq procedures are used: 

Ca> The specified paruetera are cmbined to form tuo di•nsionless 

l"ll.WJers. the slerdernesa coefficient and the stability factor. 

Cb> Host of the unspecified para.ten are ignored in mdellinq the 

structural behaviour. and the values of the remaining ones are 

replaced by notional values which are choaen to fit the 

experi•ntal data. 

The moat convenient definition of slenderness. denoted by x. is defined 

by 

(1) 

where Fu and Per is 
the theoretical elaatic buckling atreu. 

The atability factor ia UMd to indicate the influence of alendemeu or 

instability on strength. For the cue of ulti•te strength. the 

at.ability factor. denoUd by Ku ia defined by 

C2> 

where f u is the n011inal applied atre• at failure. 
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Frm equations Ct> anl <2> it ia apparent that if the structural lllellber 

is coapletely stable. then 

k = 1 u 
CJ) 

anl if the ulti11ate strength is equal to the elastic bJckling strength. 

then fu = Fer anl 

k = 11,2 u co 

F.quations CJ> arid C.4>. illustrated in Figure tea>. represent upper 

bounds on the stability factor. 'nle true values are lower than these 

bounds because of the influence of various factors such as crookedness. 
creep anl nonlinear structural characteristics. 

1·5 

::> 

.ll: 1·0 
L 
0 -'"" a 
lL 

>- 0·5 -
D 
a -V) 

0 

/fu=fu 
... real structure 
' 

1 2 3 
Slenderness Coefficient X 

(a) for slenderness coefficient X, 

:J 
..x 

1·5 

L 1·0 t-'1111----..... real structure 
0 -fJ 
0 

LL 

>-0·5 -
D 
a -V) 

0 1l 27l 37t 
Slenderness CoP.fficient S 

(b) For slenderness coefficient S 

FiCJUE"• 1 !f fect of alenderneaa on strength 
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A .ar-e popular but lesa convenient definition of slenderness that is 

frequently used. denoted by s. is 

s = cc.2tt2>CE/F >CF /F >11'
2 

ru u er 
CS> 

where E is the modulus of elaticity parallel to the grain and F is thP. cu 
ultiMte cmapression atren;ith. The reason for using this definition is 

that for the case of a pin-erded rectangular column. this leads to the 

traditional definition 

s = Lid ({,) 

where l. is the length of the coh•n ard d is the depth. 

Note that equations Ct> ard CS> leed to 

s = 111 
(7) 

where 

CS> 

Thus the equation for the case when the ultiniate atrenqth is equal to 

the buckling strength, f u = Fer• leads to 

(9) 

Equation <9> is illustrated in Figure 1Cb>. 

4, CREEP DEPORHATIONS 

Because lateral defonations lead to aicpdficant atreuea in slender 

lllellbera. it ia neceuary to inch.de the effects of creep in atroctural 
; 

lllOdela of col...-na and beelllB. 

JnfOt111Stion on rheological Madel• of tilllber i• scarce. The mdel used 

herein. illustrated scheMtically in Figure 2, is baaed on the atudy by 

Leicester C197ta,b>. 
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Figure 2 Sche11atic representation of rheological model 

The basic unit of th'! Madel comprises .'ln elastic and mechano-sorptive 
eletnent con.tected in series. The total strain of the unit, dc11oted by £. 

will be 9iven by 

I: = t + t s e ClO> 

where t 8 and t 8 are the atrains of the 1118Chano-sorptive and elastic 
el9111ent11 respectively. l'he tsi.astic ela.ent responds to an applied stress 
f in the uaual 111enner as follows 

( 11> 

The atrain of the MChano-aorptive el .. nt representa a pen11ar-.nt set 

that r-ina after the atreu f is ret110Yed. It ia changed wh~n ~hjected 
to the cOlllbined inflwnce of stress o and a reduction in moisture 

t:.mtent • during drying; the constitutive equation for this is 
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dt
8

/da = -Cf/E).hCm> Ct2> 

where h<•> is a positive function of MDisture content. 

Equation <12> 11ay be written 

For the case of a llelftber subjected to constant stress conditions. 

equation ctJ> leads to the follovinq total strain £ after creep has 

taken place, 

( = £ + £ <t + f > o e 

CtJ> 

(14) 

where £
0 

is the in:tial value of strain in the unstreaaed 11811ber ard f, 

denoted a creep fa~tor. is qiven by 

( = '.:~ hCm)dm 

Since the creep strains are directly proportional to the elastic 

st:.:ains, the deformation A of a si111ply supported beem is given by 

A= A + A <1 + (> o e 

CtS> 

CU> 

where A
0 

is the initial deforniation of the unloaded beem, and A8 is the 

elastic deformation d•Je to the applied load. 

The creep factor f for eech q~.ven climab ond duration reqi• ia usually 

meosured directly according to equation C16> rather thon by att.etlptinq 
to evaluate it according to equation CtS>. For the life of typical 
stnx:turel element. a value of f = 1 ia usually Ull8tl for initially dry 

ti•ber, and a value of ( = 2 is taken for initially qi;een tilllber. 

11"1 Appendix A the creep defonwstiona of slender bec::anw and columns are 

derived with the UK of the rheological lllOdal described above. 
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5. COLUHHS 

s.t General 

For coh•ns. the slenderness coefficient. defined by eqt.J8tion CS> for 

.buckling about the x-axia. ia sex given by 

sex = Cu 822 EA/P 1112 
• cr<x> Ct7> 

uhere A is the areo of croM-section and P c > is the elastic bl:ckl inq er x 
col\ml load for bending about the x-axis only. 

The associated stability factor for .buckling strength. denoted by k 
cxu is defined by 

f = k F cxu cxu cu C18> 

·where fcxu is the applied axial stress at failure \lhen the colunn can 
.hJc:kle only about the x-axis. 

5.2 Fin-endej CollllmS 

The failure criterion for pin-ended collll!ns '1ill be based on the nominal 

111axiinun stresa at the centre of the colunn as follO\ls 

Ct9> 

where PT is the maximun applied axial load, A is the maximum deflect.ion. 
'Zx is the section modulus and F00 is the ultiniate bending strength. 

Fr.om equations CA6> to CA8> in Appendix A. the deflection A is given by 

a f 
6 : A

0 
Ct + a,.>e D 

where A0 is the initial value of A due to crookedneu, and 

C20> 

C21> 

---1 
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<22> 

where P
0 

is tile dfMd load ccmpont!nt of the axi.111 load. 

The following ass.option is now !Mde 

Fcu = 0.75 fbll <23> 

Notinq that 

<2C 

ThBn equations <17> to C24~ lead to 

(25> 

C26l 

<27> 

where 

(28> 

Since the unknown quantity kcxu appears in all three of ~tions <25> 

to <27>, the solution can be obtained only through iteration. 

5. 3 Pin-ended Rectan;ular ~h111ns 

Fnr the ciSSe cf rer.tan;ular colunns 

l = bd 

whAle b o.rd d are the bceadth and depth uapectively of the CNU­

section, Piqure J, 

C:l9> 

CJO> 
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Furtherwre. it vili be a...-ed that the initial crookednes.q is a 

curvature such that 

when L is the length of t."8 eoltmn. ard aco is a specified 

di•nsionless constant. 

TEW/13 

(Jl) 

SUbetitution of equations C29> ard CJD> into equations <17> ard t25> 

leoJa to 

sex = Lid <32> 

k = 1/C4.S a s 2 C1+a_>e«r,f + 1> 
exu co ex T 

CJJ> 

where a,. and °n are defined by equations C26> and C27>. 

In li111ited in-grade studies of buckling strength, it '14S found that the 

data fitted 4.5 aco = 0.0004. which leads to 

2 «r,f 
k = 1/C0.0004 S Cl+a_)Q + 1) 
cxu ex l 

C34> 

-1 
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FULLY EFFECTIVE 
LATERAL BUCKLING RESTRAINT 

p 

l+-L0 ---t\ 
-..------L------

Figure J Notation for beM-coh..mt 

6. BEMIS 

6.1 General 

For beau. the use of equations <S> and C2J> leeda to the slenderness 
coefficient sbx for a beM benr:Uniz about the mjor or x-axia defined by 

112 
5mc = rt.l !'Zx1"crcx>1 CJS> 

where "crCx> i• the elastic bucklinrJ ~nt. The stability factor for 
the bucklinrJ strength, denoted by kbxu, ia defined by 

CJ6> 

where fbxu i• the na9inal applied bendin; atreu at failure. 
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6.2 Si11ply-5USJP0rted Beus 

Por 11i11ple. ey1metrically loaded. end supported beam. the failure 

criteria will be hued on the ncminal MXiaun stresa due to the ••i­
..ent tt,. at the centre of the beu as follous 

CJ7> 

where Zx ard z
1 

are section .00.uli. ard I is the 111axilftlll rotation <about 

the z-axis> at the centre of the haul. PiCJUre J. Frm equations CA6) to 

<A8> in Appendix A. the twist ; is qiven by 

where ; is the initial value of ; due to crookedness ard 
0 

where "o is the dP.ad l~ caaponent of the applied !AOllent. 

Noting that 

equBtiona CJS> to C4i} lead to 

a ( 
kb = 1/{; CZ /Z >Ct+cc..>e D + l} 

XU 0 X Y T 

where 

CJ8> 

(JCJ) 

(40> 

( 41) 

<42> 

C43> 

(44> 
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where 

<45> 

The si•ilarity betuean equations C25> to C27> and U2> to CU> is to be 

noted. 

For the case of rectangular beellS 

C46a> 

C46b) 

Furthet110re, it will be o88lJl8d that a qood lllJIK'OXi111ation to the elastic 

00ckliT¥J .:iment is given by the follovi1¥} CHooley ard Madsen 1964) 

where L is the distance between effective lateral restraints. 
4 

The initial twist parueter #
0 

wHl be taken to be qiven by 

C47> 

C48> 

Substitution of equations <46> to C48> i~o CJS> and C42> to C44> leads 

to 

<49> 

<SO> 

where Cly and «o are defi Md by equetiona c 43 > and C 44) • 

In Baited in-;red• atudi• of bucklin.; .trenl)th it vu found that the 

data fitted 0.546 •t1o • 0.00"1, utuch leada to 
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<St> 

The si•ilarity between equations <34> and est> is to be noted. 

7. DESIGN EQUATIONS 

7.1 Rectangular Collllll'nB 

For rectallCJUlar coll9f18. with si111>le pin ends. the equations derived for 

the ultimate buckling strength are applicable except that the ultimate 

c0111pression strength Fcu is replaced by the allowable design strenqth Fe 
and a factor of safety of 3 is used on the mdulus of t?lasticity E in 

order to allm1 for variations in both IDOdulus ard erd fixity corditions. 

Thus the stability fac+"..or for design kcx is defined by 

f = k F ex ex c 

where f cx is the allowable nomiMl design stress. 

The slenderness coefficient is defined by 

ard the stability factor is given by 

where 

k = 1/(J.0004 s 2c1+a..>e<Zy,( + 1> 
ex ex T 

CL• 1/CC0.274 (!/P >Ir s 2k 1 - t> ·u c c ex ex 

r • P 'IP ' c D T 

CS2> 

CSJ> 

CS4> 

\SS> 

C56> 

CS?> 

where P
0

' ard P
1

' are the de•iCJn dead ard total loads rc.~pectively. 
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For the ~ase of bur:klil"llJ about the y-axis. a stability factor k • c:y 

dependent on a slf'nderne88 coefficient S • •Y be obtained in a Mnner cy 

analC1CJeouB to that of kcx· 

7.2 Rec'tnngular a.-

The design formilae for ai11Ple rec:taflJUlar bee• are derived in the sue 

uay as for coluns. Thus the at.ability factor kbx is defined by 

uhere f bx is the allouble l"lminal design bendinq stress. Pb is thP. 

design bending ·.trength for stable llellben. 

The slendernes~ coefficient ia defined by 

ard the stability factor is qiven by 

where 

aT = 1/((0.274 CE/Pc)/Sbx
2
kbxl - 1) 

"D = t/(C0.274 C!/Fc>lrbsbx
2
kbxl - t> 

<58) 

CS~l 

CftOl 

C61l 

C62> 

C63> 

in which "o" and "'r" are the ... nt• due to the deaiqn deed and total 

loeda respectively. 

7.3 General BeM8 and Col~ 

Bucklin; atren;th pndir.tiOM are not hiCJhly acareta beca&.* thi• 

atren;th i• inflwnc8CI by MftY factor• that are difficult to ••"•· 

-- -1 
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Exuplea of such factora are crookedness. nonlinear .aterial character­

iatica. erd fixity corditiona ard creep lll!Chanica. Because of thia a 

high degree of ref in•••nt in the derivation procedures is not uarranted. 
Accordingly it is rec•n rnded that slenderness coefficients for bee.a 

and col~ in 99neral ba derived accordinq to the follouiJJJ equation 

analac:JOUB to equation C 5 > 

s = cc.2112>CE/F >CF/F >1112 
c er 

C64> 

uhere F denotes the allowable design streas per11itted for stablP. 

..mers. Then the required stability factors k and kb are taken to be ex x 
the aame as those given by equations CS4> ardC60> respectively. ThP. 

buckliJJJ stress I-er for 11any useful practical cases have been given by 

Bleich Ct952>. Clark and Hill <1960>, Nethercot and Rockey Ct97t> and 

Tilll08henko and Gere Ct'?C.t>. 

8. NORMALISATION OF DESIGN !Q'JATIONS 

For ai!lplicity in code application, the followinq further approxi111ation~ 

are introduced, 

C65l 

F.quations <65> and C66> are obviously exact for the typical case 

!IF c = 1000. SUbatitution of these equations into CSO to CSf» leads tn 

the follouing stability factor for col\JllnS, 

((,7) 

C68l 

where 

C70> 
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Si•ilarl7 substitution of these equations into C60> to <62> lmds to thP. 

follDYing stability factor for bealils. 

where 

Cly = ti (CO. 27 415bz0 

2
kbx J - t> 

«o = 1/([0.274/rb5t,xo
2
kbxl - 1) 

<71> 

en> 

<73> 

<74> 

Equations <67> to <69> and C71l to C7J> are nonialised and enable the 

stability factors to be tabulated independently of aaterial properties. 

These stability factors are 8hovn plotted in Figure 4. 

As noted earlier, equations <67> to <74> do not have a closed form 
solution and hence are not auitable for direct application in desiqn 

codes. For this case, a useful qood approxi.ation is qiven by 

k = 1/C1 + C2 + 0.25 (rJ
26 s26>

116 C75> 

where B = 2.5 for columa and 8 = 3.0 for beau. In equation C75>, 
depending on whethar a colmn or beall is referred to, the notiation k iB 

used to denote either kcx or kbx' the notation r is used to denoted 
eittier re or rb, and the notation S ia used to denote either Scxo or 

5bxo· 
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Figure 4 Examples of stability factorA 
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9. INTERACTION EQUATIONS 

ttany proctical structural eleMnts. such .iss t.he top chord of Cl t.ruaa. 
are auaceptible to buckling si-.iltaneoualy in several uaya or to r.011r 

bined buckling ard other aJtreaaea. Appendix B qivea a theontical 

analyaia of a beaa-collm't Mllber subjected to cmbined barding ard axial 

fon:ea. The resultant equations are too complex fer practical applic­

ation. and becuae of the rauona •ntioned in the srevioua aection are 
of dubious accuracy. Hence, the \1118 of simple interaction equations. 

fitted to the analytical aolutiona or to any available experi•nt.ll datll 

appears appcopriate. 

For the cue of cOllbined bendinq about the x-axis and axial ce11preuion. 

the following interaction fonnula •Y be used 

Cf /k F l + Cf IP J2
/q CCt/k >2 + Ct/k >2 - tJ 11~' 1 C76> bxbxb cc ex cy 

A value of q = 4 in equation C76> provides a reesonable fit vit.h thP. 

analytical solution derived in Appenhx B. How.ver, because tnat. 

analysis contains mny conservative aasulptions, a 1110re realist;r. 

rec01111endation is probably to '.J88 tM value q = 2. 

Por the cue of collbined bendi119 and tension, the fol lowing tnt.eraction 

f onulae my be uaad 

cna> 

cnb> 

Both equations ..t be aatiafied; equation cna> is inte~ to take 

account of the aituation when the teneion edge is critical, and equatinn 

C77b> when the buckling atrenJth is critiCAl. 

It llhould be Mntioned that in the application of equation cna> thA 

applied bending ... nt •Y be reduced b9cau• of the necJative berdi119 

...ent applied by the axial load. Thia reduction •Y be taken conaervat.­

tvsiy aa 0.6TA, vhere T i• the axial teneion force ard A is the 
theoretical deflection due to the lateral load actinq alone. 
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10. BUCKLING RESTRAINTS 

t 0. 1 Ganere I Procedure 

Buckling nst.raints are fniquently introduced t.o inr.rN• t.hP. ftllOWfthlP 

uorking load on slender llfllllbers. They are also often present a!' part nf 

a eecondary stnx:tural bystM. Norllally thP.9. rest.reints nna considered 

to act as effectively riqid restraints and are designed vith thP. use of 

semi-empirical rules. Houever for illpOrt.ant strucb.res a more c-.areful 

asaeSB11ent of the perfonmce of buckling restraints -..st be IMde. Tvn 

illpOrtant design aspects of buckling i ·estraints are their effert on thP. 

strength of the prillM")' structure. and their capacity t.n carry the loads 
placed on thM by the irimry structure. 

The theoretical analysis of buckling :-estraint systelRS is quite c011plex. 

3nd because of the uncertainties of input infor'llllltion, ex3ct a~lyseR 

are not warranted. A suitble approximate inethod has been exa111ined 

ellNhlhere C~icester 1974> ard vill be described herein. 

The first part of the analysis is to estimate the dP.l'ign strP.nqth of the 

11811ber when stabilised by a restraint system. For this. it is necessary 

to inch.de the effect of the restraint system in evaluating the slender­
ness coefficient of the nietd>er according to equation <64>. To do this it 

is sufficiently accurate to guess at a reasonable buckling lllOde shape, 

and to use it in the energy 111ethod of analysis CTillOShenko and Gere 

1 %1 > to derive an appr.,xi11ate buckling load '-er· With the slendernes.ct 
coefficient so derivri, t stability factor kc or kb is cOlllpUted as for ;1 

beu or coh.111n, and hence an allovo.ble design load >.
8 

is obtained. 

In order to cOlllpUte the force acting on the restraint systH, a pseudo 
buckling load >. is first derived in the sa111e way as >. , except that cro er 
the aBBUled buckling llOde shape is taken to be that '>f the initial 

defonnation due to crookedneas of the unloaded llalber. 

Then the elastic di"J)lace11ent Ae at a restraint point is taken to be 

qiven by 

4 = A~/CCl 
0
tl

4
> - 11 e ... er C78> 
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whe~ 6 is the initial displacaent of t.he unloaded llellber. The load on 
0 . 

the restraint syste11 due to this displacf!IM!nt is ~'e· where "R is the 

stiffness of the restraint. 

For long duration loads. an allowance .. t be lladP. for the far.t that 

creep vill effectively increue the value of 6
0

. 

Details of 11eth ds for adopting such a~l.ytical solutions for USP in 

r design ccx:les have beengiven elsevhere (Leicester 1975). 

N equally 

spaced ~ 
restraints 

(a} Elevation 

y 

•4· 
(b) Section 

Figura S Notation for colmn with lateral raatrainta 

10.2 Exa11ple 

For a pin-ended coh.SI, such u that ahovn in Fiqura 5, atrenqthened._py 
N equally apu:ed lateral restraints, each widi atiffnaaa KR, the 

variational strain ftner'CJY tJV ii' given by 

I 
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If it is aM1med that the l:u:kling .ode shape is qiven by 

u = a sin CIUl2/L) CBO> 

then the equation av = 0 leeds to 

C8ta> 

p = P Cn2 + (Q/n2>J if n I N + 1 
cr<n> o • 

C81bl 

where 

<82> 

<BJ> 

The appropriate value of n to be used in equation <81 > is that v1th.JP. 

~ich leeds to the smallest value of Per. A conservative approxiMtion 

to equation C81b> is qiven by the condition aper/an= O Yhich leads to 

p = p [401112 
er o 

(84> 

Equations C81> and <84> are illustrated in Figure 6 for the case N = 2. 



- 94 - TEW/13 

-- equation (81) 

0 1 2 3 

Restraint Stiffness .a 

Figure 6 Effect of restraint stiffness on buckling load 

F~ equations C8ta> and <84> it can be seen that equation <84> ta valid 
4 ~ 4 

for th!. range S2 '0.25 CN + t> • For the range Q ~ 0.25 \N + t> the 

elastic buckling load ta given by 

P = CN+t>2 P er o 
<GS> 

Hence tr~ equations <64>. C80 and <85>. the alerderneas coefficient of 

a laterally restrained rectangular collllln is given hy 

S = CL/b)C4Q)0.2S 
ey 

for Q '0.25 CN + t>4, and 

Sey= CL/b)/CN+t> 

C86a> 

C86b> 

for Q a 0.25 CN + t>4• P.quation C86a> repre .. nta the practical re• of 

reatretnt atiffnl98. 
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In order to COlllpUte the force in the lateral restraint. it is reesonabht 

to a••- that the initial crookedneaa u
0 

has the form 

<87> 

Hence fro. equations <78>. <81> and <87> the force PR on a restraint 

located neer the centre of the collml is given by 

C88> 

llhere P cr<l > ia given by 
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APPENDIX A 

CREEP DEPORHATIONS OF SLENDEJ;: BEAttS AND COLUltNS 

nie initial crookedness ard defonnations under load of a beftll or collllln 

MY be describe:! in teru of eic;enllOde shapes Cteice~er 1970>. Althou}h 

it is a si11ple •tter tc incude all the eigennode shapes in the 

analy~is. the lletlC)re dat.4 avai~able on crooked~ss does not justify 

considerat!on of 110re than the pri111ary eigenllOde. the mode correspordini;­

to the lowest elastic bucklinq load. 

Since elastic. buckling ard creep defonnations are all in the pri111ary 
eigen.ode ~pe. it is nece=~l"'Y to consider oniy the lateral d~clect.ion 

A of an arbitrary point. This deflection 111ay be 01ritten 

A = A + A s e 
CA1l 

where 6
8 

is the lateral deflection tMt would remai .. if the llelllber were 

unloaded and the elastic deflection 6 i2 given t,y e 

6 = :zA (,; s 
CA2l 

where 

CAJ> 

where l is the load paruet.e._.., airl l is the elastic bucklinq value of er 
l cornspoooing to the prillm')' eigel'llOde shape. 

Since defloctiona are pr-oportional to the strains, the constitutive 

equation CtJ> IVJY be written 

d6 /dM = - A ,hCM) a e 
CA4> 

Subatitutinq equation U2J into CAO and integrating with respect to 4 
8 

and "'· shows that for a NMber alloweti to crctf'p under deed load A0, thP 

per1111nent aet A
8 

is given by 

------ ---, 

I 
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~( 
A = 6 e s 0 

where f is the creep fact.or defined by equation <15> and "n is the 

uplification factor given by 

US> 

06) 

If at the end of the creep period the applied load para11&ter is incresed 

to >.T. then equation. CAt >. CA2> and CAS> lead to the deflection A given 

by 

CA7> 

where 

Cl8> 

- -- -- I 
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APPENDIX B 
BUCKLING STRENGTH OF BEAK-COLUMNS 

81. DEFORltATIOHS 

The beB C'Ollmll under consideration is shown in Fiqure 3. Apart fro. an 

axial load P. a lateral load is applied in the y direction. bending the 

beu about the •joc or x-axis. It is the purpose of this Section to 

eati11ate the defonationa in the y-direction. In the next Section. the 

effects of the lateral defonationa will a~so be considered. 

