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ABSTRACT 

Nominal 2- by 4-, 6-, 8-, and 10-inch Douglas-fir and Item-fir dimension lumber was 
tested in tension parallel-to-grain. Five hundred ninety-three pieces of hem-fir and 563 of 
Douglas-fir were included in various categories of none, single small and large center and 
edge knots, and multiple knots. Tension stress, specific gravity, and modulus of elasticity 
in flatwise bending decreased as width of lumber increased. Tensile strength decreased 
with increased knot size. Pieces of lumber with single center knots occupying 21% of the 
width were similar in tensile strength to pieces of lumber with single edge knots occupying 
14%. Pieces containing several small knots, well scattered, were as strong in tension as 
those with single small knots. Tensile strengths of Douglas-fir and hem-fir were not sig- 
nificantly different. In estimating lower exclusion values, adjustments should be made for 
skewed distributions. One method is suggested. 

Additional keywords:  Pseudotsuga mcnniesii, Tsugn heterophylla, Abies spp.,  edge knots, 
center knots, single Itnots, multiple knots, specific gravity, n~odulus of elasticity, skewed 
distributions, strength tests, lumber strength. 

INTRODUCTION supplement studies made by others, re- 
The objective of this study was to deter- ferred by Kunesh and Johnson (19721, 

nline the tensile strength parallel-to-grain who have done work with Douglas-fir and 
of high-grade Douglas-fir and hem-fir di- other species, not including hem-fir. 
rnension lumber. We believe that where The specics combination, hem-fir, in- 
tc~nsile strength becomes a factor in cludes western hemlock ( T S U ~ U  hetero- 
specialized uses, these uses will demand phlllla CRaf.1 Sarg.), California red fir 
the higher grades of materiaI, or possibIy (Abies mgnif i~a A. Murr.), grand fir 
a newly established special grade. Our (Ahies grandis LDougl.1 Lindl. ), noble fir 
primary effort was directed toward pro- (Abies procera Rehd.), Pacific silver fir 
viding information to those concerned with ( Abies amabilis [ Dougl. 1 Forbes ) , and 
establishing lumber grades and to those white fir (rlbies con cob^ [cord. & Glend.] 
using Douglas-fir and hem-fir dimension Lindl. ) . I(hltificati0n by piece Was not 
lumbcr in tcnsion. made, but a sampling indicated that prob- 

This work was the major part of a series ably 85% or more of the hem-fir specimens 
of tension tests started several years ago at were westem h~mlock. Probably, most of 
Orcgon State University's Forest Research the Abies was grandis and little magnifica 
Laboratory. Results have been published Or concO1or was included. 
(Kunesh 1966; Kunesh and Johnson 1972; 
Kunesh and Johnson 1974). The work PROCEDURE 

reported herein was more extensive than Five hundred ninety-three picces of 
our previous studies and was intended to hem-fir and 563 of Douglas-fir were se- 
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'l'i\~r~.r: 1. S~~nttttar.!~ of tci~.sion 11arallel-to-grain tests made on Dough-fir ant1 hein-fir tlirt~et~sion lttm- 
hcjr s1~otc;ing ilrrmhe~s of f~icces testctl that containetl different ty l~es  and sizes of single knots, plus clear 

11iccc.r; f)lr1,5 sotnc f~icc.c.s of lumber with a combination of knots 
- --- - - -- 

D o u s l a s - f i r  - Hem-fi r 
S i ze  Per - Nun b e r  S i ze  Pe r -  Number 
o  f c e n t  o f  o f  c e n t  o f  

Type o f  kno t  k n o t 1  kno t  p i eces  k n o t 1  k n o t 2  p ieces  
I n .  I n .  % 

Nominal 2  by 4  i n c h  (1.5 by 3 .5  a c t u a l )  
T.lonec1 e a r )  - --  - -  
Edge ( s r i a l l  ) 112 14.3 
Edqe ( l a r g e )  1  28.6 
Center  ( sma l l  ) 3/ 4  21.4 
Center  ( l a r g e )  1  114 35.7 

Conlbinat ion A3 
1 /2  E G -. 
3/4 C  

Cor ib inat i  on B same4 - - 

No~nlna l  2  by 6 i n c h  (1 .5  by 5 .5  a c t u a l )  
N o n e T d  e  a  r ---  --  
~ d i e  ( l a r g e j  1  1 /2  27.3 
Center  (sr'ial 1  ) 1 118 20.5 
Center  ( l a r o e )  1  7/S 34.1 . - ,  

Con i t i na t i on  A3 314' E & --  
1  11: C  

Con~b ina t i  on B same - - 
TIon~inal 2 by 8  i n c h  (1.5 by 7.25 a c t u a l )  
None(ciea r ) - - -  --  
Edge ( sma l l  ) 1  13.8 
Edge ( l a r g e )  2  27.6 
Center  (s11ia11 ) 1  112 20.7 
Center  ( l a r g e j  2  112 34.5 9  2  1 /8  29.3 19 

Coolbinat ion A" 1  E &  - - 22 1  E &  - - 
1  1/: c 1  11: c 

2  2  

Conibinat ion B same - - 2  2  same - -  22 

Norf inal  2 b,v 10 i n c h  (1 .5  by  9.25 ac tua l ) .  
None ( c l e a r )  - - -  - -  2  2  ---  --  2  2  
Edge ( s n a l l  ) 1  1 /4  13.5 22 1  114 13.5 2  2  
Edpe ( l a r g e )  2  112 27.0 2  2  2  1 /8  23.0 2  2  
Center  ( s m a l l  ) 1 7/6 20.3 22 1  7 /8  20.3 '22 
Cen te r  ( l a r g e )  3  118 33.8  5 2  314 29.7 7  

Conlbinat ion A 3  1 1 / 4 E &  --  22 
1 1 / 4  E & - -  

1 71: C  1  71: C  
22 

Conibinat ion B sane - -  22 same --  2 2  

- 

'Width  o f  k n o t  measured on w ide  f a c e  betv~een l i n e s  p a r a l l e l  t o  edpe o f  p i e c e .  
'These a r e  a p p r o x i r a t e .  S i z e  o f  kno t  i n  column 2  d i v i d e d  by  t h e  a c t u a l  w i d t h s  co r respond ing  
t o  t h e  r e s p e c t i v e  nominal s i z e s .  

