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A13STHACT 

.\\ailal)lt~ litc3rat11rc o n  t l l c .  cffc,c.t\ of c.;u.ly stagcs of \\,ood tlc.cay on \ . i ~ r i o ~ ~ s  strength 
proper tic,^ is rcvie\\~c~tl. K e s ~ ~ l t s ,  adj~~sted to eqnivalcnt \vc.i,ght losscs, are conlpared taln- 
larly. Strcwgth in to~~glmess and impact 1,ending appcar to  I)c almost totally lost after losses 
in  \\~c,ight of lpss tllarr 10% ; solnc, other strength properties are affected to only lllinor degrees. 

Kc!lcc;r~rr/.~: Litcrat~~rta rc.\.ic.\\., l)iodcgratlation, wood dc3cay, ~lcca?~, bro\o~l rot, white rot, 
f r ~ ~ ~ g i ,  Ilard\voods, soft\voods, strength. ~rlc-cl~anical proper tic,^, \vcigbt loss, tletcrioration. 

TWI'I~OI)UCTION loss has Ixen chosen as the basis of corn- 
p:~rison in this review, and so~lic reports 

Olie ot thc 111ost freclue~rt clt~c'stions asked 1)ascd o111y on length of incubation tili~e 
of tl~c, wootl proclucts pathologist with re- necessarily h a w  not I~een  i~lcluclecl. All 
gartl to clecay of wootl in service is "How rcportctl strength values have heen reduced 
11i11clr of the, strength 112s I)cle11 lost?" Esti- to strength loss expressed as a percent of 
I I I ; I ~ ~ ~ Y  of str~a~igth loss 11i:ly 11e estremc>ly thc comparable value for sound or uncle- 
111ir~li;il)l(~ 1)ecnlise : different woods and cnyccl co~ltrol samples. All percentages rc- 
F I I I I ~ ~  1ii:ly :let differently; tlie decay e~ivi- ported :)re itpproximate for several reasons: 
rol~n~c,nt illid past history play xi important some workers reported their results graph- 
n)le 1)llt ;lrv rarely kl~o\vll b)r wood in ically nl,d llllmericnl data lliI(] tO esti- 
sorvi,,; it is difficult to estilnnte prr.ciselv small-scalc grapl,s; most worli- 
the (l(~gn:r of decay i~~volved:  ~ ro i s t~ l r e  ers I ~ ~ ~ ~ ~ :  rr,ported rolllts in terms actll;ll 
collte~lts Iirily vary co~lsidcr~~bly over time ;,vc.mge percellt weight loss ol,tailled 
illld l1121Y Ilil\'(. il 1llOfO1llld effect 011 tile experil riel, t i l l  110 st cilses t)lis illfor- 
str(>~iqtli loss; t l i ~  degree of decay may vary ]nation has 11ee11 adjusted to even pc,rccn- 
\\~idely o\,er short distn~iccs and it will 1)c for sil,lplicity presentation in 
tl~c. \vr~akc,st point, \vhicli pl-ol)al)ly is not used a variety of 
l i l l o \ \ ~ ~ ,  a l ~ d  whicll will control tlir service- woods fullgi, most of 
;~l)ility of tlie piecc. of \vootl; ant1 it is dif ~ O l n e w ~ I a t  differClltly, these 
I lc~~l t  to predict which strengtl~ properties rc,slllts have averagecl, Lvllere appro- 
\ \ r i l l  I)(, tlir critical ones at tlie time of pl.iatc, agaill for simplicity of prese,ltatioll, 
I'ai1111.c.. Nt~verthcless, cc.rtai11 generaliza- Wilcox ( 1968) established the possil~ility 
tiolis can 1)c drawn from reslllts of con- rOllghly drgree decay 
troll(~1 tests reported i l l  the litrrat~ire, ;111d 

ill certain (lecayed s,oOd on the l,asis (,f 

collsitlrri~lg tlic ~ili lg~iit~ldc of s o ~ ~ i e  of tli(1 IllicroScopieil~ characteristics. Altl,ongl, 
cl~il~lges, rol~gli cstimates may 11e s~lfficient co~isideral~ly Illore work i ~ i  this area is re- 
to rc~ach tlecisio~is in ;I practical desig~i 01. (,tiired ol, \,ariety of spec,es 
cb~igil~ccri~ig situation. decay fungi, it seems reasonable to ap- 