The total deflection ln they-direction. denoted by v. will be taken to 

be qiven by 

v=v +vb+v s c 
CB1) 

uhere v is the defonation that vould re11ain if the beeM-colUlllT'I were 
8 

unloaded, vb is the deflection due to the lateral load actinq alone, and 

vc is the additional deflection obtained on applyinq the axial load P. 

For si11Plicity it will be aS8Uled that the beain-coltml is si11ply­

aupport.ed and that the deflections are all sine waves as follows 

v = A.sin<•z/L) CB2> 

CBJ> 

CB4> 

CBS> 

P.quationa CD1 > to CBS> 111\0U that the cerrt.rtr.l deflection A may be written 

A = a + Ab + a • c 
(96) 

Prm equation CB4>. the applied bendir9 111CWJ.ent H8 ia 

(87) 
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(83) 

For the cue of a si111>le pin-erded collm'l 

CBCJ> 

ard so equation CB8> 11ay be written 

A. = M /P 
-b o crCx> (810> 

The actual total berdinq 110Mnt at the centre of the beelt-colt11n is 

M =If + P6 (811> 
llDX 0 

It is also given by 

(812> 

F.quations <66> to CB12> led to 

6 =aU +A.) c 8 -b 
(813) 

where 

a= 1/((pcr<x>'Pl - 1> (814) 

Hence the total deflection 6 ia given by 

C81S> 

Since all defonwationa are aine shapes, diaplaceMnta are Jroportionsl 
to the strains and hence eqmtton CtJ> •Y be written 

C8t6> 
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Froa equations CBtJ> and <Bt6> 

d4 /dll = - C<t+a>A.. + aA J.hCM) s ~ s (817> 

lnteqratinq equation C817> leeds to 

~f af 
68 = 6

0
e + 4t,fl+Ctla>JCe - tl <818> 

where 40 is the initial value of the crookedness A
8

. and f is the <!reep 
factor defined by equation CtS>. 

If it is aSSUl8d that the bealt-colum creeps under the influence of the 

deed loads P = P0 ard K
0 

= K0• and that at the erd of the loads are 

increued by the additiori of live loads to r = PT and H
0 

= "'r· then 
equations CBt4>. CBtS> ard CBt8> lead to the maxilllll deflection A given 
by 

w"lere 

CB20> 

CB21> 

CB22> 

82. STRENGTH 

The beu-col~ of interest, ahown in Figure 3, can deflect in bc.t.h the 

x and y directions, and twist. Hence the failure criteric'l wi 11 be taken 
to be qiven by 

CCK....+P1a>IZ kbx Pbul + CP11Ak P l = 1 -, x u cyu cu CB23> 

-1 
. 
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Equation CB23> ia ai•il.ar tc the failure criteria atated in equations 

Ct9> am CJ7> for the cue of stable .-bars but tends to be 

conservatiw· as the .-hers beccae slenier <Bleich 1952>. 

Noting that equations ct8> to <20> in Section S.2 lead to 

am using the following definitions 

equations CB19> ard CB22> lead to 

' Cfbu/kbxuFbu> + Ct/kbxu) [Cf /k F > - Cf /F )J cu cxu cu cu cu 

where 

+ Cf /k F > = 1 (824> cu cyu cu 

(825> 

Equation <824> i~ an interaction equation for the faillre criterion 

under the cOllbined nminal applies atreues f cu ard fbu. 
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DERIVATION OF DESIGN PROPERTIES 

Robert H. Leicester!/ 

1. EVALUATION PROCEDUR!S 

One of the funduental difficulties associated with the drafting of 
tillber engineerilllJ design codes ard the associated specification stard-· 
arda. ie that until recently there were no standards related to the 

perfoniance requirements of structural timber elements in general: ard 
atreaa graded tillber in particular. Design values for structural tillber 
el._nta have been derived euentially through lengthy periods of trial 
ard t1rTOr. A ar:mary of tbe •thoda traditionally JBed in Auatral.ia is 
giwn in Appendix A. 

The trial and error procedure is· unsatisfactory for Mny raesons. Jt is 
too slow for practical purposes when new evall~t:.ion techniques arise, or 
nev types of structural ele11enta are introduced; also it does not iro­

vide a rational buia for llodifying existing methods when changds occur 
in technologiet1l. ecCJn011ic or social corditions. Thus researr.:h aiMd at 
opti•ising the structural utilisation of timber cannot be placed within 
a national fruework, and likewise it bec0111es difficult to resolvt' 
c~ccial conflicts between competing structural el-nts and grading 
ayateu. 

A further frustrating aspect of the above is the difficulty of taking 
advantaqe of new research information. Por example, one traditional 
11ethod for the derivation of the buic desiqn bending stress. to be 
denoted B0

• ia the follwing. 

B
0 = B~.ot·GP./Ct.75 x 1.25> Ct> 

where B~.Ol denotes the one percentile value tf the a.all clear benling 
strength; GP denotes the qrada factor, vhich ia taken to be the averaqe 
reduction in strength dUft to the presence of the •xi- peniasible 
defect; the 1.75 factor is the effect of a long duration load; and the 
1.25 factor ia a 'contingency far.tor'. Probleu ariae vhen a grader 

reqwsu per111iuior1 to e111it the 1. 25 factor becauae he is 110re careful 

than the averaqe grader, or research indicates that the coefficient of 

!/Officer of C3IRO, Division of Building Research, Mel~ourne, Australia. 
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variation of clear material differs frOlll that of structurally graded 

material. or the grade factor GF and/or the duration of load factor 1.75 

are incorrect. Since there are many other uncertainties associated with 

design, it is not readily apperent whether equation Ct>. derived through 

many yenrs of pr-actical application does in fact still lead to an 

optimum design value, or \lhether a change is in order in the light of 

new research i.1format:a.on. 

During the past decade the situation has improve<! in that there is ncN 

an implicit acceptance by many countries to use of the five percentile 

str2ngth of graded material as a characteristic value: the design 

strength is then taken to be proportional to this value. The extensive 

evaluation studies by Madsen and the Forest Products Laboratories at 

Vancouver and Princes Ris.borouqh have been directed towards determinat­

ion cf this characteristics value CHadsen 1972, McGowan et al. 1977, 

Littleford 1978, Littleford and Abbott t97R, Curry and Tory 1976, Curry 

and Fewelll 1977>. 

In recent years. a strong incentive to the rational derivation of design 

properties has arisen due to the fact that in many countries, such as 

Australia, and in many international standards organisation, such as ISO 

and the Eurocode group of EEC, the principle has been accepted that the 

procedure to be used for the derivation of the safety level in All 
structural codes Cboth for materials and loads> will be under the con­

trol of a single coordinating committee. In its simplest form, the 

format to be used to derive a design stress R* is either 

R* = ; RO.OS C2a) 

or 

R* = Ro.os'r C2b> 

where Ro.OS is the five percentile characteristic strength value of the 

l'tructural member in-servj .e, ; is termed a material factor, and r is 

termed a load factor or design coefficient. The material factor ; and 

load factor r depend on the statistical characteristics of the strength 

R illustrated in Figure 1. 
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Figure t Illustration of characteristic stcenqth RO.OS 
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The characteristic value chosen for stiffness properties. such as the 
lllOdulue of elasticity, is usually taken to be the five percentile value 

when used to compute the bucklin;i strenqth of slender inembers. and the 
mean value when used to compute deflections. 

A siqnif icant feature of this latest development is that the structural 

element is now to be treated as a 'black box'. The llle'terial factors to 

be used do not depend on knowin;i the composition of the element; the 

factors are now stated as a function only of the intended end use and 

the statistical characteristics of the structural properties of the 

element. This is obviously a change from the traditional procedures in 
which the specified material factors Csuch as those qiven for connectors 

in Apperdix A> are determined to a lai.~e extent by the composition of 
the structural element. 

An important implication of the above is that structural timber elements 

will have to be desiqned so that they show the same structural reliabil­
ity as elements of other structural materials, such as steel and rein­

forced concrete, when they are intended to be used for the same end use. 

2. THE SAFETY INDEX 

CUITent reliability methods for the derivation of load factors are 
related to the concept of a safety index. In formal terms this safety 

index, usually denoted by the term 8, is def jned by 

tC-8> = Pp (J) 
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when Pr denotes the probability of failure aaaociated with a structural 

deaign. and •o denotea the aaalative frequency distribution of a mit 

l"IOl"Ml variate. P.quation CJ> ia tabulated in Table t. A CJOOd alJll[Oxia­

ation to 9QUation <J> for- the practical range 2.5 < I < 5.0 ia 9iY8n by 

C4> 

TABLE 1 
SAPETY IND!X I D!Pllll!D BY EQUATION CJ> 

Pp 8 

10-2 2.JJ 

10-J J.09 

10-4 3.72 

10-5 4.26 

10_, 4.75 

10-8 5.61 

Equat10n9 CJ> and <4> an .tan.. in Pigww 2. 

To ilhmtrate the application of eqmtion CJ>, it will be applied to the 

ai11ple cue where the load ef fecta S and strength R can be rept"eaented 

by two lognoral random variables aa 8hovn in Piqure J. Por thia cue it 
C6n be llhovn that I ia qiven by 

' • log (R/S)/(V2 + y2,o.s 
e R S 

Thia c:an be written 

where i and S an the man valwa of R and S, and VR and v5 are the 
c:orrupondtn; c:oef fic:t..ta of variation. 

CS> 

(6) 
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P19\n 3 Stati.tical diM:rUIUtion of load effKt and 8trwn;th 
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F.quation U» 11ay be vritten in the fora of the deaiqn criterion 

(7) 

uhere the desiqn atrel'll)th A* and load ~Hect S* are 9iven by 

CS> 

(9) 

Equations C 2 > and C 8 > lead to tt-.e material factor 

ClO> 

The appropriate safety index 8 to be used is decided by a coordinating 

strucb.1t-al engineering comittee. The rec~nded value of 8 is usually 

chosen to •tch that obtained in typical current deaigns: this irocedure 

is referred to as a 'calibration'. The values that have been obtained 
f raa existinq desiqn codes tends to vary fro. country to country and 
from one inaterial to another. Sme typical values for building cOlapOn-

ents are the following, 

- beall8 and col\111'8 - 8 = 2.5 - 4.5 

- connectors - 8 = 4.0 - 6.0 

A rational derivation of the safety index 8 can be obtained from opti•­

iaed reliability considerations in which the cost of failure relative to 

the coat of a structural element is considered. Obviously such an 
approach would lead to a greeter aaf ety index for connectors than that 

:-equired for beua. This is in accordance with the a.pirical values 

shown above. 

For 11o&t countries, including Australia, a 110re cmplex pnx:edure than 

the siiaple application of equation CtO> is uaed to evaluate the deaiqn 

coefficient •· The Mt.hod eiaployecl involves a ca.putation of the prob­
ability of faihre for a~tural Mllbera subjected to cmbinationa of 

loads, including loeda that £1uctuete with ti•, such as wind loads and 

floor live losda. The al9orithll uaed for ca.puling the probability of 

failure is quite straiqht forvard, but the calitration procedure can be 
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quite difficult to undKtake becaUM of the poor availability of the 

nqulnd atati.tic:al inf armtion. 

It ia outside the 8Cope of this PlJ>M" to diacl&I the matter of •terial 

facton in detail. PifJ'r8 4 show a •t of graphs derived from a calib­

ration procedtre vith Auetralian design codes. It •Y he used to obtain 
a nuonably good eati•te of Mterial factors for specified a~nqths 
in Amtralian atrucbral deaign codes. 

1·2 

1·0 

0-8 

"' 
~<>6 0:: -10:: -'& 

0-4 

0-2 

~=4 

f'=S 
f>=6 

0 ...._ ______ ......._ __ __._ __ __... __ _ 

0 0·1 0·2 0-3 0·4 
COEFFICIENT OF VARIATION VR 

P19'r• 4 Material facton for: various tarqet aafety indicea 

J. MATERIAL PACTCllS FOR AUSTRALIAN STANDARDS 

3.t Graded Tillber 

The cun-ent Auatralian rwc:o.endationa for evaluating the deai;n pcoper 

ti•• of 9E'aded tillber are 9iven in the draft standard which i• attached 

to papar S of thia ..-1 ... Specifically, teat mthoda for evaluating the 
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t.rdin;. tenaion. C:CJiliileuion and llhear atrengtha. and alao the modulus 

of eluticity are Miilioned. Sma •ttera of interest in this stt-ndard 

are the follovin;, 

<o> n. design properti• are related to a specific reference popul­
ation. 

(b) The five percentile value is chosen as the characteristic value. 

<c> Por a.plea of aize leaa than 400, the reduction factor-

ct - 3 YR/·Uil ia uaed to provide the required reliability on the 

characteristic values. Here N denotea the am1ple aize anl YR 
denotea the coefficient of variation in the strength property. 

Cd> For eech design property, a standard c:onfiC)Wlltion fer •thod of 

loedirq and 81J8Ci•n size ia giwm. In particular. a randm locat­
ion of defect.a la apecified. Where standard teat conditions are not 

obtained. an aPJll'lPl'iAte modification factor ia given. 

<e> The load factcr r ~1 mandecl for the derivation of basic uorkin; 
at.reuea ia taken to t. CJiwm by 

r = 1.75 (1.l + 0.7 VR) <11> 

In equation <11> the factor 1. 75 ia a nminal duration factor to 
convert five •inJte atren;th to the basic vorkin; atreaa, uhich ia 
traditionally taken to be that relevant to a permnent load. Hence 

the true fectcr of aafety is C1.J + 0.7 VRl. 

Nott 1 

It i• i!lpOrtant to note that t.me of equation C11> indicate• that since 

the •PSKOJJriate load factcr dependa on VR, then the deaign atreu ia a 

propnty auigned to a apec:ific pgpylotign of tillber. It ia mt the 

property of a 1irpl1 atick. 

Hgtt 2 
When duign at.re .... are derived on the bui• of infonation other tt..an 

that of teata on gredad atructural tillber, i11Plicit ume i• lll!llde of 
inf~'Wtion obtained on CJl'eded .tnJctw-al tiDr of of'.her apeciea. Thua 
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additional ..n::ertunty ia introduced into the eati11ate of structural 

peas-ti•. Thia •tter bu been emirwd by Leicuter and Hawkina 
<1911> YIM> eati•te that if load fact.on are cornctly choaen to 9ive a 

91)9Cified reliability. then the deaivn atrauea of gr.mes the ... 

ti.._. uhich have bHr\ Wived on the buts of full aize in-grade teata 
8hould be about 25 PK' cent greater than the COl'ntaPlnding values for 
tillb9r uhich hu baen evaluated aolely on the buis of teats on aall 
clear mpect ... of vaad. 

3.2 cann.cton 

The Amt.ralian standard AS 1'49. Detenination of Buie Working l.oada 

for "9tal Putemn for Tillber <standarda Auociation of Australia 

1974>. providea a .uitable buia fer evaluating the design propecti• of 

•tal conmctara. llaunK' the load facton apacified in the curnnt code 

have not been cho9en to fit exiatinJ deaign r8CC!n nldationa for ..-:ific 
fut.Mn. Aa a rMUlt. it ia not quite clear uhether the strength or 

defarmtion nquin•1nta ve the Mee••l'Y onea. or even uhether the 

load facton apecified are apti- valuu. 

3.3 otMr Strucbral 11..nta 

Fer .tructural el-nts other than aolid timber. such u plywood and 

9lul•. there are no exiatin.J Australian rec~rdationa that are bued 

on reliability conaiderationa. Hovever. there ia no reason aa to why the 
procechru propoud for graded tillber cannot be adopt.ad here. 

l.4 Syatlll Effect.a 

The aboY• diKUUion hu concenwcl the atnJctural reliability of •inJl• 
el.-nta. When .. 1ttpl• el.-nt atructurea are uaed. .-x:h aa for eJCMple 
floor and roof ""- ay.U., the reliability of the el ... nta interact 
to produce ayatM ef fecta. s... ayatlll ef fecta, llUCh u the wkttt link 
effect, can reduce the nmiMl afety level, while other ayatM effects, 
auch u the lpM 11wr1111 effect can incr .... the nominal afety level. 

l typical eU11Ple of a 'VMlceat link' effect uould be a •in1Jle iaolated 
tn.u for which faU&re of a •inl)le el.-nt Ceither tillber or connector> 
uould a. catutrasitaic to both the truu and the buildi"IJ atnicture. If 

-·---, 
I 
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the systetn contains N similar elements. each with a coefficient of vari­

ation VR ard with all streQJths being uncorrelated. then it can be shown 

that the characteristic value of the system RO.OSCsys> relative to that 

of a single 11811ber Ro.OS is given roughly by 

v 
R =R /NR 

O.OSCsys> 0.05 
Ct2> 

The load sharing effect of parallel systel!IS is illustrated in Figures S 

and 6. Where several si•ilar elements defonn together. such as imicated 

in Figure 5, the averaqe nor11alised strength terds to be greeter than 

that of the weakest ..tJer wheu this ..t>er is exceptionally weak. Thus 

the characteristic value of the system is increased as imicated in 

Figure 6. Load sharing factors obtained in this usy for both beam am 

grid systems have been st\died by Leicester am Reardon Ct974> for 

several Australian structural tillbers. For example, the lomf sharing 

factor related to the five percentile characteristic strength of five 
beams deflecting toqether Cas may occur in vertically nailed J.-inated 

construction> were found to be the following: 

Ii!lber 

slash pine Cpith-in) 

radiau pine CFS> 

meBB111Dte CF14> 

Load 
sbariM f actoi:. 

1.22 

1.19 

1.11 

The results of these st\dies have been considered in deriving the load 

sharing factors for AS 1720. the Standards Association of Australia 

Tilllber Engineering Code <Standards Association of Australia 1975>. 
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Load sharing factor = q/q_ 
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APPENDIX A 

MATERIAL PlCTORS POR AUSTIW.IAN STANDARDS 

TM followiRJ infonation ia taken froa the report by Leicester and 

Keeting <1982>. The design values are stated in tera of a lao~ factor r 
uhich is the inverae of the Mterial factor f as indicated b/ equations 

C2a> ard C2b>. 

La.d racton C9MCJt be CGMidered in iS<Jation from oeher facton (such H duration 
of load effects) specified in d:sign standards. Consequently some care must be exer­
cised in comparing the load factors used in various countries. In Australia, basic 
design values of structural properties are obtained by applying load fact<'rs to charac­
teristic values obtained in short term labotraory tests thar last roughly five minutes. 
The following equation describes rhe relationship between these three quantities: 

basic design value = characteristic value/load factor 

In Aust ahan design .·1ndard it is stated that the design strengths for a ti•.c-minutc 
load duration arc to be obtained by multiplying the basic design strength by a factor 
of I· 75. Hence the true factors of safety implied in the Australian codes itre I/I· 75 = 
O· 57 times the nominal values uf loa<! factors given in the following sections. 

load fa<tr.rs for 11isuoll)' gradrd timbrr 

For timber assessed through tests on small clear specimens (Mack 1979), the 
appropriate load ractors used arc gi11cn in Table 18. 

loud furt11rs for in-gradr trsts on structural lumbrr 

This refers to tests on a specific grade or timber, romprising a specific species or 
mi•ture or :.pct;:~s. Each stick is tested al the worst defect and, in the case of bending 
lCSIS, with that defect on the tension edge. The basic dcsi!n stresses in bending B• 
and tension r• arc 1ivcn by 

a~• B0 .05 >cl·IS/l·';',:;., . .z+ 1·4 v,) 
P • T005/1·7S(l·2+1·4 V1 ) 

where 8n 11 , and T0 .05 denote the five-?Crccntilc s1rcng1h ulucs. and V1 and V1 arc 
the coefficients of variation of the measured bending and tcni.ion strengrhi. rcsrcc11vcly. 
If tc~b arc made only on a sin1lc population or 1imber for a particular species, then 

-1 
' 
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a cuntinaency factor of 0·9 on s• and r• is used to 111..,w for the t"--..:urn:ncc ,,f 
pos:.iblc regional effects. The bas1:. of this load factor has been dc~nhcJ by lci.:ntcr 
(1979). 

Load factors for m"hanica//y strrss graJrd /um brr 

The basic design stress in bending is given by 

B• = 80 .0 ,/2·35 

The basi) of this load factor is a personal communication by A. Anton. 

Loud factors for polr timbrrs 

Load factors for pole timbers assessed from mechanical tests on small clear 
specimens arc taken to be the same as those for structural lumber as given in Table 18 
with an effective grade factor of 0·94. No form factor relative to the use of a round 
section is to be used in design computations. 

Tallle II. Cllaractcrls&k 11ruct .. 1 iwopcrdes ud loed racton ror ;iCnctlll'al 
......... .__. rrom telll Ga ... u dear~ 

Dcsian property for 
slructural lumber 

Tension srrcnglh 

Bcndin1 s1rcn11h 

Compression slrenglh 
parallel 10 grain 

Compression srren11h 

Shear strength or 
beams 

Shear s1rcng1h or 
101n1 derails 

Modulus of elasticity 

Characteristic value 
measured on small 

clear specimens 

Onc·pen::nlilc or F; 
Onc·perccnrile or F; 

Onc-perccn1ilc of F; 
Mean limi1 of propor1ionali1y 

in compression perpendicular 
10 rhc srain resr 

Mean F; 

Mean F; 
Mean 

Load facior 

J.17/GF 
2-ntGF 

1 ·67/GF 

I ·H 

4·2/GF 

4 7 

(0· 7S/Gf)1 5 

Nutr I F~. F; and F: arc ultirnalc s1rcng1:,s in bcndina. compression and 
shear in tc51s on small clear spcc:imc1 s. 

IV111r 1 GF ., sradc fac1or ~ 

bcndina s1rcn1rh of s1ruc1ural sc:an11in1 containina 
muimum permissible dcfc:c1 

bcndina S1re,,g1h of small clear specimen cul from 
sc:anrlina 

The followin1 arc 1ypical sradc facrors used for sawn limber in 

Au11ralian srading rules: 

S1ruc1ural sradc no. i: GF ~ O· 7S 
Srructural aradc no. 2: Gf • 0 60 
S1ruc1ural lfi de no. J: GF = 0·48 
S1ruc1ural 1radc no. 4: GF - O·JB. 
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Loot/ /«tori for,,~ 
Load factors for plywood a'5CSSCCI frnm mechanical lests on small dear specimens 

arc 1aken 10 be roughly the same as lhose for struclural timber as given in Table l S 
wilh 1he addilion that the load factor for in-plane shear is 1aken to be 6·4 on the 
ahear-block slrcngth. Associaled factors lo accounl for the geometry of the plywood 
lay-up are given in AS 1720-1975. 