3FTore t han  one k n o t  i n  a  p i e c e ,  b u t  l i n l i t e d  t o  t h e  sarie s i z e  as t h e  s r , i a l l es t  edge (E) o r  
c e n t e r  (C) k n o t .  Knots w e l l  s c a t t e r e d  ( 2 - f o o t  minimum spac ing,  excep t  when sma l l  k n o t s  i n  a 
I - f o o t  s e c t i o n  were accumula ted) .  

'Same as Cowbinat ion-A,  b u t  t hese  were p ieces  t h a t  were j u s t  on t h e  b o r d e r l i n e  o f  b e i n g  i n  
t h e  Combinat ion-A c a t e g o r y .  

leetc~d from five, mills in wcstern Orqgm. gories did not correspond to standard 
'I'clst material was nomind 2- by 4-, 6-, 8-, grades. We selected pieces with single 
alltl 10-illch dimension lumber. Seven cat- knots to isolate knots as a ~~ariable.  Pieccs 
c~orics  jsarn13lcs) mere c~ tab l i sh~d  within with combinations of knots were selected , r \ L ,  

c~acll width of lumber ancl in cach spccics for cornparisoil bccause most pieces that 
that tl(~pcilrlcd on ratio of  knots to lumber arc rnanufacturcd contain ~nultiplc knots. 
\viclth, location of knots in the lumber. In this report, small edge knots rcfer to 
and on (*ombinations of knot5 Thcsc catc,- knots that occupied about 14% of the 
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D O U G L A S - F I R  

S M A L L  SMALL 
CENTER EDGE KNOT COMBINATION CENTER EDGE 

CLEARS KNOT KNOT A  8  KNOT KNOT 
I l l 1  1 1 1 1  I I I I  I I I I  1 1 1 1  1 1 1 1  I I I I  
4 6 8 1 0  4 6 8 1 0  4 6 8 1 0  4 6 8 1 0  4 6 8 1 0  4 6 8 1 0  4 6 8 1 0  

L U M B E R  W I D T H ,  I N C H E S  

FIG. 1. Distributions of tcnsion stress obtained 
f ron~  tests of nominal 2- by 4-, 6-, 8-, and 10- 
irlcl~ Dot~glas-fir dimension lumber at  9% nioisture 
content. See Table 1 for sizes of linots in the 
different samples within each size of lumber. 
Solid circles werc the values excluded so that 
rc~~laining values were the adjusted distributions. 

width of thc piece of lumber and sinall 
ccnter knots occu~ied  about 21%. For - 
Douglas-fir, large edge and center knots 
occupied 28 and 35% of widths, respec- 
tively; and in hem-fir the pcrcentages oc- 
cupied werc about 23 for large edge and 
30 for large center knots. Exact sizes of 
knots and pcrccntages are given in Table 
1, along with the number of pieces tested 
ill each categorv. - ,  

The scven categories were: (one) clear 
lumber; (two) a single small cdge knot; 
(three) a single large edge knot; (four) a 
single small center knot; (five) a single 
large center knot; (six) pieces of lumber 
that containc~d morc than one knot (Com- 
bination A);  and (seven) pieces quite 
similar to those of Combination A. but of 
borderline quality based on visual charac- 
teristics ( Combination B ) . All test spcci- 
lllens were choscn randonily from the mills, 
consistent with the restrictions placed on 
each category. 

Restrictions and conlinents regarding the - 
selection of specimens are as follo\vs: 

H E M - F I R  

SMALL SMALL LARGE 
CENTER EDGE KNOT COMBlNATlON CENTER 

LEARS KNOT KNOT B KNOT 
I l l  I I I I  I I I I  I I I I  I I I I  I I I I  

4 6 8 1 0  4 6 8 1 0  4 6 8 1 0  4 6 8 1 0  4 6 8 1 0  4 6 8 1 0  4 6 0 1 0  

L U M B E R  W I D T H ,  I N C H E S  

FIG. 2. l)istrib~ltions of tension stress obtained 
from tests of nominal 2- by 4-, 6-, 8-, and 10-inch 
hem-fir dimension lumber at  10% lnoisture con- 
tent. See Table 1 for sizes of knots in the dif- 
ferent samples within each size of lun~ber.  Solid 
circles were the values excluded so that remaining 
valnes were the adjusted distributions. 

1. Gcncral slope of grain not to exceed 1 
in 16 was required for all specimens. 

2. Exceptionally 1 i gh  t - w e i  g h t pieces, 
amounting to about 1% of pieces other- 
wise suitable, were not included. 
Lightest Douglas-fir piece had a spe- 
cific gravity of 0.38 (oven-dry weight 
and volume); lightest hem-fir was 0.32. 

3. Pieces with excessive grain distortion 
around a knot or excessive local grain 
(large knot missing, but grain deviation 
still present) were not included. 

4. Knot size was an average width of knot 
measurcd on the 2 wide faces between 
lines parallel to edges of the piece, with 
a tolerance of plus or minus 'A inch for 
sizes up to 2 inchcs and % inch for 
sizes 2 inches and greater. Few spike- 
type knots were included. 