1Inrtle)- ( 1958), fro111 ti11 cstensivc re- proxi,,late the stage of [lecay in given Sam- 
\7icx\ \7  Of literature on the evalllatio~i Of ples extrapolating the of this 
\\ o o t l  decay, conchid(:d that weight loss earlier stlldy. However, it should be noted 
\\:is lwol)al~ly thc best 1)nsis upon rnliicl~ tllat tlie ~nicroscopical changes resultillg 
to colllparr, reslllts in  different expcriinents from early stages of decay were fonnd to 
i~rvolving \\load decay. Therefore, weight 1)e very slight. Although decay may be 
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tletc,ctcd rriicroscopically in wood \villi less 
t1i;itl ;S% weight loss, i f  on(, is lucky e~iougll 
to have included the necessary diagnostic 
characteristics in the section. one cannot 
h:i\c too in~tcll confidence ill the results 
olItailied at this level of clc.cay-a positive 
cliagnosis is certain 1 ~ 1 t  a negative diag- 
nosis may IIe highly ~mrelial~le.  On the 
IIasis of this earlier microscopical work 
(\i7ilcox 1968), the ability to detect decay 
froln microscopical characteristics, with a 
high t1egrc.e of confidence, apparently be- 
gills at a weight loss somewhere between 
5%, and 10%. Therefore, for the purposes 
of this revicw, "early stngc of decay" has 
I)c.ell interpreted as the decay that occurs 
at or 1)rlow 10%' weight loss. 

'I'oughness, or thc ability to withstand 
shock loading, is geuerally considered to 
1)c thc strength property niost sensitive to 
c,arly stages of clecily. Kicliards ( 1954) 
foulltl a loss i l l  tollghlless of tnore than 
,509 IIV the time 1% weight loss had been 
ciiusetl 1)y 1)otli the Ilrown-rot and white- 
rot fungi ill the softwood tested. I,osses 
of 6074 to 85% were reported for all corn- 
I)it~;~tiolls (1)rowtl rot, white rot, softwood, 
liardwood) at 10% wright loss. 

\L1orkiiig with 7 11row11- and 2 whitc- 
rot fllllgi on 110th softwoods and a hard- 
wood, von Peclitnan and Schaile (1950) 
I'omid s111)stanitial losses in itnpact 11ending 
strength ill all combinations. 111 the hard- 
\27ood, l)ro\vu rot produced a strength loss 
of ahllost 30% aftcr a 1% weight loss, 50- 
BOg ;ifter a 2.5% wcight loss, ancl over 
I1OP after a11 approximate 6% weigllt loss; 
white rot producetl vallles of 23% at 0.5% 
wcight loss, 269 at 2.1% weight loss, and 
55-60% at 9-10% weight loss. 111 the soft- 
~vootl, 1)rown rot resulted in strength losscs 
1)y one f1111gus of 5 5 h t  1.5% weight loss; 
in ge~lcral, however, strength losses Ivere 
similar to those encountered in the hard- 
wood: about 20-502~ at 2% weight loss, 
60-70% at 6% weight loss, atid 70-80% at 
8 or 9% wciglit loss. C:ill\vald and Michalak 
( 1963) reported :i 43% loss in irnpact 1)cnd- 
ing strength in a hardwood at a little over 

7% weight loss wit11 one browi1-rot f l ~ ~ ~ g u s  
l ~ u t  only 99, loss with another. Henniugs- 
son ( 1967), who me:isured impact bending 
strength of a hardwood attacked by 110th 
white-rot a11d brown-rot fungi, fount1 that 
thr  t\vo types of fungi had similar effects 
on strcngth up to an approvilllatc Fj9 
weight loss; beyond 10% weight loss thc, 
I)row~i-rot fllngus caused greater strength 
loss t1i:un tlie white-rot fmngus. The whitr- 
rot fungi (7  were used in the experiments) 
product~cl losses in impact bending strength 
of approxim:itely 20% at 1% weight loss, 
50% at 6% weight loss, ancl 60% at 9% 
weight loss. The I~rowil-rot fungi ( 3  were 
used) produced only approximately 6% 
strength loss at 1% weight loss, 11l1t nearly 
50% loss at 82' weight loss, and 70% at 9% 
\wight loss. 