Tdlle 19. a.r.cterlllk ....... _. -llrlal _. .... fm .ml .._,. .__. fr- llllart 
............ IW)'llSIS 

Type of' Type of fastener Characteristic: value Load 

load factor 

All All Man ultima1c strcns1h of fastener metal 2·0 

All All Ma~ Jidd or fastener metal 1·67 

Wi1hdrawal Nails One-pacmrile or mH. loads 2·0 

Withdrawal 5cRWS One-percentile or max. loads 2·5 

La1cral Nails, ICl'CWS, staples One-percentile or mall. loads 4-U 
Onc-pcr~ruilc or loads al slip of 0-4 mm I ·25 

Lateral Split rinp Onc·pen:entile of max. loads 2·1 
Awrap of max. loads 4·0 

Lateral Tooched plate One-percmlile or max. loads 2-5 
Onc-pen:entilc or loads al slip or 0-8 mm 1·6 

La1eral Nailed plate Onc-pen:entile or ma11. loads 4-l 
Onc·ptJCenlilc of loads al slip or O· 8 mm 1-6 

N.,tr I. Where IWO SCCS of ct-.. ••ctcrislic values and material codlicienls AR cilCd, lhc sci lo be used 
is 1ha1 leadin1 10 th.: smaller clcsip workin1 load. 

Notr 1. Slip refers 10 displacement between 1hc members conncclcd. 

Load fac·tors for mrtal connrctors 

The load factors specified in the Australian Stanoard 1649-1974 (51andards 
Association of Australia 1974) arc given in Table 19. II is inlended that these factors 
be applied to derive the basic design loads for a particular fastener used with a 

particular species of timber. 
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EXAMPLES OF THE USE OF AS 1720-1975 

SAA TIHBER ENGINEERING CODE 

STANDARDS ASSOCIATION OF AUSTRALIA 

Prepared by Robert H. Leicester!/ 

llD4lificatlon Factora lef erence pages 
in A.$ 1720-1975 

11' 12• Kl' X4 ...... 19 

15' 1,, K7 ...... 20 

Ka· lg •••••• 21 

'10 •••••• 22 
1n• 112 •••••• 23 
11s •••••• 31 

'1• •••••• 32 
11s •••••• 37 
116 •••••• 47 

'11 •••••• 53 

'11 •••••• 69 
1

11 •••••• 71 

'20 •••••• 17 

~l •••••• 90 
122 •••••• 122 
~23 •••••• 123 
124 •••••• 124 
125 •••••• 62 
126' 1 21 •••••• 94 
121 •••••• 96 
129 •••••• 71 

130 •••••• 133 
1s1• 1 32 •••••• 135 

'34• '» •••••• 136 
136' 137 •••••• ll2 

131 •••••• 113 

lote. lotatioD ••d in tba vorkad 
example• 1• def 1nad on 
..... 8-9 1D AS 1720-1975. 

TEW/25 

!/An officer of CSIRO, Division of Building Research, Melbourne, Austral id. 
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PROBLEM NO. 1 I SOLia> llECTANCULAR BEAM I 
A solid benm, 100 .. x 300 llll deep, Select grade, green Blackl~tt, 
fully r~strained along the compression flan&P. is loaded vith a 6 kN/m 
floor live load and a 4 ltN/a floor dead load. It ia aupported on 
150 - vide .:alls u show, having a clear apan of 3.5 a. 

(1) Qaeck bending strength 

(ii) Oleck shear strength 

(iii) Compute aaxiawa deflection 

10 kH/• A 

~ 

3500 

L ~ 
• ___ 1_so_1_"' ~ 

SOLUTION 

(1) Check en Bending Strength 

Stress grade • F22 (Table 1.6) 

Fb • 22.0 MPa (Table 2.2.1) 

~l • 1.25 (Clause 1.5.3, Table 2.4.1.1) 

SICflOH A-A 

Allowable stress in bending• Fb • rb x ~l • 22.0 x 1.2S • 27.5 Hra 

lffective apan ... 3.5 + 0.15 • 3.65 a (Clauae 3.2.2) 
WL 

Maximum IDOMDt M - 8 
(3.65 x 10,000) x 3650 

- 8 

- 16.6 x 106 ,.... 
2 2. 6 3 

Section modulus Z • BD /6 • 100 x 300 /6 • 1.S x 10 ID .-. 
Bence maximma deaign working •tres• • M/Z 

16.6 x 106 
• 6 • 11.1 .... 

1.s x 10 

ma OK since 11.1 < 27.5 

(ii) Check on Shear Strength 

'i • 1.iO MPa (Table 2.2.1) 

~l • 1.25 (Table 2.4.1.1) 

Allowable shear stre•• • r 5 • 's x K1 • 1.70 x 1.2s • 2.12 HPa 

Effective shear sp.ln • 3.S ..; 2 x 1 • .5 x 0.3 • 2.6 m (Cla~• 3.2.l) 
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llaxi .. ahear force v • <2. 6/2 > x (10 .ooo) • 13 ooo • 
I • 

Kaxlaua dealgn working shear stre~s • (l.5V)/(BD) 
1.5 x ll,OO<lt. 

• 100 x 300 • 0 .65 MPa 

QIE<X CK SINCE 0.65 < 2.12 

(111) Computation of Maxlmuwa Deflection 

I • BD3/12 • 100 x 3003/12 • 225 x 106 .. 4 

E • 16,000 MPa (Table 2.2.1) 

J'or clea.:! !oad 1.
2 

• 3.0 (Table 2.4.1.2) 

w - 4000 x 3.65 - 14,6008 
5 WL

3 
Bence deflection 6i, • ~2 x 384 ii 

TEW/25 

3 
3 0 5 14600 x 3650 7 7 

•• x-x - • -384 16 ,000 x 225 x 106 

For 11 ve load 

K
2 

• 1.0, V • 6000 x 3.65 • 21,90011 

Bence clef lection 

A.. 7 7 1.0 21.900 3 8 
I. - • x 3.0 x 14.600 • • -

Beace total deflection 6 • A,+ 6i. 
- 1. 7 + 3. 8 - 11. 5 .. 

PIOBIZK HO. 2 GLULAH :;..AH 
CONTAINING BUTT JOINTS 

A 1lulaa beam of Standard gTade "'-untain ash, 50 .. x 240 .. deep in aection, 
18 fabricated from 12-20 .. laminationa. 'l'he top 8 lallinatioH contain 
butt joint•. 'lbe beam spans S metres with a ~Ingle lateral restraint at 
the centre. It i• toaded by a central point load of 2 kN dead load aDd 
2 kll floor live load. 

(1) a.eek the strength of the contlnuoua lallinationa 

(11) 0.eck the fracture strength at the butt joints 

(111) Specify the minimum apactns of the butt joint•. 

r' 4 kl 11~ I240 
LA 

SECTION A-A 
lateral 

restraint 
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SOLUTION 

(1) Check on bending strength of continuous laainations 

ltre•• arade • 122 (Table 1.6) 

IYoa Clauae 3.2.l . 
&pproxl .. t• alenderne•• coefficient 

•i - 1.3S 

• 20.7 

'lbe above is conservative. A •re accurate value of s1 caa be obtaiaad 
froa Appendix E. 

hoe equation (El) and Table El 

S • 4.8 x 240 x 2500 • 14.s 
1 so x 50 x s.s 

Proa Table 2.4 .a (page 2S) and Clu• A •traigbt:oe••, tbe uteri.al 
coefficient p • 1.03 
leace from Clause 3.2.5, 

"12 • 1.03
1
: 14.S • 0•67 

Ve alao have 
t
1 

• 1.25, ~. • 1. 20, Fb • 22.0 HPa 

kaca allowable vorkiDI atr••• la beadiaa 

'1t • '1 x '• x '12 x rb 
• 1.25 x 1.JA x 0.67 s 22.0 

• 2i.1 r.ra 
. 4000 x sooo 6 llai•• llOlleD' II - 4 • s .o s 10 ·-

lectioa 90dulU8 2 
I • SO : 240 • 0 .48 x JA6 •' 

6 II 5.0 x 10 
leace desip vorkiaa atre•• • i • . 6 • W.4 tsra 

0.48 s w 
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(11) Oaeclt oa fracture atrength of butt ,Joint• 

.. ••t •tahlJ atnaeed poa81ble f ract•~c• location 1• tbe 
laueet kn-jointed laalnatlon at alds.,an. Aa derived 
prewto .. 11, the outermoat fibre atre~• at aid-span la 
10.4 MPa. Bence the average ten•.ion atrea• f on the 
critical butt-Joint location.1• t 

ft • (
1
;,

5> x 10.4 • 2.6 MPn • 

'Die ahear force at tbia loca t1 )D 1a 

Y•2.kll 

8mce tile ~hear atresa f•J ac~• the critical butt-joint ta 
, y 1.5 2 

'•J • 2 <,:i>> ci - <-.--> l 

, 2000 15 2 
• 2 x so x 240 [ 1 - ( 6 ) ) 
• 0.23 HPa 

llountaln ash 1• atrengtb group SD3 

J' aJ • 2. 30 MPa, Kl • 1.2S 

leace desip •hear atrea• -· 
(Table 1.6) 

(Table 2.2. 2) 
(7 .4.2.1(11)) 

'•J • 11 x r~J • 1.2S x 2.ts • 2.881Wa 

l.atdnatlon thickaeaa t • 20 -

Bence f roa Clause 7.4.2.1, the check para•ter for fracture 18 

tt rcJ 
10 '•J + [f j rc J 1~7 '•J 

- u·· /20~ + 
~.23 /20~ 10 x 2.8 1.7 x 2.8 

- 0.40 + 0.21 

• 0.61 

QIECX QIC aiace check paraMter < 1.0 

(iii) Mlni•ua aeacln& of butt Joint• 

l'rOll Clauae 7.4.2.l(c) ve see that butt jotnu vi.thin 
any aet of four adjacent lamination• may be placed 
aix l••iAatlon thickne•••• (120 .. ) apart. 
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PROILEH NO. 3 f CLULAH na MEMBER I 
A tie b .. c1e of 4-10 - ttick laainationa 100 - vide. of atr~ightgrained. 
Standard luilalng Crade Radiate pine. the only design load ia a tension 
axial wind load of SO ltll. Cleek the tension atreogth of the 9emher. 

SECTIOH A-A 

SOLUrION 

Streaa grade ls 1'5. $TABLE l_.6) 

hoa Clause 7.J.2.2 we note that the •dlfication factor for laainating 
caD be taken as either i

8 
or i 20, whichever ta areater. 

l'roa appropriate Table8 we obtain 

x8 • 1.24, l 20 • i.55, l 1 • 2.0 

I'~ • 4.3 llPa 

leoce allowable working atresa in tens:loa 

I' t • ll x l20 x F~ 

• 2.0 x 1.55 x 4.3 

• 13.3 llPa 

Applied design working streH in teaaion 

• :;o~ 40 • 12.5 HPa 

CHECK OK since 12.S < 13.3 

noBLEK NO. 4 I •U.TI! I 
A beaa-tie to be used on the north coast of Australia ia made of partially 
dry, Standard Engineering grade, Douglas fir. 'D\e size is 40 11111 x 250 ma 
deep and the span is b metres. It ia laterally re1trained and loaded at 
cbe third pointa. 'lbe applied load 1• du~ to wind only, and consist• of 
a lateral load of 4 kN and an axial tension of 50 kN. 0.eck the strength 
of cbe bea ... tie. 

------ - - --1 

I 
I 
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SOLUrIOH 

Sea Clause 3.5.2 

Screea grade ia 18. 
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2 kif 

TEW/25 

lateral 
restrain Ls 

llaaclenieas coefficient for bending is (Clause 3. 2. 3) 

s1 - l.3s 2000x 250 . 40 2 
40 x 40 (1.0 -<2so> 1 • 23.6 

Jroa Table 2.4.8 (Clas• I atraightaeas). the "material constant 1• 

p - 0.93 

Bence froa Clause 3.2.S, the stability factor 1• 

Kl2 • 200 • 0.41 
(0.93 x 23.6) 2 

lroa Table 2.4.2, 

aDd Clause 2.4.3. 
~, - 0.9 

Aleo 

Jb • 8.6 HPa, F~ • 6.9 MPa and x
1 

• 2.0 

Beace the allowable ~eaign stress in bending is 

'b • x1 x 1e4 x x6 x 1e12 x rb 
- 2.0 x 1.10 x 0.9 x 0.41 x 8.6 
• 6.9 ltPa 

eDd allowable design stress in tension is 

't • ~1 x 1e4 x 1e6 x r~ 

• 2.0 x 1.10 x 0.9 x 6.9 

• 13. 7 Hl'a 

llov the design applied stress tn tension ls 
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'l'he noalnal applied bending 110ment la 

6 
Knoa • 2000 x 2000 • 4.0 x 10 11-

I• 9100, 
l 

I • 4o x 2SO • 52.l x 106 .. 4 
12 

Deflection due to noetnal bending mo.enc 

23 VL3 

ADOll • 1296 EI 

23 4000 x 60003 
•-x 1296 9100 x 52-1 x 10

6 

- 33-
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Conservative estblate of reduction ln bending ••nt due to axial tenaioa 
force 

2 . 
•K •Tx- A 

0 l DOii 

2 6 
- 50,000 x 3 x 33 .• 1.10 ~ 10 ... 

Bence maxi ... bending moment is 

K-11 -II 
DOii 0 

• 4.o x io6 
- 1.1 x 10

6 
• 2.t x 10

6 ~ 
Section modulus 

2 2 
z - .!!_ - 40 x 250 - 0.416 x 106 _, 

.6 6 

Bence maximum applied design working atres• in bencliag 

6 
f • II • 2.9 xlO • 6.96 MPa 
b z 0.416 x 106 

Applied design tension atres• 

f 50,000 5 0 MD 
t • 40 x 250 • • ..... 

1be following tvo ~hecka on .crenatb are •pccified la Clauses 3.5.2. 

Q\eck No. 1 

0.8 fb + ft • 0.8 x 6.96 + 5.0 • 10.6 HPa 

QIECX <* •ince 10.6 < 13.7 
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" - ft • 6.96 - 5.0 • 1.96 llPa 

CHECK CK SING 1.96 < 6.9 

noBLEH NO. 5 I SOLID COLUMN I 
A. flat-ended column of dry, Building grade, Victorian hardwood. 18 
5 •tr•• long and 150 - x 25 - in section. It haa lateral supports 
awry 0.5 metres to resist buckling about the ainor axis. It has been 
•eatgned to take a dead load of 10 kH and a roof live load of 3 kN. 
Qleck the strength of the colum. 

SOUJrION 

1u cia ... 3.3 

ltr .. • ar•d• • 114 

T 
5000 

lffectiv• lenath factor, K13 • 0.7 

150 x 25 

lateral 
r .. traint• 

lleDderne1• coefficient for bendina about .. jor axle 

• 
113L 0.7 x 5000 23 a·-,· 150 • 

11-DMne•• coefficient for bondiDI •bout moor ad.a 

L 
•• .:!!. ~- 20 

3 I 2S 

Hae• s
2
> s

3
, th• effective alenderneH coefficient S of thia colum i• 

taken to be 23. froa Table 2.4.8, Clasa I atraightoe1a, the ll!aterial 
coutaDt i• 

f) • 1.09 

a..ce fr011 Clauae 3.35, tho •tability factor 1• 

r 
! 

i 



, 
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K.12 - 200 - 0.32 
(l.09 x 23)

2 

rurther..,rc ve have 

P~ - 10.5 HPa. ~l • 1.35 (t.e. 5 day duration of load, 

aee Clause 1.5.3). 

Bence allowable design compression ~~~ess 18. 

F •It x K x P' c 1 12 c 

• 1.35 x 0.32 x lQ.S 

• 4.5 HPa 

Applied ~esign working •tress la 

13000 
fc • 150 x 25 • 3•5 KPa 

CHECX OC since 3.5 < 4.5 

PllOBLEH NO. 6 I IEAH-COUJHN I 

TEW/25 

A bea11t-column is made of Select Engineering grade. dry hdiata pine. 
'l'he beam spans 6 mctres and has lateral restraints at 2 metre centres. 
'l'he section size is 50 111111 x 200 mm deep. the aaximuaa axial load i• 
12 kN (o' which 75% is live load) and the maximum bending 110111Cnt ia 
O.S x 10 Nmm (of which 25% is live load). Qaeck the strength of tba 
beam-column. · 

SOLtrrION 

See Clause 3.S.1 

Stress grade • Pll 

lateral 
reatrainta 

(a) Bending Parameters 

Slenderness Coef f icicnt 

6 
0.5 x 10 N-

6 kN 

1•35 2000 x zo~ 
.so x so 

(Clause 3. 2. 3) 

so 2 
1 - <200> - 16.9 

• 
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Proa Table 2.4.8, the aaterlal constant ia 

p • 1.07 

Bence fro• Clause 3.2.4, the •tability factor i• 

... - lO 0 55 
•12 1.07 x 16.9 - • 

Aleo Pb •· 11.0 MPa 

Beace permissible applieY deaign b~nding •tre•• if no axial load present ia 

r., - s1 x E12 x 'i. 
• 1.2S x 0.55 x 11.0 

• 7.55 MPa 
2 2 

Section modulua Z • •: • SO x 
6 

200 
• 0. 33 x io6 

-
3 

'Bence design applied working atreaa 

6 
£.. • K • .0.5 x 10 • l.5 .MPa 
-. . z o.33 x 106 · 

(b) Axial Load Parameters 

r~ • 8.3 MPa, 1t1 • 1.25 

Al.lovable atrese in coapreaaion for a atub coluan i• 

P • Kl x P' • 8.3 x 1.25 • 10.4 MPa 
c . c 

lomnel applied axial working atreH ta 

' 6000 fc •A • 200 x 'So • 0.6 MPa 

Jroa Clauae 3.3.3 •lenderaesa coefficient for buckling about major axis i• 

6000 
82 • 200 - 30 

rroa Table 2.4.8, •t•rial cooataot 1• 

p • 0.97 

leace Clauee 3.3.5 atab111ty factor for buckling about major axi• ia 

200 

KlZ(x) • (0.97 x 30) 2 • 0•236 

'DaU8 allowable atreaa 1D coapreHion for bucklin& about the major ax.11 b 

1cx • 11 x K12(x) x r~ 
• 1.25 x 0.236 x 8.3 

• 2.44 MPa 



- 1)0 -

Slenderness coefficient for buckling about 111.nor axis ls 

2000 s3 - 50 - 40 

Again material constant p • 0.97 

Bence fro• ~lause 3.lS stability factor ls 

~12(y) - 200 2 • 0.132 
(0.97 x 40) 

TEW/25 

Thu& the allowable stress ln compression for buckling about tbe at.nor axi.• ia 

1cy • ~l x Kl2(y) x p~ 
• 1.25 x 0.132 x 8.) 

• 1.37 HPa 

(c) Check on load interaction ef fccta 

For the check parameter in Clause 3.5.1, the following constants apply, 

r • 0.75, 
c 

Hence the check parameter is 

(l+r ) fbf f _ __.c_ c c 
Cl+ > • ..,-,-- - ' rb b c:x c 

~14 • 0.5 

• .!.:.!_ + 0.6 + 0.6 + O.S x 1. 7S x 1.5 x 0.6 0.6 
7.5S 2.44 1.37 l.25Jt7.5Sx2.44 - 10":'4 

• 0.20 + 0.25 + 0.44 + O.Ol - 0.06 

• 0.86 

CHECX ~ aince check parameter le•• than 1.0 

PlOBLEM NO. 7 ( 1LOOll GIID SYSTEM I 
A floor grid iG made up of Building grade, green River le4 gu•· 'rba 
five priaaary beau are 100 1111 x !·00 ma deep in section and are placed 
at 1 metre centres and apan S med~ ~. 'l'he croaaln& •••rt are 
100 - x 100 111111 at 500 lllD centre•. The effect• of dead load are 
aHumed to be negligible. Check that the floor can carry a central 
point load of SO kH for a one day duration. 
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40 ltN 
100 x 100 41 too -

centres 

f--1000-.t 

SOLUTION 

I•• ClaU8ea 2.4.5.2 and 3.2.7. 

ltr••• arade • 11 

llDMnt of inertia of the pdmary beams 1a 

100 x 400 

3 
L • 100 x 400 
--. 12 

6 4 
- 532 x 10 -

and for the crossing member• 

3 
I • 100 x 100 • 8 •34 x 106 .,.4 
c 12 

Berice the parameter a in Clause 3.2.7 i• 

1 (532 ) 1 3 
m- • i x la. 34 x Cs> - o.057 

Hence the parametec c4 ia 

C 
1 + 144 x 0.057 + 448 x 0.057 ~ 0.057 • • 4 5 + 272 x 0.057 + 448 x 0.057 x 0.057 

0.49 

Hence the effective point load ia 

1eff • C4P 

• 0.49 x 40 

• 19.6 kH 

'l'bua uximum moment i• 

M • 19600 : 5000 • 24.S x 106 Hmm 

'lb• section modulus of 

ID2 z·-.-· 
the primary med>ara 1a 

2 
100 : 400 • 2.67 x 106 

lo th• desi1n applied bendin& atreaa 1a 

----- -1 

I 



- 132 - TEW/2) 

6 
f • ~ • 24.5 x 106 • 9.2 MPa 
b z 2.67 x 10 

Jrua Clause 2.4.5.2 the grid factor ia 
1 X, • 1.0 + [1.26 - l.OJ (1.0 - 2 C5>] • 1.16 

Aleo the duration factor ia 

~l - 1.4 

Allowable design applied bending atreaa 1a 

- 1.4 x 1.16 x 6.9 

• 11.2 HPa 

QlECK OK since 9.2 < 11.2 

PROBLEM NO. 8 l NOTatED BEAM I 
A deep laad.nated beam is fabricated of imported Raain and notched to 
a depth of 50 mm at a distance O.S metres from one support. the beam 
i• of 100 1lll1l x 500 1111D deep sections, apans 8 metrea, and carries a combined 
dlatributed dead and live load of 1 kH/a. Oleck that the fracture 
atreogth is satisfactory. 

1 kll/a r A 

50_1_~ 

{-;iL:i.- L :J 
!00 

SOLUTION 

See Clauee 3. 2.6 

Strength group • SDS 

8000 

SECTION ~ 

rro• Table 2.2.2 the basic working·atresa for shear at joint detail• 1• 

''•J • 2.os HP• 

The permissible design working stress io shear at joint• is 
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P • L x F' •J --1 •J 

- 1.25 x 2.05 

• 2.56 MPa 

the bending mment at the notch section is 

6 K• (1000 x 4) x 500 - (1000 x 0.5) x 250 • 1.88 x 10 Nmm 

th• nett aection modulus ta 
2 

Bd 

z -~­D 6 

2 
100 : 450 - 3.37 x 106 .. 3 

Hoainal bending stress at the notch root is 

6 
,_ K 1.88 x 10 O 56 MP -i.•z • ,. • a 

• 3.37 x 10 

Shear force at the notch section is 

Y • 1000 x 4 - 1000 x O.S • 3500 H 

loainal shear stress at notch t.ection i• 

f • _! V . 3 3500 O 12 HP 
8 2 Bd

2 
• l x 100 x 450 • • a 

the notch constant c
3 

froa Table 3. 2.6 ta 

c • 3
•
0 

- 0.134 
3 Jsoo 

'Dae check panmeter of Clause 3.2.6 1• 

0.3 x 0.56 + 0.12 
0.134 x 2.56 • 0.82 

al!CK °" since para•ter 0.82 is laa than 1.00. 

flOBLEK NO. 9 I IAILED JOIHT I 

TEW/25 

A tension joint between three piecea of 75 mm x 25 • dry yellow atringybark 
u fabricated with 12 - 3. 7S - dia. nail• •• 1hown. 'lhe uila are 
placed through prebored holes to minimise the danpr from splitting. 'lhe 
joint 11 aubject to a dead load of 10 kH and a wind load of 10 kN. 

(1) Specify the required data of the prebored hol., 
aod the llinimua nail apacin& and end distances. 