5. Edge knots generally were whole knots 
(not parts of big knots), and at least 
:% of the knot was within the outside 
quarter-width of the piece. In most 
picccs, the knots touched the edge. 
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S S C C L L  S S C C L L  S S C C L L  S S C C L ?  
C C E A B C E  C C E A B C E  C C E A B C E  C C E A B C E  
I I I I I I I  I I I I I I I  I I I I I I I  I I I I I I I  

1 0 ~ x 1 6  

l 4  

4  6 8 10 

L U M B E R  W I D T H ,  I N C H E S  

1 1 1 1 1 1 1  1 1 1 1 1 1 1  6 1 1 1 1 1 1  1 1 1 1 1 1 1  . 
- D O U G L A S - F I R  - 

f'lc:. 3. Ilistriblitions of ter~siorl stl.c>ss obtainrd 
fro111 tests of nominal 2- by 4-, 6- ,  8-, and 10-inch 
Ilo~iglas-fir dimension lumber at 9% moisture 
content. Code for samples: C for clears, SC for 
srnall ccntrr, SE for small cclge, CA and CB for 
knot combinations rZ and B, I,C for large ccnter, 
: I I I ~  LE for large edge knots. See Table 1 for 
sizcs of knots in the different samples within each 
size. of lult~ber. Solid circles .ivcrc, thc values cx- 
c111d1d so that remaining values were the adjustctl 
tlistribrltions. 

6. (2cntc.r Ii~lots hacl at lcast :% of thc knot 
11 ithio the central half-width of the 
picce . 

7. Corn\~in,~tion A wcw picccs containing 
Illor(, than one knot, with the) cdge and 
vcmtcr knots being Iimitc~l to the same 
sizes used in the small cdge and small 
vcntcr knot categories. GeneralIy, one 
or Inore mauimum-size knots were prcs- 
csiit. Knots \\ere well scattered with a 
~ninimunr spacing of 2 ft except that 
m-~allcr knots in a l-ft length could be 
cttld(,tl togc~tllcr (accumulated) if thr, 
\u111 \\.crc not greater than thc liniitillg 
\ixv for thc category. Fcw specimens 
I~ad thc accuniulative-type knots. 

8. C:ombination I3 were pieces that, in the 
~ r~c lg tnc~~~t  ot the sclcctor, were qucstion- 
able of inclusion (borderline) in Com- 
bination A category. Coinbination I3 
was includcd to gain sonle indication 

S S C C L L  S S C C L L  S S C C L L  S S C C L ?  

10 

L U M B E R  WIDTH,  I N C H E S  

FIG. 4. Ilistributions of tension strcss o1)tairied 
from tcsts of no~ninal 2- by 4-, 6-, 8-, and 10-inch 
hem-fir dinlension lri~nbcr a t  10% moisture con- 
tent. Code for samples: C for clears, SC for 
small ccnter, SE for small edge, CA and CB for 
knot con~binat io~~s A and B, LC for large center, 
and LE for large edge knots. See Table 1 for 
sizes of knots in the different samples within 
each sizc of lumber. Solid circles \yere the valnes 
escll~ded so that remaining values were the ad- 
justed distributions. 

of tcnsion values to expect if restrictions 
of Combination A were relaxed slightly, 
such as allo~ving a littlc more grain 
distortion by a knot or the knot sizc to 
increase by as much as 1/16 inch. 

Selection O F  the lumber took consider- 
able timc bec~ause of restrictions imposed. 
From four categories-clears, sn~allest edge 
knot, smallest center knot, and Combina- 
tion A-\lie expected to obtain good ten- . 
sion values, hut at the expense of careful 
selection. The larger single-knot sizes were 
considered as the maximum size knots 
worth testing. In other words, we thought 
that specimei~s with knots of larger size 
would give tension values too low for use. 
Our goal was to obtain at lcast 20 pieces 
in tach category, if  possible. Finding di- 
nlension lumber wit11 the single large ccn- 
tcr knot was vcry difficult, however, and 
was abandoned before reaching 20. Other- 
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O ~ C L E A R S  
0  SMALL C E N T E R  
. : S M A L L  EDGE 
O - C O M B I N A T I O N  A  
8 = C O M B I N A T I O N  B 
A :  L A R G E  C E N T E R  
A ;  L A R G E  EDGE I I D O U G L A S - F I R  H E M - F I R  I 

I 1  I  A I  I  I  I 1  
3.5 5 5  225 9.25 3 5 5.5 7.25 9.25 

ACTUAL WIDTHS OF L U M B E R ,  I N C H E S  

Frc. 5. Avcrage values of tension stress for 
tlro varior~s categories of knots for Douglas-fir 
3 r d  I ~ c ~ ~ l - f i r  2-inch dimension lumber of nominal 
4, 6-, 8-, and 10-inch n~idths. Douglas-fir was 
at 9 and Ilelll-fir at 10% moisture content when 
tcssted. Plotted points are an average of 22 speci- 
~llc>ns c3sccpt for the large center knot samples, 
which liad fe~vcr spccil~lens (see Table 1 ). 

wlw, ciach of the categoric.~ had 22 pieces, 
\\ hich ~7erc  selected during all seasons of 
the year. 

Ikforc testing in tension, each 17-ft piece 
of lurnbrr was measured for stiffness in 
f-latwisc. bcnding (MOE),  using a dcad- 
weight load illidlcngth of a 14-ft span. In 
the single-knot specimens, the knot was 
located within the midlength 10 ft; so the 
knot could have been from zero to 5 ft 
away from the center-point load. Also, foi 
the single-knot categories wc recorded the 
slnall and large size of the knot and dis- 
tance from the edge of- the knot to edge 
of the piece. We did not measure MOE 
in tension. 

Tcnsion testh contormcd with provisions 
of clesignation D 198-67 of American So- 

* = S M A L L  EDGE 
0 = C O M B I N A T I O N  A  
I= C O M B I N A T I O N  B  
A =  L A R G E  C E N T E R  
r = L A R G E  E D G E -  - 1 

D O U G L A S - F I R  H E M - F I R  

0 1  1 I I A I I I I 
3.5 5 5  7.25 9.25 3.5 5.5 7.25 9.25 

A C T U A L  W I D T H S  OF L U M B E R ,  I N C H E S  

FIG. 6 .  Tension stress values at the lower 5% 
exclusion limit for tile various categories of knots 
for Douglas-fir and hem-fir 2-inch dimension 
lurnber of nominal 4-, 6-, 8-, and 10-inch widths. 
1)onglas-fir was at 9 and hem-fir at 10% rnoisturc 
content \vhen tested. Plotted points were calcll- 
latcd fronl the adjusted distributions in which 
sonrc of the greater test values were not included. 
See Figures 1-4 for values left out. 

ciety for Tcsting and Materials and were 
made on a specially designed tensile tester 
of 200,000 pounds capacity, described ear- 
lier (Kunesh and Johnson 1974). Tensile 
stresses ant1 MOE in bending were com- 
puted by standard formulas using actual 
dimcnsions of the specimens, and specific 
gravity was based on the oven-dry weight 
and volume of cross-section discs cut from 
one end of cach piece. 