STATIC BENDING 

Thc strcmgth properties that are probably 
thc nest most se~isitive to early stages of 
dccay, after toughness, are the espressions 
of work getleratecl from static beucli~ig 
tvsts. Schcffer ( 1936) found that white rot 
in a hardwood reduced thc work to niaxi- 
muln load 35% at 2%' weight loss, about 
50%) at 5% weight loss, m ~ d  nearly 60% at 
10% \vcight loss. Sclieffer chose to cxpress 
tlie degree of decay in terms of loss of 
specific gravity as a percentage of the 
control valllc, rather than 1)y weight loss; 
I~owever, s i1 - r~~ there is little volnlne change 
thro~lglnout various stages of white rot, 
tlicsc, figures shol~ld 11c cssclitially coin- 
par;il)le to weight loss. h4\liulholla~~d ( 1954) 
fo111ic1 that l~rown rot in a softwood, at a 
\vcight loss of 2%', produced n decrease in 
work to proportional limit of almlit 119, 
:md in work to illaxirviu~n load of aboi~t  
27%. Kcnliedy ( 1R4S8), in :i study of woods 
that collsistetl rnostly of tropical liardwootls, 
found that the 11rown-rot f~mgus llscd hat1 
:I considerably greater effect on work to 
maxi~nmn loat1 than the white-rot fmigns 
i l i  carly stages of decay. The 11rown-rot 
fungus produced losses in work to maxi- 
111111i1 load of over 50% at 2%, weight loss 
ant1 nearly 759, at ,57+ weight loss. Tlic 
~vhite-rot fungus prodl~ced comparable fig- 
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111t.s of ,111pro\i111atolv 309 loss in work to COI\II'II~.SSIOY I~EI<I~EVI)ICUI,AR 
A A 

~ i i a r i ~ n ~ ~ r n  load at '374 weight loss and 
sligl~tly over 40% loss at 5% weight loss. 

Cnrtwright et al. (1931), working with 
1)ro\v11 rot of n soft\vood, folmd that the 
11lotl11111s of elasticity (RIIOE) was affected 
to slightly greater extent than the modu- 
Ins of rr~ptnre (\{OR). At 2V weight loss 
a SO'.: reduction in \{OR and a 55% re- 
tlnctiol~ ill MOE \vc.re encollntered. At 6% 
lveiglrt loss the corresponding figures were 
61% (RfOR) and 669 (MOE) .  Approxi- 
~nately 709 of the original hlOR had becn 
lost after a 10% weight loss. Mnlhollantl 
( 1954), \vlio also worked with l~rown- 
rottetl softwood, found :it 274 weight loss 
:I loss in RlOK of about 13g' and in hlOE 
of al)ont 4%. \ITorking with white rot of 
:I hn~.tl\vood, Schcffer j 1936) found toll- 

sitl(>r;lhly smaller losses in XlOE and MOR 
:IS related to percent loss in specific gravity. 
I le fo~mtl at 2% loss i l l  specific gravity a 
retl~~ction ill R4OR of 14% and in MOE of 
4%; at 571 loss in specific gravity, 20% 
( IZOR) and 1021 ( h l O B )  ; and at 10%) loss 
ill specific gravity, 24g (MOR) and 14% 
( RIOE). Kennedy ( 1958), working  rill- 
cipnlly with tropical hardwoods, found the 
rffect on AIOR of brown rot consideral~ly 
grcatcr than that of whit(, rot. For 11rown 
rot the rctll~ctions in MOR \yere 32% at 
2% weight loss, 49% at 4%' weight loss, 
ant1 61% at 6% weight loss. The corre- 
sponding retli~ctions for \vhitc rot wcre 
13% at 274 weight loss, 209 at 474 weight 
loss, and 27% at 6? weight loss. 

Svveral workers reported their results 
silnply as loss in bencling strength, which 
prcs111iia1)l~ ii~volved ~nensllrement of only 
~ ~ I I I I I I I I  l o  Gillwaltl and hlichalak 
( 1963), worki~ig with two 11rown-rot fungi 
in  lx~plar, fo~uid that one protlllccd a 34% 
loss i n  I ) e~~d ing  strength at slightly more 
than 7% weight loss whilc the other pro- 
tlllcrd a 139 loss in he~lcli~lg strcngth at 
;I si~nilar weight loss. hfizl~moto (1966), 
worl\illg with l)row11-rottetX softwood, fo~untl 
losscs ill bending strengtll of 59, at 2% 
wcight loss, 163, at 5 9  weight loss, and 
36? at 974 wcight loss. 