(11) Oaeck the stren1th of the joint 

(111) Detenaine the slip of the joint under the action 
of the dead load. 
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75 x 2S 75 x 2S r A 

20 kN \ / 20 k11 

<: ·~ ~--------_,,~~-~-;....-t_t_t~I ______ ...... ~·~-----~:> 
7 L SECTION A-A 

3.75 - A 
dla. nails 

IOUJTION 

(la) Diameter of prebored hole• 

Fro• Clauae 4.2.1.2 (j), 

required diameter of prebored hole. o.a x 3.75. 3.0 .. 

(ii») Minimum spacing and end diatancea 

Jraa Table 4.2.1.3 
b +++++ 

a> 11- • +++++ 
1> > 19 -
c > 38-
4> 38- c :1.r • 

(11) Cleek on strength of joint 

See Clauae 4.2. 
rroa table 4.1.1, Joint Group • J2 

Proa Table 4.2.1.1, the bu1c lateral load per u:U ia 

1j • 530 II 

alao 
'1 - 2.0, 'is - 0.9 

Jroa Clause 4.2.l.2(a), cha factor for a ... 011101 ia 

' • 1.35 .... 
from Clause 4.2.l.2(d), the factor for double ahear 1a 

'• • 2.0 
rroa Clause 4.2.1.2(h),(ii), che factor for inadequate penetration 
of aail• i~to wood 1• 

' 

• t • 25 • 0 61 
pea lOD• 10 x 3.75 • 
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BeDce the allowable desigu load is 

p
1 

• 12 x ~l x 115 x ~seas x Kela x ~pen x Pi 

• u x 2.0 x o.9 x l.3S x 2.0 x o.68 x 530 

• 21,000 B 

- 21 kll 

~ax CK •ince 20 < 21 

(1ii) Joint slip under dead load 

See Appendix 82 

... ic lateral load for nail in green timber :la 

- 2.0 x 0.68 x 530 

• 720 B 

TEW/25 

Aleo 4
1 

• o, K
23 

• 1.25, K24 • s.o, P .ioi~o - 830 N 

Beoce dip under dead load 1• 

e • •1 + s.:4 [Kz:,~12 
5 { 830 )

2 

• 0 +i [1.2s x 120 

•. 0.41 -

rac8UH llO. 10 JOLTED JOINT 

.l joint at the heel of a truaa ia ude with a aingle M24 (24 mm d1a.) 
lN>lt. 'Jbe tllllber 19 green Jarrah of the dzea shown. 'Jbe total dud 
plU8 live load, toaether vith the trus1 aupport ia ahOVR. 

(t) Specify tlae ldaimu• edge distancu for a H24 bolt. 

(11) Oleck. the •trength of the bolt conaectlon. 

(111) Check th• shear capacity of the tie to vithatand 
the effect• of the eccentric aupport. 

(iv) O\eck th• bearing capacity of the ti• to vlthatand 
th• support force. 



40 

2S 

- l)b -
TEW/25 

2-.150 x 25 

A 

SECTION A-A 
1S 

wall aupport 150 x 40 

3 kll 

SOLUTION 

(1) Minhnnl edge distances 

See Clause 4.4.2.6(c) 

j_ ~b ~1 

ti + 

For loading parallel to the &Tain, 

b > 200 • for teuion user 

b > 125 - for coapru•ion •llber. 

For loadlag perpendicular to the grain, 

• > 100 -· 
b not apedfled 

For intermediate values use interpret~tion by Hankinson'• fot111Ula. 
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(tia) Qaack capacity of bolt to transfer lo•d to coaercsaion med»~r 

Jolat group • Jl 

~ Table 4.4.1.l(c) 

-le allonble load parallel to grain. Pi • 4790 H 

Ki. l.2S 

lrGll Table 4.4.1.l(a) 

lolt ca~acity • 2PB x ~l 
• 2 • 4790 x 1.25 

- 11. 900. - 11.9 kll 

awx • aiaca 6 .o < u.' 
(lib) a.eek capacity of 'bolt to trallSfer load to temioa eellber 

0 
llot• tbat the bolt 'bean at an anal• of 30 to 1raia. 
Jroa Tablea 4.4.1.l(a),. 4.4.1.l(c), 4.4.l.2(a), and 4.4.l.2(c) 

'i . 4790 •• QS - 1500 •• ll. 1.2S 

Allowable applied deaign load parallel to graia la 

P
1 

• ~ s Kl x 'i • 2 x 1.25 z 4790 • 1199() 11 

Allowable appliad design load perpendicular to grain ia 

~ • 2 s Kl x ~ • 2 x 1.25 x 1500 • 3750 k11 
. 0 
fro. Clause 4.4.13, Haakinson'• for.ala for load at 30 to grain ia 

11,900 x 3750 
I • • 7706 II 

30 11,900 x S1D2 'JOO + 37SO x eo.2 'JOO 

QllCl OIC aince 6000 < 7706 

(iii) a.eek shear capacity of tie 

lee Clause 4.4.2.7 

lbear force • 3 ldl 

Applied nominal ahear • trea• ·ia 

3 v 3 3000 
11 • 1 · Ids • 2 x 40 x 75 • 1•5 ltPa 

ltr•aath sroup of 1reen Ja~r.ta ia 54, 

(Table 2.2.2) 

8elac• allowable applied da•ian •bur •tr•H 1a 

'•J •Kl x r;J 
• %.25 x 1.45 

• 1.1 MPa 
QIECX OK •tnce· 1.5 < 1.1 
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(iv) Oleclt on baarlna capad ty of tie 

ltnnath poup 54, 

hoa Tabla 2.2.2 and 2.4.4 

r; • 3.3 llPa, ~1 • 1.25, x7 • 1.15 

Allowable deaign bearing stress la 

• 1.25 x l.lS x 3.3 

• 4.7 ltPa 

Applied deaign bearing atre•• 1• 

1, • 753:°°40 • 1.0 MPa 

QllClt OIC a1nce 1.0 < 4.7 

RmLEK HO. 11 I SPLIT UHC CONNECTOR JOIHT 

TEW/25 

Jive pairs.cf a 102 apltt rin& connector are used to fora a tension joint 
Htveen 2 - 250 m x 50:.. and a 250 - x 75 - piece of Structural Grade 
lo. 1 green Karri. 'lbe joint ia to be loaded vith a live load of 100 kH 
aDd a dead load of 150 kll. 

(i) Oaedt the load capacity of the connector•. 

(11) a.eek the load capacity of tbe timber. 

· (Ul) Specify the aim ... spacing and end 
distances of tbe conaector1. 

(iv) Determine the joint dip due to die dead load. 

250 x 75 

c::::\........,,--~L::.::+~-:+.=.;+:+:.::;..=.~----~ 
250 kH L 

2-250 x SO A 

250~ 
102 connector 

SECTION A-A 

(1) O\eck on load capacity of connectors 

Joint aroup • J2 

From Table ~.6.2 the baaic allowable load for a connector 1• 
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Pi•26.71tN 

K1 • 1.25. 116 • 0.95 

AllowJble design load for the joint ie 

w • • ~, 1J, 116, ~, 

• 10 x 1.25 x 0.95 x 26.7 

• 317 ltN 

'lhe design vorltiog load ia 250 kN. 

250 < 317 

(ti) Qaeclt tenaion·strength of timber 

Strea• grade • Pl7 

I'~ • 14.0 MPa. Kl • l.2S 

Al.lovable design working •tre•• in tesuaion 18 

I' • K x F' 
t 1 t 

• l.2S x 14.0 

• 17.S KPa 

TEW/25 

1roa Table 4.6.4, the nett ••ction of the central 250 .. x 75 .. 
8ellber 1• 

2 
Aaett • 2SO x 75 - 2 x 1450 • lS,800 m 

Bence allovable design load ia 

Vall • 1 t x Anett 

• 11.s x 15,800 

• 276,000 It 

• 276 Jdl 

alECX OK since 250 < 276 

(iii) Kini~u• spacing and end distances 

See Table 4.6.4 

• < 70 -

b < 180 -

c < 230 -

(iv) Joint slip due to dead load 

See Appendix H2 

I ·b ..f c ·I I .. 

.... I _.:.J:. + + + + + 
..... ------~------



2SO - 140 - TEW/25 
p - 10 - 25.0 kN 

Bence 

' 
1 + 

c24 

[:~] - -2r. 1.2 ~23 

- _! + 4.0 x 25.0 
2/5 1.2 x 1.0 x 26.7 

PIOBtEK BO. 12 [ 'lOODIED llETAL PLATE 
COIQIEC'IOI JOIHTS 

'l\lo joint• of c;ry hoop pine are connected by GB40 toothed metal plates. 
'Jhe joint configuration and total dead plus vind loads are shown on the 
ftpre below. 

(1) Deterdae the numer of effective teeth that are required 
for •d>er 'A' • · · 

(11) Cleek the etrength of the eteel plate to hold member 'A'. 

(Ui) Determine the nulller of effective teeth that are required 
for --.r 11 1

• 

I 
I I 
I I 
LJ ----1- - - - __ . ..._ __ ..__ 

~------~ I 
11L11l111 

L.J 
~plate 
(~1rectioD 

11111111 

Rote 1. A Dail plate 1e placed OD each aide of joint. 

llote 2. Rote that the following tvo anal•• are involved: 

(a) Anal• of the load to the 11ain of the vood 

(b) Anale of the plate teeth to the 1rain of 
the wood. 

l1 
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Mote 3. Clauae 4.8.l.6 ~tates that teeth located wlthin 12 mm 
froa end and 6 mm from eJge of a member are to be 
considered ineffective. 

(i) Required number of teeth for member •A' 

See Clause 4.8 

Joint group • J4 

From Table 4.8.2 and Clause 4.8.3.4. basic wor~ing load for 
0 a toot~ at an angle of JO to the grain 

p• • 
I 

245 x 180 • 225 B 245 x 0.25 + 180 x 0.75 

E
1 

.,. 2.0 

Froa Clause 4.8.l. l. factor for seasoning la 

K • 1.25 •ea• 
Bence allowable load per tooth ia 

r
1 

• K xK xr1• 1 sea a 

- 2.0 x 1.25 x 225 

• 563 II 

Bence required number of teeth la 

20,000 36 
1' • .563 -

i.e. 18 teeth on each eide. 

(ii) Qaeck on atrength of steel plate to hold member 'A' 

Froa Table 4.8.4.7 and Hanltinson'o formula, the basic allowable load per 
inch in tension is 

• ' • 175 x 120 157 II 
S 175 x 0.2S + 120 x 0.75 • 

With a factor of 1.25 for wind (aee Clause 4.8.3.2). the tension width 
nquired ia 

' . t 
20.000 

1.25 x 1S7 

i.e. 51 llil per plate 

• 102 -

Siailarly from Table 4.8.4.7, the required shear lenath is 

20.000 88 1s • 1.25 x BS • l .. 

i.e. 94 ma per plate. 

OIECK Ott since required width of Sl 111111 ~nd 

overlap of 94 .. 11 ea1ily obtained. 
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(iii) Required nUllber of teeth for member 'B' 

Jroa Table 4.1.2. the 'basic vorldaa load per tooth for load 
ecU.DI peEp9Dtlicw.ar to araia f.• 

••• 1IO • • 
Ki - 2.0. x .... - 1.25 

Proa Clause 4.8.3.S, factor for load to act perpendicular 
to grain ie 

lperp • 0.8 

Bence allowable design load per tooth ie 

P8 • 11 x lae .. x lperp x Pi 

• 2.0 x l.2S x 0.8 x 180 

• 360 II 

Bence required nuaber of teeth ie 

15000 42 
D • 360 • 

i.e. 21 teeth each aide of melllber. 

PROBl.EH NO. 13 [PLYWOOD PLATE ] 

A 7-ply Radiata pine plywood plate, atreaa grad~ F8, thicknesa 17 .. , 
la to be used in a location where the e.a.c. (equilibrium moisture 
content) ia 18%. 'lhe plate apana 600 .. and carria• a dead load of 
4000 Pa: 

(1) Detenine the lon& term deflection of the plJVood. 

(ii) Qieck the bendin& atrength of the plywood. 

(111) Oleck the ahur atrength of the plyvood. 

dirtlcdon of 
face pliea 4000 Pa 

~.~--··­
~ 600 
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SOLUTlOK 

(i) Deflection of plywood 

Consider a •trip l mm vide. 

llD.ent of inertia of plies parallel to span, 
l 

lpar • ~~ [l - (5/7) 3 + (3/7) 3 - (1/7) 3) • 291 'f'lllA
4 

TEW/2) 

and the •ment of inertia perper.dicular to the span is 

. 3 
lperp • ~; ( (5/7) 3 - (3/7) 3 + (1/7) 3 ) • 119 ... 4 

l'roa Table 5.4.4(a), tb~ effective moment of inertia of the section is 

leff • I + 0.03 I par perp 

- 291 + 0.03 x 119 

- 295 -· 

Proa ?able 5.2, Table 5.4.2 and Clause 5.4.2, the elasticity of the 
plyvood, taking into consideration the e.m.c, ia 

E • 9100 x 0.9 • 8200 MPa 

C • 455 x 0.8 • 364 MPa. 

rroa Table 2.4.1.2, creep factor i• 

'2 - 2.l 

Total load on a 1 •wide strip ia 

v - 0.6 x 0.001 x 4000 - 2.4 • 

Bence bending deflection und~, dead load is 

S VL3 

Aa • lt2 384 EI 

s 2.4 x 6003 

- 2•3 x 384 x 8200 x 295 - 6•5 ... 

Effective area in ahaar, 

2 
AA• 17 -

Bence •hear deflection i• 

3 VL 4s • "2 x 20 x Ali 
•b 

3 2.4 x 600 
• 2•5 x 20 x 11 x 364 · • 0•1 .. 

l 
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total deflection 1• 

A• 6a +AS 

- 6.5 + 0.1 

- 6.6 -

Note: A aimple method of computing leff ia given in Appendix K. 

Proa table Ill, 1t
35 

• 0.066. 

Bence froa equation M2 

3 4 
leff • 0.066 x 17 • 325 1111 

TEW/25 

('there appear• to be an error in tabulating value of ~S • 0.066) 

(ii) Qieck on bending strength 

Applied beadf ng 110mesat 1• 

K • ~ • 2.4 x 600 • l80 Ila 
I 8 

J'roa Table• 5.2, 5.4.2, an~ 5.4.4f a) 

r;_ • a.6 HPa, x18 • o.a. ~19 • o.as 

Duration of load factor, 

ltl - 1.0 

Hasace allowable de1ip bending ••nt 1• 

-

~ x ltl8 x ~9 x Pb x Iear 

'•x 
1.0 x 0.8 x 0.35 x 8.6 x 291 

(O.S x 17) 

• 200 .. 

al~ Ol aince 180 < 200 

12!!.· A simple -.iethod of computing Kall ia to use equatlosa Kl 
in Appendi~ K. 

2 
Kall • Xi x ltl8 .: lt3S x rb x tv 

- 1.0 x 0.8 x 0.101 x 8.6 x 17
2 

• 200 .. 

(111) Q\eck on 1hear 1trength 

'1 • 1.0 
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Proa Tables 5.2. 5.4.2 and 5.4.4(b), 

FS • 1.58 MPa, ~18 • 0.8 

Bence allowable design working •treas in &hear ia 

l 
's • i [Kl x Kl8 x r51 

l - i x 1.0 x 0.8 x 1.58 

• 0.475 MPa 

Deaign working shear atreaa ia 

QIEC~ OK since 0.106 < 0.475 

PROBLEM NO. 14 I PLYWOOD Box B'"WJ 

TEW/25 

A box beam is fabricated by gluing 12 111111 thick, 5 ply, FB atreaa arada 
ladiata pine plywood to 150 111111 x 50 llllll flanges of dry, Select grade 
Mea3mate. 1bc depth of the beam ia 800 mm and tha span ia 9 metres. 
Both loads and lateral restraints are applied at the third points. 
The load ia 20 kH dead load and 10 kN live load. 

(1) Detcnaine the maximum deflection of the beea. 

(ii) Oieck the shear connection of the web to the flanges. 

(iii) Check the bending strength of the beaa. 

(iv) Check shear strength of the beam. 

15 kH 15 kN 

n u 
y 

SECTION A-A 



SOLUTION 

K1 • 1.25 

- 14b -

K
2 • 2.0 for dead load 

~2 • 1.0 for live load 

For dry Messmate flangea, and Table.a l.6, 2.2.l, lead to 

Streaa grade • F27, F~ • 22.0 MPa, F' • 20.5 MPa, 
c 

E • 18,500 MPa, G • 18,500/15 • 1,230 MPa 

For tbia Badiata pine plywood, Table 5.2. give• 

FS • l.58 MPa, E • 9100 MPa, G • 455 MPa. 

TEW/25 

'Iba tranafo~d ••ction of the box beaa, in term of equivalent •olid 
Meaamate is as follows, 

Effective thickness of Plywood for computing moment of inertia 

2 9100 
- 12 x 3 x 18500 = 4 .. 

Effective thicknes• of Plywood for computing torsion modulus 

455 
• 12 x 1230 = 4 .4 -

y 
' ' IE- 1 8 ~ 

T T 
I - -.- - o----x 

y 

(a) For Moment of Inertia (b) Por St. Venant Toraion 

Transformation to 
Equivalent Messmate Stringybark 

Cross Sections 

l 3 3 9 4 
Ix • l2 [ 15 8 x 800 - 150 x 700 ) • 2 • 44 x 11) mn 

l 3 3 1 9 4 ly - 12 f 158 x 800 - 150 x 700 • 0.067 x 10 -

2 
J 2 x (154.4 x 750) • 0.154 x 109 .. 4 

• (750/4.4 + 154.4) 
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(1) Deflection of beam 

Deflection due t~ bcnJing cau$cd by Jcad load 

Aaco> 
23 w1.3 

ll96 EI 
'JC 

23 20000 x 90003 
• 2•0 x 1296 x 9 

lS,500 x 2.44 x 10 

• 11.5 -

Nominal shear &tress due to dead load, 

10000 
TD • 2 x 700 x 12 • o.595 MPa 

•oalnal shear strain due to dead load 
Yo 

YD • x2 x Ci 

- 2 0 0.595 
• x 45S 

• 0.0026 

Bence deflection due to shear caused by dead load is· 

L 4sco>·· 3 Yo 

• 3000 Y. 0.0026 

- 7 .8 •.• 

Bence total deflection under dead load la 

•11.5 +7.8 

.. 19.3 .. 

For computint deflection under live load, K7 • 1.0 

and W • 10 kN. Hence deflection under live load is 

1.0 10 
2.0 x lO x 6D 

• 4.60 11111 

Hence total m.1ximum dcf lcction is 

TEW/25 
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ll • /lD + /lL 

• 19. 3 + 4.8 

• 24.l -

(11) Cleek on shear connection of web to flanges 

Shear force per - of flange ia 

v • ! • 15000 • 21 N/aa 
d 700 

Total Plywood contact area per - nm of flange ia 

A • 50 x 2 • 100 .,.2 
coo 

Hence deeign rolling abear atreaa ia 

v 21 
fra • ~ • 100 • 0.21 MPa 

cm 

Proa Table S .4.4(b). the pend.aaible working atnaa 
:ln rolling abaar 18 

P0 - 0.19 x K1 x P5 

- 0.19 x 1.25 x 1.56 

• 0.38 MPa. 

OlECX ~ since 0.21 < 0.38 

(111) Oleck on bending atrength of beam 

TEW/25 

Prom equaUon (E4) and Table EI. the Euler buckling load capacity 
of the beaa ia given by 

"E -
cs 
L 

ay 

EI
1

GJ 

1 - I /I y x 

-1·.1. /issoo x 0.061 " 10
9 

x 1230 x o.1s4 x io9 

- 3000 ~ - 1 - 0.067/2.44 

• 0.506 x 109 Naa 

Hence from equation (El). in Appendix Ethe alenderneaa coefficient ia 
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• 

• l).6 
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x 18500 x 2.44 x io9 

e. 506 x 109 a 400 

Fro• T;abh: 2.4.8. the -.:1teriaJ const;int for the Mcssmte 
(Cl~~s A str.:iithtncss) is 

p - 1.10 

Froa Clause l.2.S the st.:ibility factor ia 

10 
•· (l.10 x U.6) • O.SI 

Aleo 

x1 • 1.25, 111 - o.as 

AllO\l.:iblc strcs• is lovcat in the co1aprcssion flnncc. 
Bence tlac allowable noain:il •treas due to bending ta 

• 1.25 x o.as x·0.57 x 20.s 
• 12.6 HJ.la 

'Dae Jiaxlaua applied dcsicn bcndln& 11011Cnt is 

6 H • 15000 x 3000 • 45.0 x 10 t:11111 

Haxisaua 01pplied vorUnc GtreGS in bc:nding is 

H x '•1X f_ • 
D lx 

• 45.0 x 106 x 400 

2.62 x 109 

• 6.9 HPa 

OIECX Ott since 7. 5 < 12 .6 

.. a. ........ cc ... k....._&_hc_.~! • .'' trenr, th of h;a11 

TEV/25 

Froa Tablca S.2 and S.4.11(:1), the allow:iblc b:t::ic •tress in shear :la, 

's . 1.sa ••.i 
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See Appendix L. 
hoa equatlnn (U) and Table Ll. th• alendernea• coefficient of the 
veb ia shear 18 

100 
• 0.1 • 0.31 1' 12 

• 17.7 

(factor 0.8 is to allow for ~dae filling of llheet) 

.... 1 ia 
... ell • 1.65 1' 70C • 1160 -

Since 1160 < 3000. the .,dified for-..la for aleaderneas coefficient (L3) 
1• aot applicable. 
lroa Table 2.4.8. the uterial co ... tant p for the n plJVOOd i• 

p - 0.92 

Bence froa Cla .. e 2.4.8, the atability factor for the web i• 

10 
~12 • (ii.92 x 17.7) • 0 •615 

aleo 
~ • 1.25, FS • 1.58 MPa 

Bence allowable cle•i&n •hear atte•• i• 

• 1.25 x 0.615 x 1.58 

• 1.21 MPa 

Applied design abear •tre•s in plywood web• • 

v 15000 
fs • 2tCi • 2 x 12 x 700 • O. 89 MPa 

v 

Qi!<X ~ aince 0.89 < l.21 

PIDB IEK 'NO. 1 S I SPACED COLUMN I 
'Dae tvo aain sh3f ta of a spaced column are two 150 - x 25 - dry Alpiae 
aah of Buildin3 grade. 'lbese shafts are spaced apart by SO .. thick 
packing pi~ces nailed to the shafts at 700 1118 centres. Each packing 
piece is nailed by six 3.75 U11 dia. nails to each shaft. 'lhe total 
columns is l .1 metres long and ha• "flat ended" support co Mi tions. 
'lb• applied axial load is a 2 kll live load and a 3 kll dead load. 
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(1) Cleek atrength of the spaced colUISl. 

(11) <heck the nail strength of connection between the 
llain ahaft and the packing pieces. 

TEW/2'> 

(iU) Use the foraulae in Appendix H to obtain an accurate 
eatillllte of the slenderness coefficient 54.. for 
COllpOaite buckling. 

A 

' 

2S 

225 x 150 x so 
packina piece 

25 

2.50 x 25 . 
.. 1a shaft 

SOLUTION 

s kll 

700 

3100 

7.JO 

(1) a.eek o~ strength of spaced column 

For bucklins about the y-y axia. 