FtESULTS AND DISCUSSION 

Results are presented in several tables 
and graphs in an attempt to condense the 
large amount of data and the many calcu- 
lations that were made. Statistical analyses 
and procedures were used extensively. Av- 
erage moisture content of the specimens 
was 9 and 10% respectively, for the Doug- 
las-fir and hcm-fir, which were reached 
by long-tcrm storage under ambient 
conditions. 
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'I'a131.r 2. Srri~~tnurrl of auciugc' ai~rl ctantlaitl clcuiatiorl wltrcv ( h c l o u )  for tension parallel-to-grain 
tlntl tc~k~tctl  l)rc~l~erties of Dor~glar-fir tlirncnszor~ ltrrnbcr at 9% rnoirirlrc corltcizt wlzen tested 

Sing1 e Sing1 e Conbination of S ing le  S ing le  
ti0111 i na 1 slral 1 srial 1 small edge and l a r g e  1 arge 
width of c e n t e r  edge c e n t e r  kno ts ;  c e n t e r  edge 
1 umber, knot knot well -scat te& knot knot 
inches Clears  (21 %)  (14%) A B (35%) (28%) 

Tension s t r e s s ,  psi 

4 10,550 7,930 6,530 7,080 5,930 5,170' 4,850 
1 ,779 1 ,686 1,536 1,333 1,361 1 ,101 1,103 

6 9,370 6,790 6,100 7,920 5,010 4 ,3601 3,420 
1,865 1,564 1 ,364 1,561 786 1,036 691 

Iloduli of e l a s t i c i t y  in  f l a t w i s e  bending, 1000 p s i 2  

4 2 ,53gb 2,619 b 2 , 6 0 7 ~  2 ,994a 2 . 5 ~ 3 ~  2 ,3601 2,531b 

Spec i f i c  g r a v i t y ,  oven-dry weight and v o l u n ~ e ~  

4 0.  5ba 0 .  55b 0 . 5 5 ~  0 . 5 7 ~  0.51' 0 .53l  0 .  54b 
0.06 0.05 0.07 0.06 0.05 0.05 0.07 

6 0 . 5 4 ~  0.53 0.50' 0.50' b 0.54 b 0 . 5 6 ~  C.52 b 

0.05 0 .06  0.04 0.05 0.07 0.07 0.04 

8 0 . 5 4 ~  0.52 b 0 .53  b 0 . 5 5 ~  0 . 5 2 ~  0.50' 0 .  5zb 

0.07 0.04 0.05 0.07 0.06 0.03 0.06 

10 0.  0.48' 0 .  5zb 0.49' 0.48' 0.51' 0 .  5zb 
0.07 0.05 0 .05  0.06 0.04 0.07 0.05 

'Average of 22 p ieces  in a l l  samples except in  l a r g e  c e n t e r  knots;  16 pieces f o r  4 - ,  5 f o r  6 - ,  
9 f o r  8 - ,  and 5 f o r  10-inch samples. 

'The s u p e r s c r i p t s  a ,  b ,  c i n d i c a t e ,  in  a general  way (some overlapping between samples ) ,  t h e  
values t h a t  were s i g n i f i c a n t l y  d i f f e r e n t  o r  not  by ana lyses  of variance a t  the  5 pe rcen t  l eve l  
of s i g n i f i c a n c e ;  those  with t h e  same s u p e r s c r i p t  were not s i g n i f i c a n t l y  d i f f e r e n t .  Values 
with s u p e r s c r i p t  1 were not in  ana lyses .  See Tables  4 and 5 f o r  ana lyses  of t ens ion  va lues .  

Correlations of various properties 

Wc were not expecting high correlations, 
becausc the project was not really designed 
for correlations hut was planned to obtain 
values from samples in which all specimens 
of each ?ample contained knots of csscn- 
tially thc same sizc and kind (center, edge, 
or a combination of thc two). Howcvcr, 
we attcmpted to correlate measurements 
of tach of the single knots, RfOE, and 
specific gravity with tensile stress. 

Single and multiple correlations were 
tricd for all data from the 2- by 4-inch size 
and for both species. Correlation coeffi- 
cients ( r )  were poor, generally (most were 
below 0.50). Multiple correlations to pre- 
dict tension stresses were no better than 
single correlations. Plotted data from 
larger pieccs (6-, 8-, and 10-inch widths) 
gave no better indications of good rcla- 
tionships, so thcsc data were not tried for 
possible correlations. 
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~ A H L L  3 Sfrnlmmlr, of nccrugc' uncl ~tuntlc~,d deuzution uuluet ( bclozu) foi tencion parullel-to-grain and 
rclutetl propertrc,, of I~em-fzr dimention lr~ntber at 10% niozttr~re corltcrlt when tcstetl 

Sing1 e S ing le  Combination of S ing le  S ing le  
Noniinal st:.al 1  sma 1 1 sn:all edge and l a r g e  1 a rge  
width of c e n t e r  edge c e n t e r  knots ; c e n t e r  edge 
lumber; knot knot we1 1 -8cdt tered knot knot 
inches Clears  (212)  (14%) A B (30%) (23%) 

Tension s t r e s s ,  psi 

4 10,230 7.140 6,270 5,990 6,240 5,090 4,460 
1,574 1,801 1,441 1,584 1 ,598 1 ,088 846 