K111)iak and Kemer (1963) measured thc 
loss in compressive stlength pcrpendiclllar- 
to- the-g~~li~i  for a 11:lrdwood affected 11v 
1)otll 111own lot and white rot. They foi~ntl 
that the effect on this strength property 
was slightlv g~ca te r  for l~rown rot than $or 
\vliite rot. The loss In stlength clnct to 
111own rot wn\ approxi~nately 6'3 at 2% 
wcigl~t loss, 16% at 5% weight loss, and 
19% at 87. weight lo\>; while compa~al,lr 
f ig~ues for white rot were 4% at 1% weight 
loss, 6 2  , ~ t  3% weight loss, and 12% at 6% 
weight loss Toole (1971) performed ex- 
tensive e~periments on the effect of decay 
on colnpressive strength perpendicnlar-to- 
tlic-grain and founcl that thc valnes for 
rednetion in stress at S7o compression had 
the highest co~relntion with weight loss. 
The brown-rot fungi used were all fairly 
similar in  their effects on either the .;oft- 
wootl or thc hardwood cmployed in the 
eupe~imcnts. Brow11 rot in the softwood 
prod~~cecl a l o s ~  in $tress at 5% compression 
ot nhont 18% at 2% weight low, 24% at 3% 
weight lo.;?, and 48% at 8% weight loss. 
I~rown rot in the hard\vood produced n 
loss of about 10% at 2% weight l o s ~  ;111d 
23F :at 5% weight loss. The white-rot fungi 
used werc similar in their attack on the 
h,udwood, producing a l~out  27% loss at 6% 
weight loss and 36% at 107. weight lo$\, 
1)nt they were quite different in their ef- 
fects on the .;oftwood, with strength losses 
fiom 12-20% at :lbout 2% weight 105.; and 
32-61g at about 6% weight loss. 

OTHER STRENGTH PROPERTIES 

Srveral other strength propertieshave 
been investigated by a small number of 
workers. Compression strength parallel-to- 
the-grain was investigated hy Mizumoto 
(1966) for brown rot in a softwood. 
Compression strength was fouild to have 
dropped lo?' after a 2% weight loss, 22% 
at 5% wcight loss, and 42% at 9% weight 
loss. Strength loss was found to be some- 
what smaller for R white-rotted hardwood: 
approximately 14% and 20% at specific 
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gravity losse5 of 6% and lor/,, respectively gravity, and 257; /;it 10%) 107s in specific 
( Scheffer 1936). gravity. 

Kennedy and Ifjn (1962) studied tlie 
cttfects of both 1)rown rot and white rot in CONCLUSI~NS 

1)otli hardwoods and softwoods on the loss 
i l l  strcngth in tcnsioil parallel-to-grain. The 
data for the brown-rot fungi were relatively 
coiisistei~t, :lnd a regression analysis showed 
that the effect of bro\vn rot on tensio~l 
parallel-to-the-grili11 was greater in the 
liiirdwootls stlidic~tl than in the softwoods; 
i l l  tlie Iiarclwoods a strength loss of ap- 
pro~irnately 56V was encountered at 2% 
weight loss and a loss of 82% at 8%) weight 
loss, whilc in the softwoods approsinlately 
23'1; loss in strength was encountered at 
2% weight loss and 50% :at 8 9  weight loss. 
On the other hancl, the data for white rot 
showed great vnrial)ility with species of 
1)oth wood and fungus. In the whitc-rotted 
softwoods the loss i l l  strength in tension 
p;\rallel at 2% weight loss varied from 4% 
to 38%, and at 10% weight loss from 209' 
to 639 strength loss. Strength loss d l ~ e  to 
\vl~ite rot ill the hard\voods varied frorn 
225; to 42% at 2% weight loss and from 
20Y to 50%' at 10R' weight loss. Rrowir 
( 1960) also studied tlie effect of 11rot\ln 
rot on a softwood and fot~nd strength losses 
son~ewhat higher tliall those reported 1)y 
Kc~llledy :und Ifju ( 1962). 13rown's rcsults 
illdicatrd a streiigth loss of approximately 
40',4 at 1-2% weight loss alld 60% ;:it 5% 
weiglit loss. 

Shear p;uallel-to-tlic-gr:~i~~ was esam~incd 
1)). Llizl~li>oto (1966) \vith regard to the 
vffect of 1)rown rot oil a soft\vood. The 
cff(,ets of early stages of 11ro\vi1 rot o~ r  
sh(>ar strength were relatively small, with 
reported v/;ulues of approsi~nately 2';: loss 
i l l  strcngtll at 1R weight loss, 5%. at 3% 
wcight loss, and l 3 V  at 777 weigl~t loss. 

Llizunloto ( 1966) also stlidicd tlie effect 
of l,ro\vn rot in n softwootl 011 tangential 
liardiless. A 7C/I' loss in hnrdness was en- 
co~mtcrecl at 4 %  weight loss with a 21% 
loss at 8% weight loss. Scheffer ( 1936) 
fo~~ncl  comparal~le effects cal~sed by a 
w11itc.-rot flmg~is ill a hartlwootl: approsi- 
111atc.ly iui 1SfX loss :it 6% loss in specific. 