X--

SECTIOH A-A 

'I 

~2 50 50 2 

T 
75 

+ + 

+ + 

Hailing pattern 
for packing piece 

l 

~ 
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Anett • 2 x 150 x 25 • 7.500 .. 
2 

x11 • 0.7 (flat ended colu.D) 

~l • l.l (Table 8.3.4.3) 

Bene• froa Clause 8.3.4.2. the alenderae•• coefficiant i• 

- 0.7 x 3.1 x 3100 

3.5 ii1.o x io611soo 

- 50 

(rroa Clause 3.3.4. the ..axi ... peraia•:lble value of alenderne•• 
coefficient 1• 50). 

TEW/25 

'Dae •lenderness coefficient of the aain •haft between the •pacer blocka 
ia 700/SO • 14 and bence the local buckling of the Min abaft does aot 
aovern the deaign. 

ror buckling about ·the x-x axis. the alenderne•• coefficient is 

0.7 x 3100 
• lSO 

• 14.5 

Hence the ainimua effective alenderne•• coefficient for the •paced 
colum is SO. 

Froa Table 1.6 atre .. grade of the dry Alpine ash :la 117. 

Bence froa Table 2.4.8, for Cla•• A atraightne••• the .. cerial coefficient ia 

p • 0.99. 

and froa Clause 3.3.S. the atability factor ia 

2b0 x12 • z • 0.0815 
(0.99 x SO) 

rurthermra 

F~ • 13.0 HPa, K1 • l.2S 

and hence tne allowable design working atre•• in co11pre1aion ia 
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- l.2S x 0.0815 x 13.0 

• 1.32 HPa 

t'be applied design working •trees in compreseion 1• 

5000 1c • 2 x 150 x 25 • 0 •67 HPa 

QIECK CK eince 0.67 < 1.32 

(11) Cleek on nail connection of packing pieces 

l'roa Clause 8.3.2 and 8.3.3.6, the design shear force in the 
spaced column 1~ 

L 
Q - 0.003 i p 

• 0.003 x 3100 x 5000 
100 

• 465 H 

and the corresponding shear force that then occurs between a 
packing piece and the main ahaf t ta 

v - 460 x 700 • 2170 H 
2 x 75 

Bence the applied design load per nail is 

1 • 21 70 • 362 H 
nail 6 

Alpine Ash la joint 1roup JJ. 

Bence 

Pi • 450 H, Kl • 1.25, KlS • 0.94, factor for aeaaoning K • 1. .... 
Bence allowable design load per nail i• 

• l.2S x 0.94 x 1. 3S x 4SO 

• 714. 

OIECK OK since 360 < 714. 
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(111) Use of Appendix R to obtain improved estia'.lt~ of alenaerneaa 
coefficient s

4 

See Appendix 82. 

~3 • 1.25, E24 • 4. P • 360, P1 • 4SO 

Bence alip a>dulua la 

2 
9 x (X23Pb) 

k • ~4p 

See Appendix 82. 

- 9 x (l.2S x 450)2 

4 x 360 

J: I 
0 

• 2 lSO x 253 • 0.39 x 106 -4 
12 

- 1960 .,_ 

6 4 
Iaett • 11.0 x 10 .. [See earlier •ection (i)) 

Bence parameter E la 

£ - o. 39 • 0.0354 
11.0 

L - 662 LS - 100 c 

Bence parameter " la 

,.2 [~f Le 
II -ffi x-

La 

.. 2 
2 

(662 ) (;~1 - 12 x 0.0354 3100 

- 1.00 

A -• 3750 .. 2 (see r11. 8.3.1) 

3100 103 • - '6i"S • D 

i • 14000 MPa 
. 

'22 • 1.0 

Bence para .. ter v 1• 11ven by 

L - 3100 

w2 x 14000 x.3750 x 103 x 1.~. 
1960 x 3100 x 3100 

2
•
1
' v • 

Bence fr• equation (Hl) 

TEW/25 
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'21 - J r~ : ~(: ~ v) J 
• l + 0.0354(1.00 + 2.86) I 1 + 1.00 + 2.86 

- 2.07 

Bence from Clause 8.3.4.2. the slenderness coefficient ia 

s -4 

- 33 

0.7 x 2.07 x 3100 

3.5 x ,.{1.0 x 106/7500 

TEW/2S 

COHKENT: 'nle alerderness coefficien~ s4 obtained by this more 
reliable computation is 33 as coinpared with the 
value of 50 obtained through the use of approximate 
value of K21 • 3.1 from Table 8.3.4.3. 

PROBLEM NO. 16 TEST LOAD"SJ 

A new type of roof structure. designed to carry a live load of SO kN 
and a dead load of 100 kN, ta to be fabricated of dry timber. Although 
an exact structural analysis is too conplex to be undertaken, it ia 
clear that compression members will be the critical ones. Because of 
the use of careful fabrication techniques, the coefficient of variation 
of these types of structures is conservatively estimated to be 15%. 

(i) In prototype tests on two structures, it waa found that it took 
about 2 hours to apply the test load and the loads at failure 
were 450 kN and 500 kN. On the basis of these test results 
can th~ structure be considered a satisfactory design to carry 
the specified design load of 150 kN? 

(11) If it had been decided to accept structures on the basts of 
proof tests instead of prototype tests. what would have been 
the required magnitude of the proof test load? 

SOLtrrlON 

(1) Check nf strength based on prototype test results 

See Clause 9 .5. 4 

~ • l.2S, K26 • 1.1. K27 • 0.93, K28 • 1.6 

Hence minimum strength necessary in the prototype teat is 
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2.2 x 1.1 x 0.93 x 1.6 x 150 
1.25 

- 430 kB 

QlECX CK aince 4SO > 430 

(11) Proof load 

Proa Clause 9.4.1. the neceaaary proof load i• 

• 2.1 x1~i~ x o.91 c100 + 1.4 x soi 

- 293 kB 

TEW/25 

Rote that a 1mch finer design can be obtained on the basia 
of proof teating. 'lbis 1• because proof loada need load 
factor• to account for variability of loads only; whereaa 
in prototype testing. load factors are also required to 
account for the variability of the atructure. 
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WIND RESISTANCE OF TIMBER BUILDINGS 

1/ Greg F. Reardon-

1. INTRODUCTION 

TEW/26 

The design of buildings to resist wind forces is usually 
less precise than the design for gravity loads. Some of the reasons 
for this are that although the basic wind design data may reflect 
the true wind regime of an area. the engineer has to base his design 
upon the presence or absence of other buildings in the vicinity. 
and he is required to make assumptions about the likely state of the 
building when the gust wind hits. 

Design wind velocities are derived from anemometer records 
accumulated over a period of time. The anemameters are located at 
airports and possibly at two or three other locations in a large 
city. Thus there is a high probability that the maximum wind gusts 
from many storms are not recorded. However if the anemometer 
records represent a considerable time span their accuracy is improved. 

The presence or absence of other buildings and topographic 
features affect the wind environment around a buildin9. For multi­
storey buildings this effect can readily be measured using wind 
tunnel models. For low rise buildings such as small factories or 

!ITechnicJl Director, James Cook Cyclone Structural Testing SLation. 
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houses where one standard design may be used for the construction of 
many buildings in different locations the site conditions may 
vary significantly from those assumed by the engineer. 

The engineer's design assumption of internal pressures 
within a low rise building could be grossly exceeded if a door is 
left open or a window broken. 

Despite these potential hazards engineered low rise buildings 
have performed well during extreme cyclones [l], but generally domestic 
buildings do not have a history of resisting wind forces very well. 
Although most domestic buildings have timber structural members, 
this poor performance does not necessarily reflect a lack of know­
ledge of timber engineering, but highlights a lack of engineering 
input into domestic construction. Howev?r this situation is 
changing as more information becomes available on engineered domestic 

construction [2], [3], [4], [5]. 

The average annual payout by private insurance companies in 
Australia for storm and tempest damage is approximately $10 m, most 
of which is paid on domestic buildings. Investigation of wind damage 
by the author usuall} reveals a lack of appreciation of joint details 

needed tu withstand wind forces. 

2. WIND ACTION ON BUILDINGS 

2.1 Wind Velocities 

The bas.c design wind velocity in Australia varies from 
37-50 m/s in non-cyclone areas, depending upon location and is 55 m/s 
for cyclone prone areas. These speeds are based on a statistical 
analysis of the gust wind data collected from anemometer records 
and represent the gust wind speeds likely to occur on average once 
in a 50 year period. The basic design velocity for a 25 year period 
would be less than those quoted, and for a 100 year period would be 

greater. 

-- - ·1 

I 
l 
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Eaton [6] lists suggested once in 50-year design gust 
velocities for various countries which experience cyclones, based on 
data collected by the U.K. Meteorological Office. This information 
is reproduced in Table 1. 

It should be noted that the basic wind velocities discussed 
so far represent the peak gusts likely to occur on average once in 
50 years (50 year return period). It can be shown mathematically 
that there is a 631 chance of that gust velocity occurring or being 
exceeded during a given 50 year period. 

The wind velocity that impacts a building is affected by 
the degree of shielding offered by surrounding objects. Figure l(a) 
illustrates a building in an exposed terrain where there are few 
obje:ts to protect the building. By contrast the similar building 
in Figure l(b) is well protected by the other houses and trees 

surrounding it. The effect of these other buildings of similar ~,ze 
is to slow down the wind to approximately two thirds of the value 
for exposed terrain. 

WINO 

Cr 
Figure l(a). Exposed terrain 

WINO 

Figure l(b). Sheltered terrain 
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TABLE 1 

Once-in-SO-years design gust speeds for various 
countries which experience hurricanes 

(After Eaton. Ref. [6]) 

NORTH INDIAN OCEAN 
India 
Sri Lanka 

SOUTH INDIAN OCEAN 
Mauritius 
Mozambique 
Reunion 
Rodriguez 

WESTERN NORTH PACIFIC 
Hong Kong 
Japan 
Macau 
Malaysia 
Philippines 
South Korea 
Taiwan 

SOUTHWEST PACIFIC 
New Caledonia 
Pacific {East) Islands 
Samoa 

NORTH ATLANTIC 
Antigua 
Barbados 
Bennuda 
Grenada 
Jamaica 
Martinique 
Mexico 
Panama 
Peurto Rico 
St. Barthelemy 
Trinidad and Tobago 
Venezuela 

TEW/26 

m/s 

34-61 
36 

68 
31-38 

57 
90 

71 
27-68 

56 
25-35 
20-69 
30-55 

79 

35-54 
27-52 

39 

53 
53 
60 
45 
53 
44 

27-60 
26 
49 
53 
42 

29-42 
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2.2 External Pressures 

When the wind approaching from square on hits the building 
in question it causes pressut·e to act in the windward wa 11 and suction 
(pressure reduction) to act on the other walls and on the roof (for 
relatively low roof pitches). Figure 2 illustrates this action. 

t t t t 
~ ~ 

~ ~ 

WIND ~ ~ WIND ~ ~ 

• ~~ 
~ ~ ~ 

~ ~ 
__,... 

~ ~ 

' ' ' ' 
Figure 2. Pressures acting on external surfaces 

of a house 

~ 

~ 

If the wind approaches the building from an oblique angle 
the pressure distribution on the front wall is more complex as it is 
greater towards the edge nearest the wind, but may even become a 
suction at the other edge of the wall. 

The pressures caused by wind on a building are easily 
calculated from the fot"lllJla 

p = ~ p y2 (1) 

where p is the density of air and V is the velocity of the wind 
strikin9 the building. The actual value of p varies with both 
temperature and atmospheric pressure. A value of 1.2 kg m- 1 is used 
in the Australian Wind Loading Code [7]. This represents an amb~ent 
temperature of about 21°C at standard atmospheric pressure (1013 
millibars). Eaton [6] argues that a value of 1.122 kg m- 3

, repres­
enting 25°C and 960 mb, may be more realistic when designing for 

l 
I 

' • 
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cyclone conditions. to compensate for the higher &lllbient temperature 
in tropical areas and the reduced pressure associated with a cyclone. 
This suggestion would result in a 71(1. reduction in forces. 

The forces caused by wind on a surface are not 1_.;ifom, even 
when the wind acts square on to the surface. On the windward wall 
they tend to be maxi11t11 near the centroid of the area and reduce 
near the edges. This phenomenllll is logical as the air at the edges 
is free to spill around them and therefore is less restricted than 
the air hitting the centroid. On leeward surfaces the suction 
increases near the edges. For design purposes however it is more 
convenient to assume the pre~sure acting on a surface to be uniform. 
It is normally expressed in the form of a non-dimensional coefficient, 
based on the following equation: 

p( t) - p 
Cp{t) = -z o 

~u 
• • • • ( 2) 

where p
0 

is a static (ambient atmospheric) reference pressure and u 
is a mean velocity measured at a convenient reference height. For 
low rise buildings it is usually taken as eaves height. As indicated 
p(t) the pressure at a point on the surface and CP(t), the pressure 
coefficient are both time dependent. Host design codes, however, 
adopt a quasi-static approach and use mean pressure coefficient 
acting on surfaces. Figure 3 shows mean pressure coefficients for 
a house. obtained from wind tunnel tests [8], with the wind acting 

square on and at 45°. 

2.3 Internal Pressures 

Not only does the wind affect external surfaces of a building, 
it can cause severe pressures within a building. Figure 4 illustrates 
this for openings on either the windward or the leeward wall. 

The magnitude of the internal pr~ssure depends upon the 
ratio of areas of windward and leeward oper.fog. Holmes [9] showed 
the mean internal pressure coefficient can be predicted reasonably 
accurately from the followinq equation: 
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Internal pressures due to openings on windward and 
leeward walls 
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••• (3) 

where 'f and l'P are the •an pressure coefficients at the windward 
and lee:lrc1 open\ngs respectively. and ~· \ are the areas of the 
windward and leeward openings. 

He also showed frm wind tunnel tests that the internal 
pressure is generated for openings of 51 or .,re of the total surface 

area. 

3. DESIGN FORCES 

3.1 Design Par111eters 

In this paper design calculations will be based on a working 
stress approach rather than a limit state concept. 

As wtth most engineering designs the criteria for strength 
and for serviceability (stiffness) should both be satisfied. The 

design forces for strength may be different from those for service-

abtl ity. 

In order to calculate design forces a set of design para111eters 

must be established. These paraeters include: 

basic design wind velocity. 
height above ground. 
degree of exposure. 
external pressure coefficients. 
internal pressure coefficients. 
local pressure factors. 

Baste design wtnd velocities are available from wtnd loading 
codes. If such infor111tion is not available. the values listed in 
Table 1 may help the designer. In the cyclone prone araas of 
Austral ta, the basic wind velocity is increased by 151 because it was 
found that the rtsk of building failure is greater than in the non 

cyclone areas. 
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When designing timber buildings for strength. it is usual to 
use the basic wind velocity related to a 50 year return period. However 
when designing for serviceability it is more rational to use a 25 
year return period. This concept accepts possible cracking Jf rigid 
lining materials by the 50 year design wind. but considers such minor 
failure t~ be acceptable because of overall saving in the cost of 

construction. 

Wind speeds increase with height above ground. For a timber 
frllled building one or two storeys high, a height of six metres above 
the ground would be a suitable datum for the wind. 

As illustrated in Figure 1 the terrain surrounding the building 
to be designed has a significant effect on the wind that eventually 
hits the building. For a given initial wind gust the wind speed hitting 
the house in Figure l(b) would be approximately two thirds of the speed 
of that hitting the house in l(a). 

External pressure coefficients CP vary, depending upon wind 
dtrectton. as shown in Figure 3. For desi§n purposes one coefficient 
ts usually used per surface, but if the surface is large a number of 
coefficients may be used. Also, at edges were suction forces can be 
quite high, an increased pressure coefficient is often used. One way 
of expressing this increase is as a local pressur·e factor, which is a 
na.iltiplier applied to average pressure ceofficient used for areas of 

high suction. 

The internal pressure coefficient cp. is uniform throughout 
the building and acts on both ceilings and walls. The magnitude of 
the internal pressure coefficient depends upon the ratio of penneability 
of windward w~ll to per~ability of the other walls. The decision 
that rests with the engineer when calculating design forces is what 
penneab1lity ratio to design for. If it is anticipated that a 
window would be broken during a storm, the maxina.im value of internal 

pressure coefficient should be used. 
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3.2 calculation of Pressures 

The following is an example using values taken fro11 the 

Australia Code [7]. 

TE\.1/26 

A tillber frllled house is to be designed for a sheltered 
terrain in the defined cyclone-prone area. What pressures does the 

wind exert on the house? The necessary par111eters are as follows: 

Basic design wind velocity 

Cyclonic 11Ultiplier 

Terrain category factor 
(for 6 • height above ground) 

External pressure coefficients 
windward wall 
side walls 
leeward wall 
roof 

Internal pressure coefficient 

Local pressure factor 
edges of roof & walls 
corners of roof 

55 a/S 

1.15 

0.66 

+0.8 

-0.6 
-0.5 
-0.9 

+0.8 

1.5 

2.0 

(Negative pressure coefficients indicate suction acting on the 

surface). 

(a) Design wind velocity for sheltered terrain 

~ 55 x 1.15 x 0.66 
• 42 m/s 

-'-



- 167 -

(b1 Free stre• dynuic pressure ('5Pv2 ) 

• 0.5 x 1.2 x 422 

• 1058 N/a2 

• 1.06 kPa 

(c) Pressure on walls 

windward wall = 0.8 x 1.06 

• +0.85 kPa 

side walls • -0.6 x 1.06 
= -0.64 kPa 

leeward wall = 0.5 x 1.06 

= -0.53 kPa 

(d) Pressure on roof 

:a -0.9 x 4.06 

s -0.95 kPa 

(e) Internal pressu· es 

• +0.8 x 1.06 

• +0.85 kPa 

TEW/26 

These calculated pressures acting on the various surfaces 
will be used in the design examples given in Sections 4 and 5. 

4. RESISTANCE AGAINST UPLIFT 

4.1 Timber Framing 

The timber framed structure of a house normally has to resist 
gravity loads. However if the wind uplift pressure is in excess of the 
gravity loads, the net effect is an uplift force on the building. It 
is usually assumed that the live load will not be acting when the 
wind blows. 
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Timber is a very suitable material for short duration loading 
such as wind loading or earthquake loading. The basic working stresses 
may be increased by 751 for loads of duration of five seconds or less 
[IO]. Therefore Umber med>ers that are designed for stren9th and 
stiffness criteria under gravity loading are often suitable for wind 
loading. Timber structures which consist of a number of ment>ers joined 
to fonn the structure are more susceptible to damage from uplift 
loading. In such cases lllelllbers acting as ties for gravity loads 
become struts for uplift. That is, they become colums and need 
lateral support to prevent them fro111 buckling. A typical example of 
this action is the bottom chord of a roof truss. Unless thtre is 
lateral support available frca a ceiling llelllbrane, special provision 
would have to be made to prevent buckling. 

The usual weakness against uplift forces in light framed 
timber construction is the joints. Quite often they are only nominal, 
enough to keep the timber members in place under gravity loading. An 

example of that is the joint between stud and plate in domestic con­
struction. This joint is made either by skew nailing from the stud 
to the plate or by nailing through the plate into the end grain of 
the studs. In either case the joint is not adequate to transfer the 
full uplift load into the studs. Therefore, either a suitable 
jointing medium between stud and plate is needed or another member 
that can be easily jointed is introduced to carry the tensile forces 
generated by the wind uplift. Both of these methods are used extens­
ively in Australia. 

4.2 Design Example 

A timber framed house is to be constructed in sheltered 
terrain of a cyclone prone area, using unseasoned hardwood of stress 
grade Fll and joint group J3. It is assumed that factory fabricated 
roof trusses are used, and they have been correctly designed. It is 
also assumed that all timber sizes for wall framing and floor structure 
have been correctly specified. The exercise is to design the joints 
for the house, given the following details: 



TEW/26 

length 14 000 

Width 7 000 

Wall height 2 400 

Eaves 600 
Truss spacing 900 

Roof batten spacing 900 

Roof pitch 10° 
Roofing corrugated iron 

External wall cladding brick veneer 

Internal wall cladding plasterboard 

The design pressures calculated in Section 3.2 will be used in this 
example. It is assumed that the internal pressure can act on the under 

side of the roof sheeting. 

(a) Design of joint between roof batten and roof truss: 

Uplift pressure on surface of roofing = 0.95 kPa 

Internal pressure on under side of = 0.85 kPa 
roofjng 

. Total uplift pressure on roofing = 1. 8 kPa .. 

Weight of roofing [Ref. 11] = 0.05 kPa 

Weight of battens = 0.05 kPa 

Total uplift pressure = 1. 7 kPa 

Force on fastener = l.7x.9x 
= 1.4 kN 

Allowable withdrawal load of a 75 x 4.88 11111 [Ref. 12) power 
driven screw = 1.7 kN 
Use power driven screws for batten/rafter joints, 

see Fiqure 5. 

.9 
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no. 14 x 50 screw 

1 

F;gure 5. Batten/rafter joint. 

Hold down of roof truss. 

Total uplift pressure on roof truss 
Estimated weight of truss, battens, 

roofing and ceiling 

TEW/2o 

= 1.8 kPa 
= 0.37 kPa 

Area supported by each truss = (7 + 2 x .6) x .9 
= 7.4 m2 

Uplift force at support = ~ x 7.4 x 1.43 
= 5.3 kN 

Allowable stress in MIO bolt in tension, = 8.4 kN O.K. 
through overbatten and top 
plate 

Check bearing area beneath bolt. 

Basic allowable bracing str~ss for S4 
timber 

= 3.3 MPa 
[Ref 10) 

Modification for wind loading.partial seasoning 

Washer area required 

Use 38 11111 diameter washer. 

Figure 6 shows detail. 

= 3.3 x 1.75 x 1.10 
= 6.4 MPa 

= 830 11111 
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thlt>er batten 
75 max. -1 

"'-~ 38 dia. washer '-top plate 

Figure 6. Roof truss hold down 

(c) Joint of top plate to studs. 

manner. 

Uplift force from truss = 5.3 kN 

Calculations show that only 70% of the uplift 
force will be transferred to any individual stud 
(studs at 450 n111 spacing} 

UpHft on stud 

Allowable lift on 1 TECO Trip-L-Grip 

= 3.7 kN 

= 2 kN 
[Ref. 13] 

Use 2 Trip-L-Grips per stud/top plate connection, 
as shown in Figure 7. 

The remaining hold-down details can be calculated in a similar 

As a point of interest, consider the truss hold-down detail 
once again. A detail sometimes suggested consists of a steel angle 
bolted through one leg to the top plate and bolted through the other 
to the truss. It is not a very good detail, as the bolt to the truss 
is bearing almost perpendicular to the grain of the timber, thus having 
a low design load. In fact calculations using Hankinson's foriuula 
[Clause 4.41.3, Ref. 10] show that even an Ml6 bolt is not adequate 
to safely resist th~ 5.3 kN uplift force. 

l . 
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Use a Trip-L-Grip on opposite corners of 
each stud 

Stud/top plate connection 

4.3 Cyclic Loading 

TEW/26 

The wind gusts associated with thunderstonn and gale activity 
include only a few gusts of high wi~d speed, and the total storm is 
usually ov~r within a relatively short period. With tropical cyclones 
the period of gust activity extends for abo·~' three hours, depending 
upon the size and forward speed of the cyclone. During that time 
buildings are subjected to thousands of gusts of varying intensity, 
causing fatigue loading con~itions. Timber is not adversely affected 
by cyclic fatigue loading, but some types of joint and some claddings 
are. The joints that can be affected are those which incorporate 
light gauge metal, such as the framing anchors illustrated in Figure 
6. Leicester [14) reports a loss of about 30S of initial holding 

power after 10,000 cycles of load. 