6 10,170 5,630 5,850 6,240 5,190 4,180' 3,810 
1,931 791 1,471 1,716 1,228 737 1 ,000 

8 9,340 5,210 5,000 5,760 4,940 3,570' 3,280 
1,834 1,024 1,147 1,343 1,541 904 864 

Moduli of e l a s t i c i t y  in f l a t w i s e  bending, 1000 p s i 2  

4 2,197 b 2 , 1 5 7 ~  2 , ~ 5 3 ~  2 ,271a 2 , 4 0 8 ~  ~ , 2 2 5 ~  2 , 1 0 3 ~  

309 210 344 317 322 359 256 

S p e c i f i c  g r a v i t y ,  oven-dry weight and volume2 

4 0 . 4 7 ~  0 .  47a 0 . 4 8 ~  
0.04 0.04 0.05 

6 0 . 4 8 ~  0 . 4 6 ~  0 .  47a 
0.04 0.04 0.03 

8 0 . 4 7 ~  0 . 4 4 ~  0 . 4 6 ~  
0.05 0.05 0.03 

10 0 .  4ga 0 . 4 5 ~  0 .  46b 
0.05 0 .03  0.05 

'Average of 22 pieces i n  a l l  savp les  except some i n  l a r o e  c e n t e r  knots;  17 pieces f o r  6 - ,  19 
f o r  8 - ,  and 7 f o r  10-inch samples. 

'The s u p e r s c r i p t s  a ,  b ,  c ,  d  i n d i c a t e ,  in a  general way (sonie overlapping between groups) ,  t h e  
values t h a t  were s i q n i f i c a n t l v  d i f f e r e n t  o r  not  by analyses of variance a t  t h e  5 percent  level  
of s i g n i f i c a n c e ;  those  with 6 e  same s u p e r s c r i p t  were nbt s i g n i f i c a n t l y  d i f f e r e n t .  Values with 
s u p e r s c r i p t  1  were not in  ana lyses .  See Tables 4 and 5 f o r  ana lyses  of t ens ion  va lues .  

For oilc 2- by 4-inch sample (small edge 
knot, hem-fir ) , a correlation coefficicnt of 
0.82 mas obtained between MOE and ten- 
sion strcs5, but for rnost samples in both 
spccics, correlation coefficients for MOE 
and tension werc less than 0 50. Best, and 
most consistent correlations ( r ) , were be- 
tween specific gravity and MOE. Most 
wcrc above 0.50, but few were above 0.70. 

Examination of all samples ill both spc- 
tics showed that in inost san~plrs the 
lowe\t value for tension stress generally 

was associated with one of the three lowest 
values for MOE or specific gravity (or  
both); but further association of lower 
tension values with low MOE or specific 
gravity was not consistent. Likewise, the 
greatest values in tension usually wcre 
correlated with higher MOE or specific 
gravity values. But generally, MOE (in 
flatwise bending) and specific gravity 
were of limited value in estimating tcnsion 
strcss within these samples that had pieces 
of lumber so rnuch alike visually. 
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TABLE 2. St~mrnary of unalysec of vuriuncel for averuge' caluss of tension parallel-to-gruin for dry' 
Douglas-fir and hem-fir dimension lumbar 

Single Single Combination of Single Single 
Plonii nal snia 1 1 small small edge and 1 arge 1 arge 
width of center edge center knots; center edae 
1 umber ; knot k n o t  we1 1 -scattered knot k n o t  
inches -- Clears (21 $)  (1 4%) A B ( % )  ( % ))' 

Hem-Fir 

'The short  l i ne s  off the longer ver t ica l  and horizontal l ines  indicate values not s igni f icant ly  
d i f ferent  a t  the 5 percent level of significance.  Values in i t a l i c s  were not included in 
analyses. 

'Average of 22 pieces in a l l  samples except for  large center knots: 16 pieces fo r  4-, 5 f o r  6-, 
9 for  8- ,  and 5 fo r  10-inch samples of Douglas-fir; 17 pieces fo r  6- ,  19 f o r  8 - ,  and 7 f o r  10- 
inch samples of hem-fir. 

3Douglas-fir a t  9 percent moisture content,  hem-fir a t  10 percent,  
)'Douglas-fir, large center knot 35 percent and large edge knot 28 percent; hem-fir, large center 
knot 30 percent and large edge knot 23 percent. 

.l.locluli of elasticity and specific 
gravity 

Average and standard deviation valucs 
for tension strcss, MOE, and specific grav- 
ity arcJ given in Tables 2 and 3. Also in- 
cluded for MOE and specific gravity arc 
summnaric.~ from analyses of variance at 
the 5% level of significancc. Analyses for 
tension stress arc given later in more detail. 

For both MOE and specific gravity, the 
classificatioiis of average values by signifi- 
cant and nonsignificant differences (as 
indicated by superscripts a, b, c, d )  were 
not distinct. Valucs with the same super- 
script (Table 2 and 3 )  werc not signifi- 
cantly different, but there was some over- 
lappiiig. For example, in some instances, 

thc lower values in the group with tlic, 
superscript b could have been classed with 
the higher values in the group identified 
by the superscript c, and so on. 

Average hIOE and specific gravity 
tended to decrease with an increase in 
width of lumber for most of the different 
knot types and sizes and for both species; 
but the decrease because of width of lum- 
ber was not always significant. Two sam- 
ples of lumber (Douglas-fir, 2- by 4- and 
2- by 6-inch, Combination A knots) had 
high spccific gravity, noticeably high val- 
ues for MOE, and correspondingly high 
values for tension stress. Probably, these 
two samples had slightly higher values 
than would be expected should another 
random sampling be made. 



