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1. Introduation 

The basio mmhanism of frdure of wood in bending has been discwed by 
umber of inveatigators. Reference8 are made to contributions by Baumm 
BISQHT~I, and NORRIS [%l, COXBEN [3], N m m  and TWYIBR [4], NOR%N 

During an experimanttll htfaetigatian aondncted by the a u t b r  h arder to 
b n g t h  and stiiness of laminated timber beama, a study was &h 
ken on the mechanism of Eailure. The exprimental invatigation was 

t very well snited for mch a study of the hssia prcperties of wood in bending, 
oe the hams  wem pmduced h m  materials whioh oontained the n a t d  

aharwkaiBtio81 su& aa hets md other strenpth raduc"g f8ato~~. 
It is hoped, however, that some of the observetiom snd the tbomtia8l 

&om dewibed below may contribute aomewhat t o M  e better under- 
S A M M E N D R A G  of the problem under conaidemtion. 

~ ~ ~ ~ i s n : ~ f n m s n ~ s ~ m ~ n i s n r ~ a d b ~  
i #*i& for hyepikjenninga. D- 6 tulota for- 
i- dPm~mimini0 i31a;nspidm~kj - . tk*ngh.ydui  

pO 11- a Mielkw. Pd viaan dk& punkiR ,m,,,,,- d- 2. s- 
~ ~ i - b ~ - n g s . n t a a i n 1 0 1 . n i i n a a ~  
bi-. Imidlertid R sri n d , a i ,  ,ai &igrn fondr jw ,i /d 
lemm lwh j f t f .  timber of bigheat s t r u c t d  grade (T 390) 

A M  R si lald i a ~brinBpmsjdu, b- 
timber of meditmi s m i c t ~ ~ a l  grade (T 300) 

i%- T ~ ~ ~ N ~ n i t u u k q p d i g e  F W S ~ ~  o ,,+I n. timber of lowent strnatmd grade (T 210) 
s ~ * ~ ~ ~ -  Nabe. b.g/onLninyini~itult 9 N d  T,& timber not Psssmg as e t r n c t d  material 
uknisk Insrihm Bross ~eationsl sraa 



JOHANNES It101 

wtzm 

Fig. 1. Nominal Dirnenaions of Beams. 
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L length of specimen Tabte L 9?wt - &mb U 
b ~vidth of beem 
c distance between mrinkles 
d deformation of axially loaded specimen 
d,, deformation of axially loaded specimen at niuxiniiiiii iouci 
?r, height of beam 
al& distance from the neutral asis to tlie tensile face of tiie beani 
P I L  distance from the neiitra1 asis to the root of the wrinkie 
y h depth of the wrinlde 
E, length over wliich beam deflections \vere incestrred 
y measured deflections 
A deformation in a ~vrinlde 
p radius of cuivature 
P applied Ioad 

P, applied load a t  tlie formation of tlie fir~t ~vrinlde 
P,,, ultimate load 
M, N ,  M ,  comesponding vdues of applied bending moment 
uw bending stress at  the formation of the first wrinkle 
u compressive strength parallel ia grain 
u, tensile strengt11 
q, compressive strlrain a t  the formation of a w r i d e  
ex average strain on the compressive face of a beam 
p ratio q,/u,, 
n facbr  accountjng for the average reduction in compressive streng 

after the formation of wrinkles 
k factor accounting for the variahion in strrtin between the wrinldea 

form faotor 

IYs:iil) 

I,. 3. Experhental Investigation 

l?ourtyseven laminated timber bmms with the nominal dimensions of 
7 x 20 x 460 cm were loaded to destruction as indicated in Fig. 1. The spa111 
depth-ra&io mas so large that the effect of the shear force on the mode of 
failure was insigninoant [2]. The beanis were divided into tliree series (0.1 
and 2) with lamination thiclrnesaes of 10, 22 and 45 mm, respectively. 

£rom ddfeotbn &UrV*. 
from fornula (10) w&h @=Bh, 



*.o, !hl&.- 

& St* d stcesges 

et ita center are shown in Fig. 4. The variation in atmba at inmos- 

Pur p&id purpose9 it clui be seid h t  the &sbs varied reotiliueariy 
the depth as long aa there wcrs no sign of fdum in the compression 

-v- r"."".." 