Metal roof cladding is also susceptible to fatigoe by the 
amount of cyclic loading occurring during a cyclone. Walker [1) 

de1,cribed extensive loss of light gauge ,.ocf :heeting in Darwin during 
cyclone Tracy. Subsequent research by Morgan and Beck [15] and Beck 
and Morgan [16) led to the recomnendations [17) now used extensively 
in the testing of roof and wall cladding for cyclone areas in Australia. 

I 

i 
I 

I 
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In sunmary the tests require a section of roof sheeting to be loaded 
without failure to 10 200 cycles in the following manner: 

8000 cycles 0 - 0.\. . ~esign pressure - 0 
2000 cycles 0 - 0.7~ :ign pressure - 0 

200 cycles 0 - ... ;gn pressure - O 
one application k x des, 'lressure 

where the value of k is dependent upon the number of replications 
tested. Values of k are listed in Table 2. 

TABLE 2 

Values of k 

No. of replications Value of k 

1 2 

2 1.8 
5 1.6 

--

Similar reconnendations apply to structures or structural 
elements that may lose strengtt. from cycl k loadfog, although only 
one tenth of the number of cycles are netessary, allowing for damping 
to occur. 

5. RESISTANtE AGAINST RACKING FORCES 

5.1 Racking Forces 

The action of wind pressure on the windward wall of a building 
and suction on the leeward wall combine to try to rack the building 
out of square, as illustrated in Figure 8. 
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WIND 

Figure 8. Rack;ng action caused by wind 

Using a simplified engineering analysis. half of the pressures 
acting on the windward and leeward walls is transferred directly to 
ground whilst the other half is transferred to the top of the walls. 
This force at the top of the walls is the racking force. 

Using the examples of Section 3.2 and 4.2. and considering 
the wind approaching nonnal to th~ long wall. the total racking force 
can be calculated as follows: 

Pressure on windward wall 

Area of windward wall 

Pressure on leeward wall 

= 0.85 kPa 

= 14 x 2.4 
= 33.6 m2 

= -0.53 kPa 

Racking force = 0.5 x 33.6 x (0.85 + 0.53) 
= 23.2 kN. 

The racking force must be resisted by braci~g walls located 
perpendicular to the long external walls. The bracing walls shouid 
be distributed evenly along the length of the building. 

i • 
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5.2 Overturning Forces 

The racking forces shown in Figure 8 also cause an overturning 
action on the wall. This overturning must be resisted by providing 
a suitable tension member at each end of the wall. The menner must 
transfer the forces to the substructure. 

There are two conmon ways of providing this tension member 
in practice. One is to bolt the bottom wall plate to the subfloor 
and then provide structural joints between studs and plates to allow 
the force transfer. The other is to use a steel Ml2 threaded rod 
(anchor rod) extending from the top plate to subfloor. 

Without provision of this overturning resistance, bracing 
walls would not wor~. 

5.3 Bracing Walls 

5.3.l Diagonal bracing 

The need for the provision of bracing panels in framed 
engineering structures is well recognized. The usual method for 
steel framed buildings is to prov~de diagonal cross bracing. This 
method is used for both multi-storey buildings and low rise buildings. 

A similar method is traditional in ttit>er framed house 
construction. A diagonal tint>er brace is often notched into studs 
to keep the frame square. This practice may be suitable for low wind 
regions, although the strength of the system relies solely upon the 
adequacy of the fastening detail joining brace to plates. The 
following example shows the calculated strength of the diagonal 
bracing system. 

Assume that the brace is set into the wall at an angle of 
45°, and is fastened to the top and bottom plate by two 75 x 3.75 111n 

nails each end. 
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Using unseasoned J3 hardwood. the basic lateral load per nail 
• 450 N [Ref. 10. Table 4.2.1.1] :. the design strength of the 
diagonal to resist wind forces 

= 2 x .45 x 1.75 kN 
= 1.6 kN 

The ~orizontal component of this force is 1.1 kN. which is 
very 111Jch less than the calculated racking force. Therefore diagonal 
bracing cannot be considered a suitable solution. as 110re than twenty 
such braces would be needed to resist the 23.2 kN racking force. 

(In practice the brace would be nailed to the intermediate 
studs. which would contribute further to its strength. but would 
probably not increase it by lOOi). 

5.3.2 Diaphragm bracing 

A more efficient method of providing bracing resistance 
against racking forces is the use of diaphragm action. In domestic 
timber construction. diaphragm bracing can be achieved by securely 
fastening a sheet cladding material to the wall to be braced. The 
sheet material may be plywood, hardboard, particle board, plaster 
board, asbestos cement or any other similar cladding material used 
for internal or external lining. 

The racking strength of a bracing wall is dependent uoon a 
number of parameters, length, width, sheet material properties, 
timber properties, nail size and spacing and overturning resistance. 
Walker [18] outlines a theoretical analysis of diaphragm bracing walls 
and derives the follow·ing formula for bracing strength of a wall 

B • C F 
T 

)!;; ++ ~l [ wh ] where C • 1 - 2/3 (w2 + h2) 

• • • ( 4) 
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7 nm F8 plywood 
to PAA specifications for bracing 

I 
{__ 
t 

Figure 9. Plywood bracing wall 

and w = width of wall 
h = height of wall 
F = maximum force per fastener 
S = spacing of fasteners 

30 x 2.8 nn f .h. nails 
at spacings shown 

The value of F must be determined by test to suit the cond­
itions used in practice. It relates the timtmr properties, sheet 
properties and nail size. Some typical values of F are included 
in the reference. 

Walker's fonnula applies only when the sheet mater·ial is not 
required to resist overturning forces, that is, when anchor rods are 
used. 

A number of sheet cladding manufucturers have published 
brochures co"taining reconmendattons for the use of their material 
as a bracing wall. The reconmendations are based on results of wall 
testing progra11111es rather than theoretical analysis. 
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In the example given in Section 5.1. a racking force of 
23.2 kN was calculated. What total length of ply~oocl bracing walls 
would be needed to resist this force? 

Using the Plywood Association's design manual (19] a wall 
constructed as shown in Figure 9 has a racking resistance of 4 kN 
per metre. 

The total length of wall required 

= 23.2/4 
= 5.8 ID 

As the studs are spaced at 450 nn. use plywood 900 nn wide. 

To distribute the bracing walls evenly. locate a 900 nn 
length in two corners and two lengths of approximately 2.0 m on 
internal walls spaced evenly along the length of the house. Figure 
10 shows this layout. 

From a practical point of view. it would be easier to locate 
all the plywood bracing in the corners of the building. where it can 
be positioned in the cavity of the brick veneer construction. However 
that would result in a 14 m length of wall between bracing walls, 

I L
1 J,.!J 

83 a.11, we 
82 

Kitch•"_j --
Oi11• Lov~• BI. 

- denotes bracing wal 1 

Figure 10. Location of bracing walls 
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which is not structurally satisfactory. Thus two internal walls were 
chosen to be bracing walls also, thereby reducing the length of wall 
between bracing walls to about 6 m maximum. 

5.4 Racking and Upiift 

In SOiie instances. walls designated as bracing walls may be 
used also to support, and hold down, the ro~f structure. During a 
wind ston11 such walls would be required to resist uplift forces as 
well as racking forces. Due consideration should be given to the 
combinat1on of these forces when designing bracing walls. 

5.5 Ceiiing Diaphragms 

Whilst it is readily accepted that external walls need to be 
braced by transverse internal walls, the role of the ceiling diaphragm 
is often overlooked. The diaphragm action at roof level is needed to 
transfer the racking forces from the top of the external walls to 
the bracing walls. In achieving this, the ceiling diaphragm prevents 
the external walls from bending too much between bracing w~lls. 

In nonnal domestic construction the ceiling is not designed 
to act as a diaphragm. The action in this way is somewhat fortuitious, 
but very necessary. Most sheet ceilings are able to offer some form 
of load transfer as a diaphragm, but the capacity is very dependent 
upon the fixings of ceiling material to battens and battens to 
ceiling joists t20]. As a result cf an extensive test prograll'lllt, 
Walker et al (21] have produced some interim design charts for ceiling 
diaphragms, for given sets of parameters. These charts show that 
ceilings have the capacity to act as bracing diaphragms, even in 
cyclone prone areas, when they are designed to do so. Figure 11 

shows one such chart. 

In order for bo~h the bracing walls and ceiling diaphra~ 
to act as structural systas, they must be connected by joints capable 
of tr1..1sferring tlw. racking force fram the ceiling system to the 
bracing wal\~. 
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8 

6 

4 

0 2 4 6 B 10 12 

a1n1.,• ceiling width ,., 

A - G!lprock and V.r•1luJr direct to joists •• per 2'est• lJ and S 
respectiwl~ 

• - Yer•iluJr on t111ber batten• •• per re•t 6 
C - G51prock on timber batten• •• per 2'e•t lS 
D - V.n1l u on t1,,,_r J>atteu and nagging •• per 2'e•t 7 . 
• - Cl}prock on '-'••g/Jt battens •• per 2'e•t 12 
r - G!lprock on Furring cha,,,.-1• •• per 2'e•t J 

Fiaur• 11 Deaip Chan for "42 Houses 
(After Walker et al. [21) 

~ 
I 
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5.6 Roof Diaphragms 

Some roof claddings can also act as a aiaphargm to transfer 
forces from the external walls through the roof structure to internal 
bracing walls. Ribbed or corrugated roof sheeting has the capacity 
to act as a diaphragm llelllber. wherea~ discrete element systems such 
as roof tiles or shingles would probably have little strength in 
this way. 

Roof diaphragms have some disadvantages compared with ceiling 
diaphragms. although the transfer capacity of force through individual 
fasteners may be up to three times that for a ceiling ment>rane. The 
obvious disadvantage is that the roof is pitched, thus the sheeting 
is not in the smne plane as the applied force. This also introduces 
the concern of discontinuity of roof diaphragms at the ridge. 

Another disadvantage of roof ment>ranes is the discontinuity 
at adjacent sheets. although this can be overcome to some extent 
by the provision of side lap fasteners located between roofing 
battens. However side lap fasteners are rarely 1Jsed in Australia. 

The practice of fa~tening corru~at~d or ribbed sheeting 
through the crests reduces the effectiveness of the fasteners in 
transferring lateral forces. This requires the fasteners to act 
as cantilevers, an inefficient force transfer system. 

Despite all these disadvantages, roof sheeting can be used 
as diaphragm bracing. Nash and Boughton (22] show that the following 
for1111l1 can be used to determine the onset of failure of 0.48 nm 
corrugated steel roof sheeting when fastened with No. 12 screws into 
timber battens. The formula relates to loads on the building, 
acting paralltl to the corrugations. 

w • 2.6 n F 
b 

••• (5) 

l 
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where w - unifornaly distributed load at top plate that gives rise 
to onset of tearing in roof sheeting. 

n - number of battens in the stressed section of roof 

F - tearing load of a single fastener loaded parallel 
to the corrugations. 

b - length of building (measured perpendicular to 
corrugations). 

It should be noted that 'w' in the above forn1.1l~ is not the 
design load. but the force at which tearing of the sheet occurs. A 
load factor still needs to be applied to determine the design load. 

care should be taken when using equation (5). as it makes 
no allowance for uplift forces acting on the roof sheeti~g. Whilst 
this may have little effect on the performance of a roofin~ men'brane 
designed for non-cyclone conditions. the cyclic loading action of a 
cyclone may seriously affect its perfonnance. 

6. CONCLUSI<ltS 

Timber is a very suitable material to use in the construction 
of wind resistant buildings. mainly because of its ability to resist 
frequent short duration loading without fatigue. However considerable 
attention 1111st be given to the joints as they are the potential weak 
links of the system. Racking forces can be resisted by traditional 
cladding materials engineered to form bracing walls and ceiling 

diaphragms. 
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EARTHQUAKE RESISTANCE OF TIMBER BUILDINuS 

1/ 
G. B. Walfor~ 

INTRGDUCTI'lN 

TEW/27 

Timber structures have the reputation of performing very well 

durir.g earthquakes. This reputation ma; not be entirely fair, being 

based largely on the )'erformance of domest!~ buildings which are not 

generally subject to engineering design so that the reputation 

probably results IK>re from inherent advantages of timber frame 

construction rather thar1 a conscious effort to provide earthquake 

resistance. 

Knowledge gained from studies of the damaged caused by 

earthquakes such as in San Francisco in 1906, Tokyo in 1923, Napier 

in 1931, Anchorage in 1964 and aany others has led to some 

understanding or the nature of earthquakes, their effects on 
buildings, and how to provide earthquake resistance. A particularly 

goo~ text on this subject is "Earthquake Resistant Design" by 

Dowrick (1). 

Earthquakes 

Earthquakes are thought to arise from volcanic or tectonic 

{i.e., rock faulting) disturbances in the earth's crust. They 

produce vibrations in both the horizontal and vertical directions 

but usually only the horizontal motion is ~onsidered in design on 

the grounds that the structure will be designed for vertical loading 

in any case. HaxilllWD ground accelerations of o.33g were recorded in 

the El Centro earthquake or 1940, 0.5g at Parkfield (1966) and as 

high as l.17g on a ridge near the Pocoima Dam; California (1971). 

No doubt earthquake• giving greater accelerations have occurred but 

not recorded. 

1/ - $cientist, Forest Research Institute, Rotorua, New Zealand. 

_____ .. , 
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Recorded ground accel~rat!~n, together with the calculated 

distance frOlll the hypocentre (or source), is used 'o calculate the 

magnitude H on the Richter scale from: 

where 

a = 

a = 
(1080 e0.5H)/((R + 25)1 ·32 ) 

2 peak acceleration in cm/s 

R = distance :rom source in km 

The largest 'qudke ever recorded at H = 8.9 was the great Chilean 

ear~hquake of 1961 and the Anchorage earthquake or 196- was not ~uch 

smal11?r at H = 8.6. A shallow earthquake or, say, mag..itude 6.5 and 

5 km deep would cause serious damage, producing ground accel~rations 

or about o.32g wher-as the same earthquake 250 k1ll deep woul~ hardly 

be noticed. Local geological features have a ~dtfying effect, for 

instance the observed shaking on aon ground may be t.td<-e as strong 

as on solid rock and the shaking on a ridge may be twice as str\lng 

as that on level ground • 

Building response 

The response ot a building to the ground D10tion deJ>E:nds on its 

natural frequellcy or vi~ration because if this is similar to t'1e 
" 

predominant rre~~encies in the fJround motion, amplification of the 

ground motion can occur, due to resonance effects, or 3 or - times 

if the building has a typica~ viscous damping of 5S. Therefore, in 

a severe eorthquake with ground acceleratior.s of o.3g, the elastic 

response of the building (or parts of the bullding such as the roof} 

may produce accelerations of 1.0g or more. This amplification ~can 

be envisaged as a whiplash errect. In designir.g buildings to r~sist 

earthq~akes, however, it is not expected that they should do so 

without damage, 1.e., elast1cally, which implies that energy 

absorttion will occur and the building response will be red~c•d. 

The approach taken in design codes (e.g., NZS -203:1976( 2)> 1s 

that a building should resi»t a moderate earthquake, i.e., up to 

about 0.20g, without damage while-stronger earthquakes, althou~h 

causin1 damage, 'should not collapse the building. This philo!.ophy 

means that there is an emphasis in aaeiamic design on ductility, 

continuity or the building, and the avoidance or collapse mech&nis1m1. 
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Timber buildings in earthquakes 

Cooney< 3> reports on experience gained in New Zealand from the 

observed performance or timber houses in earthquakes. It appears 

that timber fraaed houses are inherently ductile but conscious 

errort must be -de to provide continuity and to avoid collap·e 

mechanisms because he concludes that: •The traditional New Zealand 

house constructed of light timber framing, clad with weatherboards, 

having DIOderate window openings, an~ having a steel roof is a sound 

earthquake resistant structure. However it is often founded on 

inadequate foundations•. Typically these inadequat~ foundatior.s 

wer~ unbraced pile systems as shown in Figure l or basement garages 

with large openings in one wall. 

FIG. ~= Unbraced pile system supporting a timber rramed house 

(1) 
Dowrick lists identified causes of inadequate performance 

cf timber construction in earthquakes as follows: 

l. Large response on soft ground. 

?. Lack of integrity of substructure (already noted). 

3. Assymetry of the structural form (e.g., basement garages). 

~. Insufricient strength of chimneys (sometimes no reinforcement 

and brick chimneys are particularly poor). 

5. Inadequate structural connections (particularly between 

components of different stiffness as in 111asonry veneer 

cons true ti on). 

6. Use of heavy roofs without appropriate strenr•.h of supporting 

rrame. 

1. Deterioration of timber through insect or fungal attack. 

8. Inadequate resistance to post-earthqua~e fires. 
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Willia1113(
4

) considers the advantages of timber construction as 

follows: 

1. Low weight. Timber has a distinct advantag~. It can be as 

little as one tenth the weight of concrete ccnstruction. 

TEW/27 

2. Low stiffness. It is usually several times less stiff than 

alternative forms of construction. This may be an advantage in 

that the period is lengthened and the response may be reduced, 

howev~r, non-structural damage may be severe if deflections are 

large. 

3. Damping. The natural damping of wood is low, of the order of 

21, but because of the damping which occurs in the many 

connections in a timber structure, its equivalent viscous 

damping and peak response to earthquake vibrations compare 

favourably with other material~, as shown in Table 1. 

TABLE 1: Equivalent viscous damping and relative response 

for various structures (from Dowrick(l)) 

Type of construction 

1. Steel frame, welded, &11 walls flexible 

2. Steel frame, welded or bolted, ~tiff 
cladding, internal walls flexible 

3. Steel frame, welded or bolted, with concrete 
shear walls 

4. Concrete frame, all walls flexible 

5. Concrete frame, stiff cladding, internal 
walls flexible 

6. Concrete frame, with concrete or masonry 
shear walls 

7. Con~rete or masonary shear wall building 

8. Timber shear wall or diaphragsn construction 

Damping Response 

(J) (J) 

2 

5 

7 

5 

7 

10 

10 

15 

100 

73 

65 

73 

65 

58 

SB 

50 
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~. Str~ngt~. Because or the natural variability or ti~ber, design 

strength levels are lower, relative to ir.ea11 ultimate strer.gth, 

than for other materials, often giving a reserve of strength in 

load sharing constructions. 

5. '.>uctility. Timber in flexure is not ductile but its connections 

freq~ently are. 

6. Connections. Mechanical connections in timber structures 

generally show good energy absorbtion under cyclic loading. The 

high energy absorption performance of nailec timber and plywood 

shear ~alls is shown in Fig. 2. 

FIG. 2: Hysteretic behaviour of timber diaphragms under 

cyclic loading (after Hedearis(S)) 

1. Repair. Ease of repair and strengthening may be a reason why 

little earthquake ~amage in timber structures is reported. Any 

move to larger or heavier multistorey timber buildings may mean 

this aspect should be reappraised. 
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~~!'J .gn forces 

Th1t Nr.w Z•!aland lo1d1nr.s code(?), NZS lli>03, gives destgr: 

accelerntions or abou•:. O.lg to o. 36g for timber buildings, 

considering the effects of various factors such as site seismicity. 

soil flexibility, building period, building ductility, importance, 

risk, etc. The total equivalent lateral load ~n the building can be 

calculated assumint that: 

1. Roof and wall dead load = 0.25 kPa (5 psf). 

2. Floor dead plus live load = 1.25 kPa (25 psf). 

3. Storey height = 3 m (10 ft). 

ll. Building is rectangular with H/B less than 5 aud D/B 

approximately = 1. 

5. Seismic coefficient = c. 

Thus E : c (BD (0.25 + 1.25 (N - 1)) + 2H (B + D) 0.25) kN 

where N = number of storeys 

This should be compared to the design w!nd force as required by NZS 

4203 becau3e wind frequently governs for s~ngle storey timber 

buildings.. The total lateral wind force ir.ay be calculated assuminf,: 

1. Haxi-.num 3 second gust speed expected in 50 years = V m/s. 

2. topc>graphy factor sl = 1.0. 

3. Grcund roughness = 3 (Le., well wooded areas, t.owas anc cities}. 

4. Building size = class B (not greater than 50 m). 

5. Rc1ughnes.s/class/size factor s2 related to height H by: 

'i = 3 5 10 15 20 30 40 

s2 = 0.60 o.65 0.74 0.83 0.90 0.91 1.01 

6. Pressure coefficient = 1.2 

Thus W 2 
~ 1.2 HB x 0.613 Cs1 s2 V) N 
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By equating E and W, Figure 3 ls obtained showing the situations 

whe~e wind or earthquake govern the design for lateral load on 

single storey buildings and figure 4 for two storey buildings. 

These figures show that for areas subject ~o tropical cyclones, 

i.e., winds in eY.cess of 50 m/s (112 m.p.h.), single storey 

buildings wind loading will usually govern while for two storeys 

more than 12 m deep, earthquake may be critical. 

Design det?ils 

The fol lowing is a brief comment on types of timbe;· construction 

which 2re described in detail in other papers to this workshop • 

1. Poles. Pole frame and pole 

platform construction 9rovide 

particularly go.::>d earthquake 

rfsistance provided effective 

connections are 111Bde to t"l~ 

pole~ and their ground 

embe,.:1.T.ent is sufficle--1t. 

2. Mo11'1ent resisting frames. Nailed 

predrilled steel pl~te, 

g3lvanised or otherwise 

protected against corrosic:.n, 

makes a very effecttve moment 

resisting joint. tiet.ween large 

rectangular timb 1er members. 

Portal fraes aric'J two storey 

frames ha·1e teen built in this 

system in Neu ·~ealand. The 

joint can be oesigned to yield 

. ·_./,' :tt 
. ,.· '. • , , . I 

----------~~ 
: · • :; sav.n mf'mb,,~r ~ . . .,,,,..,.,... ,,,_.,,,..~"' 

W

:::;:efl Larn inated oc ~ 
I. ,,_.-.-' 

in the nai1-to-t1mber connection _.-

in which cas•r! it pon3,esses g•:;od ·:· ::..~·: predrillt:d 
. . . . . . . . . . . 

.. . ' . ductil 1 ty. The .~oint. is by no I 
.. .'-.-;-........ steel p13L: 

•• • 'i'!ails 
means novel, being a large · • 

version o'.' the commcn "Gan~- j ;; ••.••• :.: 
Nail" phte or a developm·~nt or jl;:.:..;....:..:-­L--............__.......__,.....J 
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the "Glulam Rivet• ~sed in Canada 

but applied to 1D011ent-

resisting joints rather than 

resisting axial loads. 

A similar concept is possible 

using nailed plywood gussets, 

and particularly suited to 

portal frames. The~e have been 

tested recently by 

Batchelar< 6>, verifying the 

results or Mclay< 7>. 

3. Shear walls and diaphragms. 

Panel naterials such as plywood 

are used to resist shear lo&ds 

in walls, roof and noor 

diaphragns and box beams. 
AITC(S) gives details of 

design methods. Figure 2 shoRs 

a typical load/deflection curve 

for a plywood sheathed shear 

wall under racking loads. It 

should be emphasised that the 

ductile behaviour derives from 

deformations in the nailed 

connection between the panels 

and the framing and not in the 

panel or framing itself. 

Therefore it is possible to use 

a comparatively brittle Plon•l 

material such as asbestos 

cement. 