TENSILE STHENGTII OF SPECIAL DOUG1,AS-FIR AND HEM-FIR DIMENSION LUMBER 313 

TABLE 5.  Comparison of aoerage' values for tension parallel-to-grain (psi) of dry' Douglas-fir and 
hem-fir dimension lumber 

Spe- w 
DF 
ti F 

D F 
HF 

D F 
HF 

S i n ~ l e  
Iloolinal s r a l l  
width of c e n t e r  
1  umber, knot 
inches Clears  (212) 

S ing le  Combination of 
small small edge and 
edge c e n t e r  knots;  
knot we1 1 - s c a t t e r e d  
(1 4%) A B 

6,530 7,080 5,930 
6,270 5,990' 6,240 

6,160 7,320 5,010 
5,85C 6,240' 5,190 

5,490 6,320 5,030 
5,000 5,760 4,940 

4,680 5,030 4,270 
4,260 5,000 4,060 

S ing le  
1 a rge  
c e n t e r  
knot 
( % ) ) '  

Sing le  
1 arge 
edge 
knot 
( X ) "  

'Average of 22 pieces in  a l l  samples except  f o r  l a r g e  c e n t e r  knots:  16 p ieces  f o r  4- ,  5  f o r  6 - ,  
9  f o r  8- ,  and 5 f o r  10-inch samples of Douglas - f i r ;  17 pieces f o r  6 - ,  19 f o r  8 - ,  and 7 f o r  10- 
inch samples of hem-fir.  Values in  i t a l i c s  were not included in s t a t i s t i c a l  ana lyses .  

2Douglas-f i r  a t  9  percent  moisture con ten t ;  hem-fir a t  10 percen t .  
3DF means Douglas f i r ;  HF means hem-fir .  
4Douglas - f i r ,  l a r g e  c e n t e r  knot 35 percent  and l a r g e  edge knot 28 p e r c e n t ;  hem-fir ,  l a r g e  c e n t e r  

knot 30 percent  and l a r g e  edge knot 23 percen t .  
'S ign i f i can t  d i f f e r e n c e  between these  two values a t  t h e  5 percent  level  of s i g n i f i c a n c e .  

Compnrisons among average values for 
tension stress 

Comparison of tension stress among 
~ui(tths of dimension lumber. The tendency 
for tcnsion values to decrease as lumber 
width increased, for clear material and for 
tach size and type of knot, is shown in 
Figs. 1, 2, and 5. Picces within each of 
the seven categories of a species had the 
same percentage knot (size of knot divided 
1)y actual width of lumber, Table 1). Most 
tli\tiibution5 had a wide range of values 
(standard deviation values are givcn in 
Tables 2 and 3 )  and were skewed posi- 
tivcly, however, this is quite common for 
tli5tributions of values for properties of 
wood Within each spccics, clear material 
had the largest standard deviation. Sornc. 
effects of skewness will be discussed later. 

Significant diffcrences among tension 
\tress valuer because of width of lumber 
were found within the clears and every 
cntcgoiy of knots for each species (Tablc 
4) ,  except for the large-center-knot catc- 
gory of Douglas-fir, which did not contain 
enough value< for analysis. In all cate- 
goric.5, there was a significant differencc 
bctwc,en the 4- and 10-inch widths. Among 

tension stresses of 4-, 6-, and 8-inch widths, 
diffcrences ranged within the various knot 
categories from significant differences in 
all three widths to no significant diffcrcncc 
among the three widths. Values connected 
by ticks off vertical lines in Table 4 were 
not significantly different. 

Comparison of tension stress among knot 
t!jpes and sizes. Distributions of tension 
values, arranged according to various knot 
sizes and types within the different lumber 
widths, art: given in Figs. 3 and 4, along 
with distributions for clear wood. Results 
of the analyses of variance are shown in 
Table 4; values connected by ticks off 
horizontal lines were not significantly dif- 
ferent. Some grouping of values by signif- 
icant differences were definite; somc were 
not. But even where separations were not 
distinct, some guidelines can be given. 

Average tension stress values for clcar 
wood were significantly higher than all 
other categories, as expected. Values from 
the large cdgc knot and large center knot 
categories were similar to each other and 
were significantly lower than values from 
all other knot sizes. 

Within most widths of lurnbcr, thc ten- 
sion strcss values for thc single srnall cen- 
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TABLE (5. ~ k f i ~ ~ i ~ i l t ~ r n  ualrie.~, in pountl,s per square inch ( p s i ) ,  ohtaiizetl fronl the vnrioris sample tlis- 
trihntions of tests of Doriglas-fir ant/ hem-fir 2-inch dimension l r lmbe~ ill tcnsion parallel-to-grain 

Values' 
from 

samples - 
nominal "width,  inches -- 

4 6 8 10 4 - 
nominal wid th ,  inches 

6 8 10 

Clears  
7,880 6,100 6,540 5,190 6,890 
8,100 6,240 6,880 5,560 8,670 
7,490 6,160 4,910 4,880 7,520 
7,730 6,340 6,030 5,170 7,930 

Lowest 
Next lowest 
5%,  s tandard 
57:, ad jus ted  

S ing le  Small Center Knot 
4,920 4,770 2,960 3,030 3,950 
5,130 5,210 2,980 3,260 4,640 
5,030 4,100 3,010 2,570 4,040 
5,210 4,440 3,100 3,110 4,070 

Lovie s  t 
Next lowest 
5%,  s tandard 
5%, ad jus ted  

S ing le  Small Edge Knot 
3,350 2,960 3,560 
3,350 3,100 4,330 

Lowest 
Next l o v e s t  
5%,  s tandard 
5%, ad jus ted  

2,910 1,990 3,790 
3,050 2,550 3,790 

Con~tinat ion Knots A 
3,700 3,600 4,010 
4.080 3.770 4.020 

Lowest 
Next lowest 
5 X ,  standard 
5 % ,  ad jus ted  

Co~lbinat ion Knots B 
2,750 2,760 4,230 
3,270 3,010 4,320 
3,130 2,020 3,49@ 
3,100 2,370 3,550 

S ing le  Large Center Knot 
2,470 1,940 3,040 
2,700 3,190 3,730 
- - -  - - -  3,220 
- - -  --- 3,220 