-*-. 

Fig. 4. S t r a k  at Mid-Smtion of Beam No. 1 AD l. 

Fig. 2. Crow-Soctiom of the Boame. 

The atructnral grading of the timber waa carried out in waordance 
the Norwegian Sbmdard 447 [7], and each beam w= produoed 
different grades, as indictated in Fig. 2 and Tsbles I, I1 end III. 
m designated according to the gade oombinations in mah a manner ths 
barn no 1-AB-2 is, for instanoe, the seaond compenion speoimen belonging 
to series 1 which is produced from grades A and B (see Notatiom). 

A piotwe of the loading syatem iri shown in Fig. 3. A number 
etrain gapa of 8 or %O mm ga.@ lengtha were attaahed to most of the beam8 
of seie9 1. A comparieon between the mea9ured deflectiom and 
india 
lower 

~ted tha 
Etmina 

the 
;hm 

s t d n  gages 
L the true va 

ughout the teate sho 
There is, howevez, 

&at the recorded distribution of straina is m - t l y  wrong. 
Some of the test resalta, which relete to the theoretid study of the 

peper, are presented in Tables I, 11 and III. A more detailed report 
experimentd investigation is pnblished in Nomk Skogindustri [8]. 
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-d dedoped gradudy frrrther into the compression zone. Fig. 6 e h o ~ ~ ~  in IL beam may be compnW by meens of tdm 00nve1~- 
-: where the wrinkleri have been inked in order to show up on PS P,. The ben- skaises (um) in *e 
phohyraph. a t , t f ~ n ~ f & e n r a t w r i n k l e a ~ l i e t e d i n  

When the load exceeded that which caneed the formation of such 
(P,,), bhe s b i m  in the gagas on the compression side of the ham 
The ~ ~ r h  in the gsgm an blle tension side and in those cluse to 
d on the wmpreeaion side now inctreesed at an in~reasing 
indioah. At the arne time the neutml anis moved t o w d  the tension 
Jh~e ofthe mpr~~~tnted by Figs. 4 and 6 were intemected by &he 

- ' l p n o r  -----__________ 
that the comp&ve s t i r qbh  of d in m 

w .  
the ham sl~]ee&&, the &TJM d . b d b n  h m m r n ~ '  

d inmewhg lod. The inm-g d-erf01~n~Nonr~ am h m  now 
aiie wrbkks, whm the streins in- ~1pidly. Dne %Q 

a skfength of thh mue aoos 8te* k drop. 
A 5 Y æ r O  
e - *  
x . 2  

- 

-d- - T- 
tap)* d l p g n : r a 4 4  

C -- 
Rg. 6. S t a d ~ ~  at Mid-Section of Besm No. l AD l. 

t !. 

q ~ a m u r n ~ ~ *  

a q l e s a  OinblgM 1 6 1  - is 
Fig. 6. Beams Loaded t o  Failuro. Hg. 7.  CO^- da*- uk. 
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A qualitafive pkture of the stress distribution a m a i  the height of ~(b& in wocrd a€ whi& formtion of wrhldw ocar, i er, khe 
beam ibfter the formation of the wrinkies is shown in Pig. 8. The depth d ~ f y B  h t31e c~mpmsion sida of the be$lm, 
besm bay  efter the appeasance of the wrinkles be. divided into the fono ,-au.xt of defornation (d) whi& b s  b be sbso-rbed in o m  ~~e 
t k e e  iones, oowted Com the tension side: trsffmatad ikorn Lhe for~ruiil 

.' I. The zone of elrtstic tensib stresses (height: a&). A - ( F ~ - ~ O F ~ ' ~ C =  l-k+- ~~6~ 
2. The eone of elastic compressive stresses (height: gli) .  
3. The zone of midding (height: y h). 

3 
a is the &bnm bebweetx the wrhdde~, 

In  the third zone the wood bstween the opPinkles irn in the elastia & i8  a fantor that amamtta fm the dmreilse in the ~train 
arid the strains rtre here slightly lower than thom causing new min gle^ btttween &h@ wrinkfw IL%II the-ir fom&ion, 
appear. 