4. Diagonal bracing. Light timber 

frame houses are co1m110nly 

braced within the w•lls using· 

light metal braces of flat or 

• 
• • • • • . 
• • • • • • • • • • • • • • D = 2d approx_ 
• • • • 

LJJ // 
. / 

. ~ ... Diagonal braces 
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angle cross section. L.ike 

solid timber diagonal bracing 

these rely entirely on the 

fastening at each end for their \ 

Where walls are effectiveness. 
\ 

\ 

\\ 
,\ . \ 
\ 
'\ 
•\ 
\\.. - - -

TEW/27 

\ 

\ 
not lined with a ~anel 

material, these braces are 

essential but tests have shown 

that sheet materials give 

seve~al times greater rigidity 

than diagonal braces. 

Sheet 
malf rial 

framing/ 
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Figure 3 : Correspondence between wind speed and 
forces on single storey timber buildings 
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Figure 4 : Correspondence betwe~n wind speed and 
earthquake forces on two storey timber buildings 
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LOAD TESTING OF STRUCTURES 

Robert H. Leicesterl1 

H:W/28 

Load tests are undertaken for several types of purposes and it is impor-­

tant in any particular load test that the exact purpose of the test is 

clear. This is often not the case ~nd many load testing specifications 

are quite unsatisfactory for their intended pur.,ase. In addition. c1££1-
culties are encountered in assessing canpusite constructions because of 

differences in test specif icatior.s for structures of different mater­
ials. This report is intended to clarify the conceptual aspects of load 

testi~. Only a brief •ntion "ill be made of practical considerations. 

Host load tests can be considered to lie in one of the following three 

broad classifications: 

Ca> To obtain the occeotance of a structure for a specific pu!:p()St>. 

<b> To obtain informotior; to assist m the assessment of a struct·Jre. 

Cc> To provide a 1Pethod of quolity control in the construction of 

struct1..1r-es. 

In a load test specification it is important to define the structural 

state "hich :a being aasessed. In general these will lie in one of the 

two follo"il'Y:I broad clasaif icationg: 

Ca> Ull..iJMtt limit states. These are ststes in "hich a structure is 
rendered unfit for further use. Typically ultimat:e limit states 

follow the attainnent of llllXilllllll load capacity. Us-.ially it i3 

desirable that there is only a small risk that a structure reach an 

ultimate limit state during its design lifetime. 

Cb> Servicgbility limit states. These ue states in which a structure 

fails to perform satisfactorily but ia still fit for further use. 
Examples of tLis are exceaaive deflections, vibr'at1ons and 

cracking. Often it ia acceptable for a structure to reach its 

serviceability lim\t state a fey times ducinq its design lifetime. 

!./An officer of CSlRO, Division of Buildin~ Rl'S<'arch, Mc·lho•1rrw, Austr;ilia. 
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2. ACCEPTANCE TESTING 

2.1 General 

Thr~e common types of acceptance load tests are the fullowing: 

<a> Proof testing an existing structure. 

Cb> Proof testing of every 11ew structure in a class. 

Cc> Prototype testis"lg nf a sample of structures in a class. 

A generalised format for the lc.atb1 to be used in these tests may be 

written: 

where 

L test 

L = K IL K__ L test C -u -u design 

= maximun load to be applied during the acceptance test 

Ld . = a design load specified for the structure unciec t.est es1gn 

(1) 

= a factor to compensate for the differences between the tegt 

and in-service loading and structural configurations. 

K
0 

= a factor to compensate for the differences between the test 

and in-service load duration effects 
KU ~ a factor to cover uncertainties of the in-service loads and 

strengths. 

In the follo~ing, the oasic concepts of the three methods of acceptance 

t.~f-lting mentioned above will be described, and then brief comment will 

t,,e made on various aspects of acceptance testing. A method for deriving 

load factors to be used in acceptance testing is described in Appendix 

A. 

2.2 Proof Testing of Existing Structures 

2. 2. 1 Gener.ci.l 
There are many reasons for requiring that an existing structure be 

tested. These include a doubt that the structure has the specified 

design characteristics because of errors in design, errors in construct­

ion or becauffe of deterioration since construction, such as can occur 
due to fire, chemical attack, or material deqrade. It also often happens 

I 
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that a structure is to be put to a new use for which it uas not or1g1n­
ally designed. but for which nevertheless it may have on adequate struc­
tural capacity. In this case a proof test may be used to demonstrate 
that the structure has the necessary capacity. 

2.2.2 Ultimate limit states 

As indicated in Appendix A, a typical test load for checking ultimate 

limit states fJf structures or structl•ral elenv.mts with respect to the 

loads specified in AS 1170, the SAA Loading Ccxle <Standards Association 

of Australia 1971 and 1975> is 

Ltest = Kc1<o [1.2 lo+ 1.3 l.w + 1.3 LL] <2> 

where i,,. Lw and LL ore the specified design loads in AS 1170 tor dead. 
wind and floor live loads respectively. The factors 1.2 and 1.3 in 

equation C2> may be interpreted as factors of safety to allow for the 

JX)ssibility that the specified design loads may be exceeded during the 

lifetime of the structure. 

For a proof test on an existing structure to be successful, it is nec­

essary not only that the structure does not reach its ultimate limit 

state during the test, but also that it does not incur serious permunent 

structural damaqe. Suitable methods for detecting the onset of damage 

vary from one material to another and include such te~hniques as the 

measurement of creek width and acoustic emissions. One commonly used 

method is the measurement of recovery of the deformation on unloading 

the structure after the test. Table 1 shows the recovery values rec011111-

ended by CSN 732030, the Czechoslovak State Standard <Bares and 

Fitzsimons 1975>. Finally a comment should be made on a remark often 

expressed that damaqe to a structure can be avoided by using a suff ici­

ently small test load. Since an existing structure is usually proof 

teated because its strength is unknown, there would appear to be no way 

of specifying a test load <solely in teI'lllS of a load factor> that could 

be quaranteed not t.1 damage to structure. 
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TABLE 1 
REQUIRED RECOVERING OF DEFORMATION AFTER PROOF TESTING 

<Bares and Fitzsi11c:>ns 1975> 

Structural material Recovery (%) 

Steel 85 

Prestressed ccncrete 80 

Reinforced concrete, muonry 75 

Timber 70 

Plastic 70 

I 
I 

__ I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

__ I 

2.2.3 5ervic8Ability li•it &tatea 

TEW/28 

Aa indicated in Appendix A. a typical test load for checking service-

ability limit states with respect to the loeda specified in AS 1170 is 

Lteat = KCCo CLo + o.7 Lw + 0-6 ~J <3> 

Thia ia a smaller test load than the one specified in equation <2> for 

teting ultimate li•it states, because the consequences of reaching of 

serviceability limit state are considerably less than those of reaching 

ultimate limit states. 

2.3 Proof Testing Applied to Every New Structures 

Proof testing of every structural unit ia aa.eti•• used as a basis of 
acceptance for a clams of structures or atructural el...ents. Examples of 

this include preaaure veuels and hi9l. preuure gas pipelines CStandords 
Aasociotion of Australia 1975>. Proof testing has alao been proposed aa 

o 111ethod of grading atnx:tural timber <Leicester 1979>. 

In pr-oof tests of this type, proof loeda si•ilar to those specified in 

equations C2> and <J> for assesaing existing structures may be used. 
However for this cr.aae, there is also the necessity of specifying a tar­
get strenqth for the structural units. Ideelly this would be taken as 

the coat optimuniaed value given in Appendix A. However, :f the 
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possibility exists that the structural unit may be damaged by p~Got 
testing, then either the target strength must be made suff 1ciently high 

that the proof test does not cause damage. or else the proof load must 

be increased to compensate for the possible loss rn strength due to 

proof testing. An example of this latter method has been described by 

Leicester Cl979). 

2.4 Prototype Testing 

2. 4 • 1 Genera 1 
In the application of prototype tests. the acceptance of a complete 

class of structures is based on the structural performance of a sample 

of these structures. The sample size is often quite small and a sample 

comprising a single structural unit is not unconvnon. In these tests, 

structural units are usually, but not necessarily, loaded to failure. 

Hany methods are used for interpreting the observations during the test. 

These vary not only from one type of structural unit to another. but 

also with the type of test results obtained. The following describes 

simple criteria that are convenient to use in test specifications. The 

derivation of these criteria is discussed in Appendix A. 

2.4.2 Ultimate limit states 
For structural units intended to carry the loads considered in AS 1170, 

the acceptance criterion is that all structures in a sample of size N. 

demonst~ate their ability to sustain the following load without reaching 

t~eir ultimate limit states, 

(4) 

where the appropriate uncertainty parameter Ku is given in Table 2. This 

parameter is intended to cover the possibility that the in-service loads 

may exceed the load specified in AS 1170, and also the fact that the 

structural units of the sample may be stronger than average. 

It is to be noted from Table 2 that there is a large increase in the 

required load factor with the increase in variability of the structural 

units. To some extent the necessity for these large load factors may be 

reduced through the use of selective sampling techniques. For example, 

in prototype testing timber structures, a considerable reduction in the 
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required loaj factor can often be obtained by specifying thdt all tunb:!r 

used in the fabrication of the test structures shall be of the lowest 

structural quality that is acceptable for the specified structural 

timber grades used. 

I 

TABLE 2 
THE UNCERTAINTY FACTOR ~r FOR PROTOTYPE 

TESTING OF ULTIMATE LIMIT STATES 

ICoeff. of I ~ 
lvariationl 
I of I Typical stru:tural element 

N=t I N=2 I N=5 

I 
I 
I 
I 
I 

!strength I 
1 _____ , ______ '------'------' 
I I I I 

I 0.1 I Nailed joint 2.0 I 1.9 I 1.8 

I I I I 

I 0.2 I C.ompres.,ion strength of tillber J.6 I 3.2 I 2.8 

I I I I 

I 0.3 I Bending strength of timber 6.6 I 5.5 I 4.3 

'-----' '----' 
N = sample size 

2.4.3 5erviceal>ility limit &totes 
For gtructural units intended to sustain the loads considered in 
AS 1170, the acceptance criterion is that the average load at which the 

~erviceability limit state is reached is not greater than the following 

CS> 

This load is only slightly larger than that specified in equation CJ> 
for proof testing. This is because the load factor necessary to cover 

the variability of structural response is to a large extent taken into 

account by the load factors in-::luded in both cases to cover the uncert-

ainties of the in-service loads and user response. 

2.5 The Configuration Load Factor Kc 

2.5.1 Factor for incorrect str1Jctural mocielling 
Often in acceptance testing, particularly in prototype testing, only a 

portion of the complete in-service structure ia available or active dur·· 

inq a load test, and the apecif ied teat load iaay need to be modified to 
cQ111penaate for this. Typical eX4111Plea of incorrect modelling frequently 

occur with buckling reatrainta and loed aharing mechanisu. 

I 
I 
I 
I 
I 
I 
I 



- 211) - TEW/28 

2.5.2 Factor for incorrect load mo<iell1ng 
Test loads are usually very idealised repre~ntaions of true 10-~rv1ce 
loads. Distributed loads are usually approximal~ by strip or p.nnt 

loads. and stochastic loads are represented in tests t!itht!:::- by simplif­

ied stocha~tic loads or even by static loads. as is donP in AS 1170 ior 

wind loads and floor live loads. In all cases it ls nec~.ss~q· to c>'cr­

cise considerable care in choosing the load factor KC to ensure that the 

correct structural effect is obtained. Some discussion on this is given 

in Appendix B \/here it is shown that the factor KC depends mt only on 

the characteristics of the load, but als~ on the characteristics pf 

stnx:tural response. 

2.6 The Duration Load Factor ~ 

The duration load factor ~ is to compensate _or differences of struct­

ural response to short term test loads and long term in-service loads. 

These differences may arise due to the change in strength of structural 

material with time. For example. normal concrete will increase in 

strength with time whereas hiqh altnina cement concrete has the possib­

ility of decreasing in strength. Also the strength of some materials. 

such as timber. plastics and qlass are ser.sitive to the duration of load 

application. Finally there are the effects of creep which change not 

only deformations ilut also the .buckling strength of slender structural 

elements. As an example of the duration load factor, Appendix C sho~s 

some values that are recommended for timber structures. 

2.7 Difficulties in the Use of Load Tests as a Basis for Acceptance 

Attention has already been made of some of the difficulties encountered 

in the use of load tests as a basis for the acceptance of a structure. 

There is the danger of damage due to a load test, and there are problems 

with cheesing the correct load factors Kc, Ko and Ku· Often even in 

concept these difficulties cannot be overcome completely because to do 

so would require a detailed prior knowledge of the characteristics of 

the structure to be tested. 

AO('lther serious difficulty arises from the fact that most load tests are 

mta.je on multiple member and/or composite structures. For this situation 

the load factors ~ and ~ can differ considerably from one element to 
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another. Testing specifications usually require that the composite ioad 

£actor KJ<o to be use'! is the largest one to be noted in considering a 

structure on an element by eleme~t basis. One method to avoid this con­

servoti ve approach is to r.arefully reinforce a structure so th4t failure 

occurs at the location where uncertainty exists: the ramarnder of the 

structure is then assessed solely on the basis oi design comput~~10"3. 

Obviously, the reinforcement must be done in such a way th4t it does not 

affect the stresses in the critical location of interest. 

Of more serious consequence in 11ultiple-aaember and caRpOSite structures 
is the fact that differences in variability and long duration character­

istics of the various elements il'ldicate that in a load test the typical 

mode of failure may be quite different from that of the weakest 5 per 

cent of the population, or quite different fran that of structures in 

service over a long period of time. There would appear to be no general 

method of overcaaing this deficiency '*ten the acceptance of a structure 

is based solely on load tests. 

2.8 Comparison Between Acceptance Procedures 

Two types of load test procedures for the acceptance of structures have 

been described, namely the proof and prototype test methods. In addition 

to these, the acceptance of stnx:tllI"es may be obtained from several 

other procedures including that of design, which is probably the me.st 

convnon procedure. It should be apparent that tile information used to 

make an assessment differs from one method to another and consequently 

the actual assessment of particular structures will also differ, depend­

ing on which method has been used. 

Methods for design computations are usually based on extensive data and 

experience and as a re.suit are associated with moderate load factors to 

allow for the uncertainties of in-service loads and strengths. In proto­

type tests, most of the uncertainties related to structural theory are 

eliminated, but unless the structural material is of low vuiability, 

assessments based on these tests carry a hec:avy load factor penalty due 

to the possibility that the test sample may contain unusually strong 

structures. By contrast, structures that survive a proof test have 

almost no uncertainties concerning their quaranteed strength, and the 
small load factor required is to cover the possibility of the real load 
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exceeding Ldesign· Thus it may be stated that in general terms the use 
of prototype testing is most effective for use ~1th structures having a 

10\I varidb1lity and proof testing for structures having a high 

variability. 

2.9 Pra~tical Considerations 

2.9.1 General 

Information on practical aspects of load testing have been given. in 

papers by Bares and Fitzsimons Ct 975 >, Menzies <t 978 >, and Jones dnd 

Oliver <1978>. The following is intended to highlight some general 

points that need to be considered in embarking on a load testing 

program. 

2.9.2 Specifications 

It is difficult, in fact probably impossible. to write a set of specif­

ication~ that is applicable for load testing al! types of structures. 

However. there is a strong incentive to make 5pecifications as tight as 

possible so as to minimise conflicts between the various parties 

invol••ed in a load testing operation. 

Apart from the specification of a test load, it is important to be 

specific on the definition of ultimate and serviceacility limit states. 

Usually the ultimate limit state is defined as the loss nf structural 

int~rity. but there are times when it may be co:wenient to define it rn 

tenns of excessive cracki'.19 or deformation. Tt~e l,\tt.er di:f 5.n. tion is 

often useful for structural elements that fai 1 thrn;JCJh b..1ckl1n3. In th1~ 

specification of serviceability limit states. i .: is impc1rtar.t to ensure 

that realistic, rather than the traditional nominal V-llue.e ')f lfo1it 

states are used, For example, it is cOIMIOn to specify that the cm'lpuhd 

nominal deflection of a beam be limited to o.ooi of tn~ sp~n, wher~as it 

is well known that a deflection uf 0.0001 of the span c6n crack brittle 

masonry wa 11 s. 

Other aspects that should be mentioned in a test load srec1f 1cat1on 

include the method of sampling to be used for choosing the test struct -

ures in prototype testing, the required accuracy of load and deformation 

measurementR, conditions for permitting the locdl reinforcing of parts 
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c..f a st["U("tune that cue not under test., arrl tht! i:urditio~ t0r perm1tt-

1ng a retest sho•Jld a structure or set of structur.es fdil a 10t1d te.:it. 

2_q_3 Jm09rtbnt structures 
A reduced risk of failure is reqJJired for important structures such as 

those which have to opecate in post-disaster situations. The necessary 

incr:-ease in load factors for such structi_ires is contained in the method 

used for the derivation of load factors described in Appendix A. H01o1ever 

it should be noted that to obtain low prcbabilities of failure in pract­

ice it is necessary not only to have an appropriate 1114I'qin of safety, 

but also to ensure that the probability of occurrence of a human error 

is consider.ably reduced from its normal value CAllen 1976>. 

2.9.4 J.&~d factors for r:-are loads 
Some load events. such as domestic gas explosions, have a small but 

possible chance of occurrence on any one particular structure. A method 

for the derivation of suitable load factors for this is given in 

Appendix A. 

2.9.5 Safety during o ioad test 
Large loads are usually employed during a load test and precautions must 

be taken to ensure that in the event of failure of the test unit that no 

damage is done to othe:r related structures or to personnel. Failures 

dur1nq load tests are usually dangerous when the failure mode lS brittle 

ard are also dangerous when thia loading is carried out by the applicat-

ion of dead weights. 

3. LOAD TESTS TO OBTAIN INPORHATION 

3.1 General 

In viaw of the di.ff iculties associated with the acceptance of a struct­

ure ~lely ()n the basis of a load te:Jt, it is frequently more useful to 

use a load test to provide information to remedy a gap in structural 

theorv. The following are four ways in which this information can be 

used. 
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J.2 Indication of Faiiure Hodes 

A load test can be very useful in indicating modes of failure that may 

not have been considered in a design process. Once the failure mode lS 

determined. a simple design theory can be derived to fit the test 

information. Ho1o1ever. some caution is adviseci in the ~ppl1cation of this 

procedure because as mentioned earlier. the use of the correct type of 

load depends to some extent on a prior knowledge of the critical struct-

ural response. 

J.J Strength of a Failure Hode 

A load test may be used to measure the strength of a failure mode that 

is difficult to analyse. Examples of such modes are the fracture of a 

complex joint and the buckling of a structure of complex geometry. 

3.4 Check on Expected Behaviour 

A third method of using load test inf urination 1~ to check the observed 

failure modes and the average test strength against the predictions of a 

theory or against information obtained from previous load tests. 

A useful exemple of this would be in the assessment of a new type of 

timber truss. In this case the u c conventional prototype test pro-

cedures is extremely conservative _.suse of the high variability of 

some of the structural elements concerned; it is also difficult to apply 

because of the great differences between the variability and duration 

effects of the various members and connectors. and because of the uncer­
tainty of the correct buckling restraints that occur in real structural 

situations. However past experier~e of load tests on various types of 

trusses that have proven to be satisfactory in serv1ce, has shown that 

in a standard laboratory load test these trusses M.ve on average a 

strength that is 3.7 times the design load, and thist the coefficieent of 

variation between the mean strengths of different types of trusses is i5 

per cent. On the basis of this information, it could be expected that a 

new type of timber truss could be considered to be satisfactory if its 

teat strength on average is not less than one standard deviation froni 

the overall mean value, i.e. it is at least 3 .1 times the design load. 
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3. 5 tt~surement of an Index !">roperty 

Load tests are frequently undertaken to me4Sure a structural index 

pro~rty 1.1hich is then used as a paraaaeter in a design process. This 

technique is usually based on extensive research ani experience relevant 

to specific design processes ard it is outside the scope of this paper 

to discuss this particular application of load testing. 

An example of this technique is the use of load tests for the design of 

foundations. Another example is the use of the stardard tests specified 

in AS 1649-1974 CStandards Association of Australia 1974> to obtain 

basic IJl")rking loads for metal fasteners in timber; these de".""ived design 

strengths are then applied in design according to t~e rules of AS 1720-

1975 the SAA Timber Engineering Code <Standards Association of Australia 

1975). 

4. QUALITY CONTROL 

Load tests are frequently used as a fonn of quality control. Examples of 

such tests are the cylinder tests on concrete, and the tests on samples 

of finger-jointed timber members taken at specified intervals from a 

production line. In all cases it is important to appreciate that quality 

control does not in itself form an acceptance method. It requires a 

separate and frequently more important operation to demonstrate the 

connection between the performance of a structure and the results of 
quality control tests. Unfortunately quality control si:iecif ications are 

often Yritten on the basis of the quality that can be attained in a 

test, often specific to a particular laboratory or production line, and 

uith very little regard to their consequence on the performance of the 

structure related to the quality control test. 

The function of quality control testing is essentially either to detect 

a gradual drift away from a tarqet quality, or to detect a sudden break­

doun in a production process. Table 3 gives a rough estimate of the 

statistical properties of samples of size N. If any of these properties 

drift more than two standard deviations from their expected values. then 

it 1s highly probable that there has been a chanqe in the production 

process. 
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The four essential elements in the specification of ~~aiity ~ontro: 
procedures are the following: 

the rate of .sampling; 

t.he type ~t load test to be carried out: 

the criteria for deciding that action is to ht? taken; 

the nature of the action to be taken. 

In deciding on the above, the follow~ng factors should be considered and 

preferably stated in an Appendix to each quality control specifjcation: 

- the relationship between the quality control test and the perform­

ance of the associated structures: 

the variability of the product assessed; 

the probable rate of change in the quality of the product: 

- the effective cost of not taking corrective action when the 

criteria in the specification indicates that this should be done: 

- the reaction time to adjust a production process and the conse­

quences of this: 

the effect of the o~rasional severe undetected anomaly occurring 

in the production process. 

On the basis of the above information, a quality control specification 

may be derived through a rational procedure, rather than through intuit­

ive ones as is more usually the case. A simple illustrative example of 

this procedure is given in Appendix D. 

Fin4lly it should be noted that unless proof testing of every production 

element is undertaken, quality control tests will not detect the occas­

io04l serious anomaly in quality. For example if finger-jointed timber 

m~mbers are to be used in primary trusses, then their structural perfor­

mance is critical and proof testing of every member will be necessary to 

ensure reliable structural perforinance of the trusses in which they are 

used. 
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TABLE 3 
STATISTICAL PROPERTicS OF SA~PLES 

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

Sample par8111eter 

I 
I 
I 
I 
I 

Approximate value for 
sample of size N 

I Hean or 

i 
___ I 

I expected Starrlard 
I value I devi~tion j 

'--------------- -- -'------'----------' I I 
X I 0/-1~ I 

------------------------~~ ----~~-'-------------' I 

Hean 

Coefficient of variation v I . V/.j 2N 

------'------------
! 

8 I -16/N 

------------------------- -------'-------------! 

Coefficient of skewness 

g I .. 24/N 

------ -------'-------------
Kurtosis 

I I X, o. V, 8 and g denote the mean, standard deviation, coefficient 
I of variation, coefficient of skewness, and kurtosis of the parent 
I populati'ln 

'----------- ·-------------------------------------------

5. SUMMARY 

The types of load test commonly undertaken have been qrouped into three 

broad classifications related to the objectives of obtaining acceptance, 

inforlll4tion and quality control. for each of these classifications an 

attempt has been made to systematise the conceptual aspects of load 

testing. Only brief mention has been made of practical considerations. 