Lovies t 
I4ext lowest 
5' , standard 
5P1, ad jus ted  

Lowest 
Next lowest 
5%, s tandard 
5%,  ad jus ted  

S ing le  Larfle Edge Knot 
3,070 2,290 1,910 1,290 2,960 
3.550 2.510 1.990 1,630 3,340 

Lowest 
Next lowest 
5%,  s tandard 
5%, ad jus ted  
- ~-~ --- - - -~ 

'Lov:est and next lowest values obtained d i r e c t l y .  "5% s tandard"  a r e  values a t  t h e  lower 5 
percent  exclusion l i n i i t  obtained by standard s t a t i s t i c a l  metllods using t h e  t a b l e  f o r  t -  
d i s t r i b u t i o n s  and t h e  mean and s tandard dev ia t ion  of a l l  values ( g e ~ e r a l l y  22) i n  t h e  sample. 
"59, ad jus ted"  a r e  values a t  t h e  lower 5 percent  exclusion l i n ~ i t  obtained by e l imina t ing  j u s t  
t h e  higher  values in  each d i s t r i b u t i o n ,  then t r e a t i n g  t h e  remaining values in  t h e  s t andard  way. 
In  lost d i s t r i b u t i o n s ,  two o r  l e s s  values were e l imina ted ;  in  some, no values were e l imina ted .  

tc,r a n d  singlc small edge knots werc not 
sig~~ificantly different. Where thcrc was a 
significant difference ( 4-inch width), av- 
('rage vnlucs from pieccs with center knots 
wcsre greater. 

Logically, pieccs of lurnbcr containing 
several knots ( e\7en though wcll scattered) 
shoulcl not be stronger than piceras each 
wit11 a single, knot of similar size. Yet one 
sample \vith Combination A knots (Doug- 
las-fir, 2 1,y 6 )  had an avc,ragc. value 

sig~iificantly higher than either the single 
sinall center or single small edge knot 
samplcs; but thc MOE values for that 
Combination A saillplc \Yere high also 
(Tablc 2 ) .  

\Vc belicvc, that tension stress values 
fronl three categories-single srnall center, 
single small edge, and Combination A 
knots-should be grouped together. Or 
stated another way, pieces of lumber with 
scvcral small knots, nrcll scattered, wcrc 



TAIILE 7. Statistics, per sqziare inch, antl t~umber of specimens for acttlnl distributions fol- 
lowetl hy atljl~sted distribution (be low)  for the different width antl knot clas.~es of nominal 2-inch 

Dotlglas-fir dimension ltrn~her at 970 moisture content tested in tension parallel-to-grain 

Sing1 e S ing le  small edge and S ing le  S ing le  
snal  1 small c e n t e r  knots ; l a r g e  l a r g e  
c e n t e r  edge we1 1 - s c a t t e r e d  c e n t e r  edge 

S t a t i s t i c  Clears  knot1 knot1 A B knot1 knot1 

lledian 
tlean 
S t d .  dev. 
5% e x c l .  
Specimens 

Eledi an 
Mean 
S td .  dev. 
5% e x c l .  
Specimens 

Nominal width,  4 inches 
10,100 7,880 6,410 6,700 
10,550 7,930 6,530 7,080 

1,779 1 ,686 1 .536 1.333 

Nominal width,  6 inches 
Median 9,580 6,310 6,050 7,820 5,070 --- 3,420 
Mean 9,370 6,790 6,100 7,920 5,010 4,360 3,420 
S td .  dev. 1,865 1 ,564 1 ,364 1,561 788 1,036 691 
5% excl  . 6,160 4,100 3,750 5,230 3,650 ---  2,230 
Specimens 22 22 2 2 22 2 2 5 2 2 

Median 9,280 5,940 6,010 7,700 2 3 - - -  --- 3,410 
Mean 9,020 6,330 5,860 7,770 - - -  - - -  3,330 
S t d .  dev. 1,550 1 ,089 1,175 1,424 ---  --- 575 
5% e x c l .  6 ,340 4,440 3,830 5,310 --- - - -  2,340 
Specimens 2 0 19 2 0 21 - - -  - - -  21 

Median 8,890 
Elean 9,280 
S t d .  dev. 2,542 
55: e x c l .  4 ,910 
Specimens 2 2 

Median 8,320 
Elean 8,460 
S t d .  dev. 1 ,404 
5% e x c l .  6,030 
Specimens 19 

Median 
Mean 
S td .  dev. 
5%excl . 
Specimens 

Median 
Mean 
S t d .  dev. 
5% e x c l .  
Specimens 

Pionlinal width,  8 inches 
5,440 5,260 5,790 5,210 - - -  2,640 
5,280 5,490 6,320 5,030 3,480 2,670 
1,319 1,501 1,718 1 ,105 735 4 34 
3,010 2,910 3,360 3,130 --- 1,920 

2 2 22 2 2 22 9 2 2 

5,350 5,220 5,650 5,030 3 2 - - -  - - -  
5,040 5,210 6,130 4,870 - - -  ---  
1,266 1,251 1,509 1 ,023  --- ---  
3,100 3,050 3,530 3,100 --- --- 

2 0 2 0 2 1 2 0 --- - - -  
Nominal width,  10 inches 

4,130 4,150 4,690 3,840 ---  2,560 
4,300 4,680 5,030 4,270 3,070 2,480 
1.007 1.566 1,304 1,307 663 547 

'For s i z e s  of knots see  Table 1 
'No adjustment .  
' ~ o t  enough specimens. 

a5 strong in tension as pieces with single One, picccs with multiple knots arc more 
small knots, considering knots of equal common than pieces with single knots; 
size. Grouping these three categories to- and two, edge knots arc more restrictive to 
gcthcr is inlportant from tn7o standpoints. tcnsilc strength than center knots. 
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TABLE 8. Statistics, pounds per square inch, and number of specimet~s for actual distributions followed 
by atlj~cstecl distributions (be low)  for the different width and knot c~la.sses of nominal 2-inch hem-fir 

dimension lumber at 10% moisture content te.rtctl in tension parallel-to-grain 

Combination of 
S i n g l e  S i n g l e  smal l  edge  and S i n g l e  S i n g l e  
snia11 srla11 c e n t e r  kno t s  ; l a r g e  l a r g e  
c e n t e r  edge we1 1 - s c a t t e r e d  c e n t e r  edge 