I 

Fig. 8. Schematic Picture of Beam with Wrinkl-. 

Specimens loaded in axid cornpression pardel to the grain direotion 
behave malogousIy. The strains are in this case uniform dong the length of da t J mm? 

o&Wmotm (dl - 
the specimen up to the masimum load, at which the wrinkles appear. By a 

Fig. D. bad-Beforwtim-Cm in tiurid C a m p ~ ~ ~ L s a  continued application of load after the rnaximum value has been passed, the 
load drops and all the deformations are from now on conaentrated in the 
wrhkles. Fig. g shows load-deformation relationship obtained in this manner. 5. Ultimate Strengths 

Returning now to Rg. 8, the average compressive strain (E,) along the 
lower face of the beam may be derived from the following eqwtion: The author believes that a stress Etistribution such as that indicated by the 

€1 (P+Y)JI Y - = dotted curve of Fig. 10 should be introduced in the expression for the ultimate 
€0 pl 

- l +p7 The author's tests did not, however, yield suffiaient information 
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capacity of the strege cwndition ehown in Fig. 10 is compufed 

2' 

, by introdnction of eqressions (7) and (B), yields: 
1 

dl = @i~,,,6 7h2, 
pZmBi01i. T& mr not dwqs *. (9) 

@ = zb(4-y)y+(l-y)a. (10) 

moment J which fhe w d d m  start to develop ia fouod from 
and (10) by introduoing y=O, whioh yields @=I. Hence 

fsE l ioaPinge 'ge ,wWMybahBi i$hao. ru ia t Id :  afW = - ~ , b  1 P. 
6 (11) 

TJ*~ æ .JB-P~ 
w+ p+y = l ,  

30 

ljxaker = f /apk~~+y.ha~, .  

-paskhinde+f variabledeatvbgforp,jlaaidn,;oneoP,~: 

l-y+2ay 
P' 

1-3' 
* 

(1 -r!= 6 - %(l -y+my) 
k 

b = L1 -r1 fl.-r+2ar) 
q2-y+1b'rj 

I Fig. 10. Aseumed Stretrr Diitribution at Ultimate Load. Fig. 11. R e l a h h i p  Bet- =, 8, Y and p 
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be matter in the teet reauliis in large. Thie ~&ter ia psrtly due to the 
simplified efrees dietfibntion, which does not satisfactorily eerrpregs 

ehavionr of waod. B~~idee, the faof, %het the wriddes developd fhrougb - 

1 74 JOH.KKNEB NOE 

Introduotion of Eg. (1 1) in (Q) yiel* h a t a l  grad-, ss ahodd be e x p d d .  The d a @  of * 
Jf = @M,o, -488 md 0.807. 

The ra,tion of @ = MIMII = PIPw 
fdnm, ~~ h m  the author'i tatr, M, lbW in Tablea I, md I 

down ~ a ~ h i ~ a f l y  Fig. 18 sa a frnotion of the rnmured mlue of laminatiom d t h  v-g m m p d v e  sbength, and the ~ m n c e  of 
R* I,9 -88 mp-ting tha c~mputed V ~ U B B  of for the ]an1imtion~, a h  contiribute to the matter- ~~ of %- *gg 12 dseily indiatas tb.t the ino- Li h ~ h  

frnation of l v r h i c k  is comp~s&tivdy 8x14  sad it j 
~~ a &OP in the of the wmprasion xone due to the 
of the wrinkh5. 

Ths i- * and the t e d e  6baoyth u. may ba oomputed by the intodo* 
o(ZB@&@ in R. (P) h at;t~d b QJW, 0- @b* tion ~bmmed v a l ~  of @ slid y into E*. (101, (3) a d  (6). ~ h s  ~ o m p u w  e m  for the d e f M o n  in ati6 of the - 

of =d u, m h Tabla I, 11 and m. b a 
fm the W ~ P U ~  tende sb0-h t o  be on the sver~ge high& for the material - 

Y 

~ ~ b e a ~ t o e o ~ d h r n & . ( 1 6 ) ~ b ~ * ~ w f b e  
( , , - *aw.  zig. 8 & ' 1 1 m * ~ ~ ~ o f ~ % - ~ ~  
b b@&- bested by fbe (bufhw. It was, far * p1qfm of *o- 

=e%& mdd ~a~i~haconiatrt;ed fmd*b@bdw 
v ~ ~ n e # s ~ f ~ d y . ~ ~ ~ ~ o l f ~ ~ * p ~ ~  

-&d l;Bee~BiuBB~~rrndm)dh~.~eh-~~thgqr~~~ 

F 
b. d =?O$. (1%) 

mdudhxt of w& (14) rmd (18) into Eg. (13) finaliy *ds r 8ysliy A = - .  