The alnount of strength losc at a given 
degree of decay varies \vitli a nunlber of - 

factors, ir~cluding the strengtli property 
considered, the way in which tlie degree 
of decay is specifiecl, the fungus, the \vood 
species, aiid the exposure or test conditions. 
Nevertheless, using weight loss as a basis 
of comparison. as has l~clen clone here. test 

A 

results reported in the literatlire are con- 
sistent eno~igh (Table 1) to allow some 
g~~c~r;ll izations to 1)e made. Bccanse major 
effects on strength occur very early ill 
decay, and 1)ecnuse the ability to detect 
decay and cstilnate the degree of decay 11y 
microscopical means has tlefinite liniita- 
tions 1)clow about 5-10? weight loss, the 
stage of decay iiivolved in \\7cight losses 
I)elo\v 10'i: has l~een emphasized here. 
Strlictl~ral Iiuiil~er in the United States is 
prilnarily softwood aiid decay of softwoods 
in service, is :iccomplished primarily 1)y 
I)row~r-rot fl~ngi.  The following generali- 
zations thcreforc foclls 1 1 ~ 0 1 1  tllc i~~for~n; i -  
tioii :lvailal~le on 11row1i-rottcd softwood. 
Ncverthcless, it is apparent that ill very 
early stages of dccny there inay 1)e littlc 
tliffcre~lcc i l l  the effects on strength of 
I ) r o ~ ~ i - r o t  ;~nd  white-rot fui~rri or whether 

L L J  

the wood is tl hard\vood or softwood. 
Tllc strength properties most severely 

:ind rapidly di~ninished 1)y the onset of 
clecay are toughness and impact I~ending 
(snl,tly differelit ways of measuring the 
same fi~ndamental properties) . \1711ei1 
weight loss reaches 5-10%,, one should 

L ,  

expect a loss in these strength properties 
of at lcast 60-80%. Thc properties that 
tippe;~r to 1)e the next most sensitive to 
clccay are the measure~llents of work asso- 
ciated \vitli I~eiiding. Here losses of 50- 
70% can bo expected :it weight losses of 
5-10%. h4otlnlus of rupture and modulus 
of elasticity also colild 1)e expected to 11c 
reducetl IIV 60-70%. Most other strength - 

properties niay decrease less drastically in 
- - 

early stagcxs of decay, even though all are 
essentially destroyed I)y late stages of tle- 
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ccllrrcs for strength losscs in softwoods und 1~urrlwoorl.s (it early stages of decoy 
10.r.~ ) h!/ hrolu~i-rut o n d  zuhile-rot frrngi o . ~  o pcJrc.r,ntclgc of the calue,s for ~ lon-  

rlccuyctl su~rq)lc.r" 

13 propvrty" 

Static Ix,t~cling 
- -~ ---- - L 

13ro\v11 ro t ;  

Sl,ft\\ ootls 

1 57 20-38 - - - - - - 2 - 
2 - 20-50 *5 27 1:3-50 4-SF; 18-24 10 23-40 - - 
-1 75 25-55 - - - - 25-35 - - (3 7 
fi -- ( i 2 - 7 2 l I ( i  ~- 6 1 (i(i 48 25 ti0 - - 
8 - 78 - - - - 48-60 - 50 15 21 

10 - 85 :xi - 70 (Xi 45 - 20 - - 

Wl~itc. r o t ;  

Soft \\ o o ~ l s  

1 55 - - - - - - - - - -  

2 - - - - - - 10-20 - 4-38 - - 
4 - - - - - - - - 8-43 - - 
(i 75 - - - - - :32-(iI - 10-49 - - 
8 - - - - - - - - 14-58 - - 

10 85 -- - - - - - - 20-63 - - 

cay. ,4t 10V weight loss one should expect 
Iossc~ of  about 6Og in co~lrpression per- 
pc~~lclicl~lar, 40X in coniprcssio~l parallel, 
FjO-BOX ill tc>~rsion parallel, imd perhaps 
%OX i l l  shear ant1 hardness. 

Clearly, wootl loses tilost of its ability to 
withst:\iitl shock loads, a1)sorl) energy, and 
s ~ ~ p p o r t  lo:ids in a I~endi~ lg  mode at such 
c>arlj, sti ig~s of decay that they are tlifficult 
to dt,tect in all cases a1it1 ~niiy I)e ove~.lookvd 
i l l  routine diagnostic proccdurcs. I f  decay 
is tletretal)lc, the \\~ootl should be suspected 

of lacking al~llost all strength ill all the 
propclrticc listcd al~ove. 
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