Cf the two types of acceptance load test described, the prototype test 

is particularly effective for removing the uncertainties of structural 

actions, but it is usually unacce~tably conservative when applied to 

structure~ with high material variability. The proof test is useful in 

e:lSUring that a particular stn.Jeture does not contain a serious 

structural defect. ~t is expensive to use in thAt it has to be applied 

to every structure urder consideration, but has the advantage that among 

the various approval systems discussed it requires the lowest load 
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fdctor for acceptance. This is part1culari;· u3~ful for ~ppl1cation ~o 
structural units which exhibit a considerable variability bet1o1een 
nominally identical ~tructures. because in such a case a large safety 

factor ~lluld be required in desj Jn. 

In many practical situat10ns. it is difficult to write .:t me1nmgfu: 

specific~t10~ for acceptance load tests. because of the uncert31nties of 

the statistical properties of loads and strengths, the uncertainties of 

long term in-service effects. and the complex actions of multiple-member 

and composite structures. Often. particularly when only limited ·load­

testing can be undert.'.iken. the most effective use of a load h·.3t is to 

provide information to fill an ignorance gap in the design process. 

In the use of load tests as a quality control procedure. it is important 

to appreciate that the quality controi tests do not in themselves form 

an approv~l system. Jn ell cases it is necessary to demonstrate the 

relationship between the quality control tests and the properties of the 

related structure under consideration. 
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APPENDIX A - LOAD FACTORS fOR ACCEFTANCE TES7[NG 

Al. LOAD FACTORS FOR ULTIMATE LIHIT STATES 

Al.1 Hethod 

One simple theocy for the derivation of load factors has ht-en described 

in previous papers <Leicester 1976. 1977. 1979>. It is based on the 

optimisation of the total costs made up of the initial cost of the 

structure and the costs incurred if failures occur. either in-service or 

during proof testing. In this theory the uncertainties relatw to 

strength. denoted by R. and loads. denoted by S. are represented by two 

simple random variables as shown in Figure Al. 

:>--
~ Load 
~ Distribution 
CT cu 
L.. 
u.. 

p 
S Sk Rk R 

Strength or Load 

Strength 
Distribution 

Figure At Distributions of load and strength 

The manitudes of R and S are indicated by their mean va!ues R and S, 

or by charar.teristic values Rk and Sk which are typicallly defined by 

Rk = R0.05 
5k = 5o.9o 

r 
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Yh~re RO.OS and s0_90 are the 5-percentile and 10-percentil~ v~lu~s of R 

and 5 respectively. The uncertainties of R and 5 are indicated by thelr 

coefficients of variation. denoted by VR and VS respectively. Typically 

these coefficients range from 0.1 to 0.3. 

Three cost parameters are used in the reliability theory. 1he first. 

denoted by a. is related to CS. the cost of the structures. by 

CAJ> 

where A is a const~nt for a given type of structure. If it is assumed 

that cost is proportional to the vollllle of material used, then a= 1.0 

for tension members, a = 2/3 for bending strength of geometrically 

simil11r beams, and a = 112 for the bending strength of plates. The 

second cost parameter considered. denoted by CFSO' is the relative cost 

incurred if failure occurs. and it is defined by 

CA4 > 

uhere CFS is the absolute effective cost if failure occurs and c50 is 

the cost of the optimum structure. Typical values of ~SO range from 10 

tlJ 1000. 

The third cost parameter, denoted by CFP is the cost incurred if failure 

occu~s during proof testing. 

Because there is usually inadequate data to make accurate assessments of 

the probabillities of failure associated with ultimate limit states, it 

ie necessary to calibrate any theoretical model used to derive load fac­

tors. One method of doing this is to choose the input parameters so that 

load factors derived for design computations agree with those curr1mtly 

used in structural codes and considered to be correct. Consequent!y in 

the follouirq a table of load factors for design is included for the 

purposes of calibration. It should be noted that the appropriate relat­

ive cost of failure to be used in the derivation of load factors fo~ 

design is often an order of magnitude greater than t~.at used for teat 

loads. because while design d.-.cisions are usually concerned ui th single 

structural elemen ... s. load tests often involve a complete assemblage of 

el~ments. 

• 
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Al.2 Computed Load Factors 

The load fActors in the follO\lifY:i have been computed ~1th assumed 

W~ibull rtistributions for strengths and loods. The appropr1at~ parb­

meters of VR, v5, ~ and CFSO to be used are those ~hich have been 

derived from a consideration of only those aspects that relate directly 

to the choice of load factor. For example, fixed costs are not to be 

included for consideration in the evaluation of a, ~ and CFso· 
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TABLE Al 

LOAD FACTORS FOR DESIGN 

Load Factor 
• 

Cl YR vs 
"u "" R . /SO 90 •1n . 

CFso•lO CFSO"'lOO 

N=l N=2 Ns5 N•l N•2 N•5 

0.50 0.1 0.1 1.61 1.52 1.41 1.94 1.83 1. 70 
0.2 1.59 !. • so 1.39 1.92 1.81 1.68 
0.3 1.64 I.SS 1..t4 1.98 1.87 1.74 

0.2 0.1 2.51 2.23 1.90 3.73 3.31 2.83 
0.2 2.38 2.11 1.80 3.53 ·3.14 2.67 
0.3 2.32 2.06 1.76 3.45 3.06 2.61 

0.3 0.1 3.89 3.23 2.52 7.23 6.00 4.69 
0.2 3.61 2.99 2.34 6.71 5.57 4.35 
0.3 3.43 2.84 2.22 6.37 5.28 4.13 

0.75 0.1 0.1 I.SS 1.47 1.36 1.88 1.77 1.64 
0.2 1.54 1.45 1.35 1.86 1. 75 1.62 
0.3 1.59 1.50 1.39 1.92 1.81 1.68 

0.2 0.1 2.34 2.08 1. 77 3.48 3.09 2.64 
0.2 2.22 1.97 1.68 3.30 2.92 2.50 
0.3 2.16 1.92 1.64 3.22 2.86 2.44 

0.3 0.1 3.49 2.89 2.26 6.50 S.38 4.20 
0.2 3.23 2.68 2.10 6.01 4.99 3.90 
0.3 3.07 2.55 1.99 5.71 4.74 3.70 

1.00 0.1 0.1 1.52 1.43 1.33 1.83 1. 73 1.61 
0.2 1.50 1.42 1.31 1.81 1.71 1.59 
0.3 I.SS 1.46 1.36 1.87 1. 77 1.64 

0.2 0.1 2.26 1.98 1.69 3.31 2.94 2.51 
0.2 2.11 1.87 1.60 3.14 2.78 2. 31 
0.3 2.06 1.83 1.56 3.06 2.72 2.32 

0.3 0 .1 3.23 2.68 2.09 6.00 4.98 3.89 
0.2 2.99 2.48 1.94 5.57 4.62 3.61 
0.3 2.84 2.36 1.84 5.21 4.38 3.42 

R 1 • aini.u• etren1th in • 1ample of N etructure1 
• n 
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TABLE A~ 
LOAD FACTORS FOR PROOF TESTING OF EXISTING STRUCTURES 

-

~ = P/S0.90 
• \' s 

CFS/CFP = 30 CFS/CFP = 300 

0.1 1.03 1.08 

0.2 1.07 1.17 

0.3 1.10 1.27 

p s proof load 

• 
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TABLE A) 

LOAD FACTORS FOR PRCOF TESTING OF EVERY NEW STRUCTURE 

Load Factor Load Fac~or 

(l VR vs Ku = P/S0.90 H = R/S0.90 

-· 
cFso=JO CFS0=300 CFso=30 CFS0=300 

o.s 0.1 0.1 1.03 1.08 1.31 1.36 
0.2 1.07 1.17 1.40 I.SO 
0.3 1.11 1.27 I.SO 1.67 -

0.2 0.1 1.03 1.08 1.49 l.S4 
0.2 1.G7 1.17 l.S7 1. 70 
0.3 1.10 1.27 1.68 1.88 

0.3 0.1 1.03 1.08 1.63 1.69 
0.2 1.06 1.17 1. 72 1.85 
0.3 1.10 1.27 1.83 2.0S -

1.0 0.1 0 .1 1.03 1.08 1.24 1.28 
0.2 1.07 1.17 1.32 1.42 
0.3 1.10 1.27 1.41 l.S7 

• ·-
0.2 0.1 1.03 1.08 1.32 1.37 

0.2 1.06 l.16 1.39 1.SO 
0.3 1.10 1.27 1. 48 1.66 . 

0.3 0.1 1.03 l.l17 1.36 1.40 
0.2 i.06 1.16 1.42 1.53 
0.3 1.09 1.26 1.50 1.69 

P • proof load 

R • mean target strength in design of structure 
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TABLE A4 

LOAD FACTORS FOR PROTOTYPE TESTING 

• Load fa, .:or 

u VR vs Ku = Ro.os' 5o.9o 

CFso•lO CFS0=30 CFso=lOO CFS0=300 CFso=lOOO 

o.s 0.1 0 .1 1.15 1.26 1.39 1.52 1.68 
0.2 1.14 1.24 1.37 1.50 1.66 
0.3 1.17 1.28 1.42 1.55 1.71 

0.2 0.1 1.24 1.50 1.85 2.24 2.75 
0.2 1.18 1.42 1. 75 2.12 2.61 
0.3 1.15 1.39 1.71 2.07 2.54 

0.3 0.1 1.30 1.75 2.42 3.25 4.49 
0.2 1.21 1.62 2.24 3.01 4 .17 
0.3 1.15 1.54 2.13 2.86 3.96 

0.75 0.1 0.1 1.11 1.22 1.34 1.47 1.62 
0.2 1.10 1.20 1.33 1.45 1.61 
0.3 1.13 1.24 1.37 1.50 1.66 

0.2 0.1 1.16 1.40 1. 72 2.08 2.57 
0.2 1.10 1.33 l.63 l.97 2.43 
0.3 1.07 1.30 1.59 1.93 2.37 

0.3 0 .1 1.17 1.57 2.17 2.91 4.03 
0.2 1.08 1.45 2.01 2.70 3.74 
0.3 1.03 1.38 1.91 2.57 3.55 

1.0 I) .1 0.1 1.09 1.19 1.31 1.45 1.59 
0.2 1.07 l.18 1.30 1.42 1.57 

• 0.3 1.11 1.21 l.34 1.47 1.62 

0.2 0.1 1.10 1.33 1.64 1.98 2.44 
0.2 1.05 1.26 1.55 1.88 2.31 
0.3 1.02 1.23 1.52 l.83 2.26 

0.3 0.1 1.08 l.45 2.00 . 2.69 3. 73 
0.2 1.00 l.35 l.86 2.50 3.46 
0.3 0.95 l.28 1. 77 2.37 3.28 
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Al. l Load Factors for Some iypical Applications 

For the loads considered in AS 1170. the SAA Loading Code l5t3nrl3rds 

A~soc1at10n uf Auslrnllft }Q71. 1975>. the following are th~ st~tistic.sl 

1•'l11tm~tPc~ ~t.lted in tenn.'l .-,f the rellatnlity thPory uSf>d fl"'I tho? 

den vat inn r1f Tables Al to A4. 

Design dead load. S* = t,,: 
vs= 0.1. s• = s. s0 _9 = 1.1 s• 

Design wind gust load. S* = LW: 

vs= 0.2, s• = s0 .7 • 

Design floor live load, S• = LL: 
v5 = O.J. 

SO. 9 = 1.1 S* 

s = s• 0.9 

<AS> 

().(,) 

CA7> 

where S*. s. s
0

•
7 

ard s0.9 are the code specified desiqn load, the 

mean. 70-percentile ard 90-percentile values respectively of the prob­

bble peak load during the design lifetime of a structure. The statist­

iral parameters used for the wind loads ard live loads are based on dAtn 

by Whittingham <1974>, ard McGuire and Cornell <1974) respectively. 

The load factors given in equations <2> and <4> of the main text are 

derived from the use of equations <AS> to CA7> and the load factors in 

Tbbles A2 to A4 with the parameter values a= 0.75 ard <;-so= cF51cFP = 

300; these are typical parameters for structural units for which the 

r.on3equenr.:es of collaps~ are great compared to the cost of the unit. 

A1.4 Ll)ad Factor for Rare Load Events 

The cost £unction C to be optimised for the derivation of a load factor 

hall t.he general form, 

CA8> 

where CS is the cost of the structures; CFP and CFS are the costs 
incurred if failure occurs during proof loading or in-service; p( is the 

probability that the rare load occurs: ard Pp is the probability of 

failure should the rare load occur. 
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It is apparent from the form of equation (A8> that the lood factor ""'Y 
be derived by assU1ing that the ~an~ lciaci does occur and that tht> ,~ost 

incurred tf failure occurs in P{Fs· 

A2. LOAD FACTORS FOP SERVICEABILITY LIMIT STATES 

A2.1 Method 

A simple reliability llOdel for the derivation of lODd factors for-design 

~o resist serviceability limit states has been described in a previous 

paper <Leicester and Beresford 1977>. The lllCldel is presented in terms of 

two random variables. as illustrated in Figure A2; these are the in­

service value. denoted by A. and contplaint threshold value. denoted by 

a. of a serviceobllity parameter. Typical examples of the serviceability 

parameter are deflection and crack width. The input parameter3 for the 

model include the coefficients of variation v
4

• v
2

. the relative cost 

incurred if failure occurs. denoted by CFSO" and a structural cost 8 

that is defined in a inanner analogous to a. 

In-service 
value 

Complaint 
threshold 

Fiqure A2 Diatribution of .. rviceebility par4'Mtter 

)( 

An ••ample of the use of the model is qiven in Figure AJ which ahowa 

deaiqn load factors computed for deflections, with the a88llllption that A 

and g have Weibull distributions CLeiceater 1979>. The load factor Q/A 
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1s not very sensitive to VE. the uncertainty of stiffness. because of 

the large uncertau.ties of the ir;-service loads and cOlllplaint thresholds 

that must also be considered. This is a typical characteristic of load 

factors for serviceability limit states. Consequently. load factors to 

l>t"> used in load testing may be taken to be essentially sim1 l!U" to those 

u~ed for design. 

3 

I<] -IC: 2 
ex 
0 ...... 
LI 

~ 
0 1 
<( 
0 
_J 

£,::0·33 -

§=1·0 

0o 0·1 0·2 0·3 
COEFFICIENT OF VARIATION OF STIFFNESS , VE 

Figure AJ Load factors for design against excessive deflections 

A2.2 Load Factors for Some Typical Applications 

The load f !ictors suggested in equations CJ> and CS> represent an estim­

ate based 0.1 the computed factors for several reliability models, such 

t•s that described in figure A3, together with a consideration of the 

statistical characteristics of real loads. Among these characteristics 

Are the fact that the 10-year return-wind gust load is 0.6 to 0.7 times 

the magnitude of the SO-year return-wind (Standards Association of 

Austr~lia 1975b>: and that the arbitrary point-in-time value of a floor 

11.ve load 1s on average only about 0,35 times the specified dsign live 

load. and exceeds 0.7 ti111es the specified design load for 10 per cent of 

the tune <McCu1[e and Cornell 1974>. 

• 
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APPF"'!>IX B - EXAMPLES OF CORRECTION FACTORS Kc FOR 

INFORRECT MODELLING OF LOAD CHARACTERISTICS 

111. EFFECTS RELATED TO STATIC CHARACTERl~~TICS 

1EW/2tl 

An example of this effect occurs \lhen a timber beam. \lhlch in-service 

\Jill be subjected to third point loading. is load testP.d by a single 

central point load. In this case it is not sufficient to asse.as the 

performance of the beam solely ir. terms of the applied bending lllOlllent. 

The reason is t~at because the strength of a timber beam various from 

point to point. there Yill be a greater probability Jf the peak bending 

moment occurring at a weak section in the Cdse of a beam subjected to 

third point loading than in the case of centre point loading. This leads 

to an apparent decrease typically of 20 per cent in tte nominal value of 

bending strength. and this must be covered by a corresponding adjustment 

of the KC factor. 

82. EFFECTS RELATED TO STOCHASTIC CHARACTERISTICS 

For many situations, the load qiven in SAA Loading Codes are inadequate 

for use in load test specifications. This is becacse the deterministic 

format of these codes is too far removed from characteristics of real 

loads. For example, many live loads such as crane and "1ind loads change 

rapidly with time and locatiQn in load histories that usually do not 

repeat. For these types of loads it is obviously not feasible to simul­

ate all or even a small portion of all possible load histories. and con­

sequently an idealised load or load sequence must be used in which the 

significant load parameters are correctly simulated. The correct para­

meter to be simulated in the specification of Ldesign depends on the 

response characteristics of the test structure. The following illustr­

otes this point fer the ctsse of a had that fluctuates as a stationar1• 

GawJSian process and acts on a structure that has a desiqn 1 if etime of 

T. 

If the critical structural r~~; ise is related to the peak load Smax· 

then the mean value S and coeHicient of variation 'I are given max .amax 
ro1.19hly by 
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S = o5~2 ln Cl.44 vT>' max 

in 1Jh1ch 

v2 = I~ f~ ;<£>. df/J~ ;<f>. df 

1Jhere ;<f > is the spectral density function of the load S. 

If on the other hand, the critical structural response is fatigue, then 

it is necessary that the specified loading program correctly simulates 
load parameters t~t are related to fatigu..:. One important parameter for 

metal fatigue is h4, where his the peak-to-trough or trough-to-peak 

differential of a load change. For a narrow band spectra this mean 

differential is given by <Yang 1974> 

Ih4 = 128 v To 2 
s 

Other criteria for metal fatigue have been examined by Talreja <1973> 

and Beck and Stevens <1979>. 

Finallv. the critical load parameter may relate to the duration of load. 

For the c~se of glass this parameter is J
0
T s12ct>.dt <Allen and 

Dagleish 1973>, and may be evaluated from 

J
T 12 _12 { 12 [(a5 )N L!1 ~} S (t)dt • T~ 1 + t - l!! 112 _N 1.3.S •.• (N-1) 
o N=2,4,... S 

Apart from the choice of correct load parameter to simulate, there are 

other difficulties with the specification of test loads that will not be 

discussed herein. These include the choice of critical load combinat­

ions, such as for example the choice of peak load effect due to combined 

1Jind and crane live loads: and the choice of critical combined load 

effects, such as the combined racking and uplift forces that occur on 

shear walls of houses due to wind actions. 

• 
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APPENDIX C - EXAMPLES OF LOAD FACTORS FOR DURATION EFFECTS 

Tables Cl and C2 give examples of the duration load factor K0 for use in 

load testing timber structures for ultimate and serv1ceabil1ty 11m1t 

states respectively <AS 1720-1975, Standards Association of Austral1d 

1975) • 
TABLE Cl 

DURATION FACTOR FOR LOAD TESTING TIHBER STRUCTURES 
TO ULTIMATE LIHIT STATES 

<Standards Association of Australia 1975> 

Duration load f act~r K
0 

~ = ~1 KD7 

I I 
I I Kot 
I '--------------------------------
1 Duration of load I I 
I I I Failure of metal 
I I Failure in timber I in metal 
I I I connectors 

'-------------------------'-------------------'-------------------
' I I I 5 seconds I 0.9 I 1.0 
I 5 minutes I 1.0 I 1.0 
I 5 days I 1. 3 I 1. O 
I 5 months I 1. 5 I 1 • 0 
I 5 years I 1.6 I 1.0 
I 50 years I 1 .8 I 1 .0 

'--------------------------'-------------------'-------------------
I I 
I I KD2 

I '--------------------------! Structural component I I 
I I Dry I Green 
I I timber I timber 

'--------------------------------------'--------------'---------------
' I I 
I Tension members I 1.0 I 1.0 

'---·----------------------------------- '--------------- '--------------
1 I I 
I ~~ I I 
I - slenderness coefficient I I 
I 10 or 1 ess I 1. 0 I 1. 0 
I - slenderness coefficient I I 
I greater than 10 I 1.1 I 1.4 

'------------------------------------'---------------'---------------
' I I I Columns I 1.1 I 1.4 

'-------------------------------------'---------------'---------------
' I I I Heta l connectors I I 
I - failure in timber I 1 .O I 1 .2 
I - fa i 1 ure in meta 1 I 1. 0 I 1. 0 

'-------------------------------------'---------------'---------------

-·---·- ---------------------------~----
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TABLE C2 
l>URATION LOAD FACTOR FOR TESTING TIHBER 

STRUCTURES TO SERVICEABILITY LIHIT STATES 
<Standards Association of Australia 1975> 

Factor K0 for deflections of solid timber 

Kn ,..., 
A ..... 
Wdll ...... ........ ., .... ....... -. I Tflllioa 

CIDllUllt ..... 
Ka Ka 

Lona duration• ·~ll'Y. 3 1-S 

Lona duration• below U'Y. 2 I 

Short durationf any I I 

• Lona duration loadina rd'crs to a load duration of 12 mopths or pater. 
t Shon duration loadina rd'as to a duration of 2 wec1a or lcu. 
Non: Cniep racion for inlennadiatc durations of 2 wecb to I yar, and for initial 
moisture contcllts or u to ll penicnt may be obcainc:d by ·~ intcrpOlation. 

Factor K0 for slip of mechanical fasteners 

DuntiOll or ... Naik 
Bolll,iplll-dllp ............. 

u ....... s....a u-.,... s..-1 
manben manben _.... .... 

More 1han 6 monchs 10 s 4 3 
::! weeks - 6 months 3 2 2 2 

S min - ~ weeks l·S l·S M l·S 
lest 1han S min I I I I 

TEW/28 
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APPENDIX D - EXAMPLE Of A QUALITY CONTROL CRITERION 

The following is a simple example int~nd8'i to rnchcate tht> methoo '-"'f 

incorporat.ing into quality control criterion 9<1me of the e1'n:.i1den1t10M 

listed as important in Section 4 • 

For this example it will be assumed that in the production of certain 

structural units it is found that a malfunction in the production proc­

ess leads to a defect in a small proportion p0 of all the units.produced 

thereafter until the malfunction is corrected. On average the malfunct­

ion is found to occur once every m production units. If a structural 

unit with a defect is put into service, the probability of failure ~ill 

be pF. The cost of undertaking a load test on a unit is CT and the cost 

incurred if failure occurs in service is CFs· The problem is to decide 

on the optimum frequency of sampling. This will be stated as one sample 

for every n structural units fabricated, where n is a large number. 

The probability of encountering a defect for the first time on a given 

sample follows a geometric distribution and so on average the number of 

samples required to first encounter a defect is ltp0. 

Her~e the number of structural units put into service before the 

malfunction is detected is Cn-1)/Po and the cost of failures is 

Cn-t>pFpDCF/pD. 

The tot.al number of structural units fabricated between each malfunction 

is m-Cmln> and hence the average cost of failure per structure in­

service is Cn-l>PpJ>oCFlpt,<m-m/n) ~ npFCF/m. 

The average cost of testing per structure in-service is CT/Cn-1> a CT/n . 

Hence the total cost per structure in-service, denoted by C, is 

(01) 

Thus the optimum choice of the sampling interval n is given by actan = 0 
which leads to 
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For example if CT = 5, CF = 100, m = 10,000 and pF = 0.05, then the 

c•ptiml.lft sampling interval is 

n = 100. 
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