7. E5ect of Hejght on the Bendhg Shm@ 

1 It is e well knom fact that the bending stmngth (modulus of rupture) of 
beams depende npon the height of the beam. Fig. 13 ehowe the Sett 
as determined &om a number of beems tested by COMBEN [Sl. 
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It wi l l  be down below that it is posilible to find what =rna to be a reason 
able explmation of the Iieight effeot by means of the theory developed in t 
pmmt paper. Thie explanation irr based upon the stm diagram which b: 
down with the dotted carve of Fig. 10. 

1. 

From Eq. (16) it i apparent that the arnount of deformation in a tninkle~ 
ie p rop r t i od  to the clistance c between the minkles. Fig. 9 &om, further-i 
more, that the strengfh of wood decreases us the deformation in the wrbkle 
inoremes. 

It dl now be poetdated that the diatance between the wriddes inoremes 
with inereming height of the beam. If thia ie true, thsn the strengt11 of a lar&. 
speoimen, rneasured by meri3ls of tlie conventiond bending stresses, will be 
lower than that of a smder om, on aaaount of the larger deformations in the 
WrinIrleB. 

It aeems qnite reilsonable to asaurne that c is ri, funotion of h, as indiakxl 
above. Tbe stresa grdient amor the depth of a high beam is smiller than , 

Fig. f 3. Relatiomhip Between Fibre Stress and Deptb of Besm. 
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one. When the firet, wrinirle dsvelopea, it ia tlwrehm likdy 
penefrafea daeper into the high beam than into the 

lrasshmw moddm a f w o a d p a r a l i e l k o i t s ~ o f ~  
be siower fhiiln in an Esoko~ia 

I a &ange in the poaition of the 
l 

R I  as indimhl in Eg. 14. 
1 

on the p r e o e h  paga, may yield 
of failure of wood in bending. Enperhental 

is, however, neoessary. Tests should be carried out on dear wood 
which close attention should be devoted 

as the deformtrtions and the strains 
bending moment. 

t " 
Amlyticd investigatioxw of the distribution of stresses in the body between 

two neighbouring wriddes will al80 lead to a better undemtmding of the 
-mechanism of failnre. The anisotropic charscter of the wood should, of course, 
be considered in such studies. 
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A theory of the basic m e c h ~ ~ s m  of failure of wood in bending is outlined 
which qualitatively accounta for the weU known height effect on the strength 
of timber bennis. The theory agrees in certain important respects with experi- 
mental findings obtnined through testa of more than forty Inminated timbcr 
beams. Further experimental verification ia neceasary. 

L'auteur esquisse une thhorie sur le m8canisme fondamenhl de rnpture 
du bois en flexion, thdorie qui permet d'expliquer quditativement I'influence 
bien connue de la hauteur d'uue poutre en bois sur aa r&tance. Sous oartains 
rapporta importanta, la theorie est confirm& par lea &ultata d'esaais e&ctn& 
sur plua de quarante pontren coU&. Cette vdrification expbrimentaie doit 
cepandant &tre poumuivie. 

Der Autor skizeiert eine Tbeorie iiber daa Bruehverhalten von a d  Biegung 
besnspruchten Hohkigem. Diem Theorie erlaubt ea ihm, eine quaiitstive 
Erkikung dea wohlbekannteu Finilussea der Baikenhohe a d  die Festigkeit 
dea Hohkigem en geben. In gewiesen wichtigen Pnnkten migt sie eine gnte 
-immung mit den m viemig und mehr verleimten Hoi&&em ermit- 
taltan Vemuchaergebnissen. Trotzdem werden weitere Venmche wr Wti- 
gung dieser Theorie notwendig aein. 
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