S t a t i s t i c  C l e a r s  kno t1  knot1  P. B kno t '  kno t1  

Median 
Mean 
S t d .  dev .  
52 exc l  . 
Specimens 

Median 
Mean 
S t d .  dev .  
5', e x c l  . 
Specinens  

Noniinal w i d t h ,  4 i nches  
6 ,290 5 ,990 6 ,080  

Nor:'inal w i d t h ,  6 i n c h e s  
Median 10 ,340  5 ,710  5 ,310 5 ,840 5,080 4 ,470 3 ,630 
Mean 10,170 5 ,630  5 ,850 6,240 5,190 4 ,180  3 ,810  
S t d .  dev .  1 , 931  791 1 ,471 1 ,716  1 , 2 2 8  737 1 , 0 0 0  
5% e x c l .  6 , 850  4 ,270  3 ,320 3 ,290  3 ,080 2 ,890 2 ,090  
Specinlens 2 2 2 2 2 2 2 2 2 2 17 2 2 

fledi an 10 .100 7 2 - - -  5.240 5.690 4 ,940 - - -  3,570 
Mean 9 :600 - - -  5:710 5:710 4.910 --- 3.570 
S t d .  dev .  1 :356 ---  1 ;339 1 11 20 850 ---  656 
5:: e x c l  . 7,250 --- 3,400 3 ,770 3 ,410 --- 2,440 
Specinlens 19  - - -  21 19 20 - - -  2 0 

Nonlinal w i d t h ,  8 i nches  
Median 9 .110 5.040 4.800 5.230 4 ,460 3 ,410  3 ,220 
Mean 
S t d .  dev .  
5% e x c l .  
Speciniens 

Median 
Mean 
S t d .  dev .  
5:: exc l  . 
Specimens 

Median 
Kean 
S t d .  d e v .  
5% e x c l .  
Specimens 

Median 
Mean 
S t d .  dev .  
5% e x c l .  
Specin:ens 

Noniinal w i d t h ,  10 i n c h e s  
3 ,730 4 ,940  3 ,860 
4 ,260  5 ,000 4 ,060 

-- -- -- 

'For  s i z e s  o f  kno t s  s e e  T a b l e  1 .  
?No a d j u s t m e n t .  
'Not enough s p e c i n e n s .  

Rankiiig of' tcnsion stress values from most widths of lumber, there was a sig- 
Cornbination B pieces is questionable. nificant difference between average tension 
Frorn the analyses, Combination B values values of the Combination A and B pieces. 
could bc grouped with the single small At least, the study indicated that a slight 
cc\ntc1r and single small edge knot; yct for relaxation of the rulcs for sclccting thc 
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Combination A specimens resulted in sig- 
11i fican tly lowcr tension values. 

Comparison of tension stress between 
species. Average values for the two species 
arcb plotted in Fig. 5 by lumber width anel 

I by size and type of knot. Summaries of 

I analyses of variance comparing thc two 
species are given in Table 5. Simply stated, 

I tlierc was no (or little) significant differ- 
encc 1)ctweeii averagc tension stress values 
of thv two species. We were surprised 
that average values wrrc so closc in so 
many of the pairs. 

Five categories-clears, small single cen- 
tcsr, small single edge, Combination A and 
1'1 knots-were directly comparable, be- 
cause the sarnc knot sizes and rules for 
scblcction of picccxs applied to each specics. 
Of twenty pairs of samples comparcd ( 4  
Lvidths x 5 categories), three were signifi- 
cantly diffc,rcbnt. Two of the three pairs 
(C:oml)ination A, 2 by 4 and 2 by 6 )  con- 
taincd pieces of Douglas-fir that had such 
high RlOE values (Tablc 2 ) .  

Tensioi~ stress values from the largc 
ccbnter and edge knot categories were not 
clirectly comparable between the hvo spc- 
cies because knots in Douglas-fir were a 
little larger than corresponding knots in 
hem-fir (footnote, Table 5 or Table 1). 
Considering differences between averagc 
values and in sizes of knots for the two 
specics, however, we believe there would 
have bccn little significant difference, if 
any, had the larger knots been of equal 
size in the two species. 

Although a different mixture of hem-fir 
(less western hemlock and more true fir) 
could produce lower valucs, wc bclieve the 
values for MOE and tension might com- 
pare to values of thcsc hem-fir samples, 
provided the specific gravities were, com- 
parable. We threw out exceptionally light- 
\vc>ight pieces (about 19, of each species) 
during selection. Following the same rules, 
a sampling of more true firs could result 
in more pieces thrown out, but tension 
values not significantly different from val- 
ucs of these hem-fir samples. More testing 
woulcl b r  nc-edccl to show the importance 
of specific gravity (or RIOE) to the tensile 

strength of a mixture of western hemlock 
and true firs. 

Tension stress values at  lower 5% 
exclusion limits 

Sometimcs, too low values can be ob- 
tained when estimating exclusion limits 
from distributions that are skewed posi- 
tively, as xverc many of thc distributions 
in this study (Figs. 1 4 ) .  The extremely 
high values are a pcmalty (which should 
not be) as thcy cause a largc standard 
deviation, which consequently cxtends the 
exclusion limit too far below the averagc 
value (mean) if the skewed distribution 
is considered a t-distribution (approaching 
normal) and standard procedures are used. 

Estimating exclusion limits from clistri- 
butions that are not normal has been con- 
sidered by many. Two recent papers1 
( Warren 1974) discuss several distribu- 
tions such as the log-normal, Pearson I, 
Weibull, gamma, and nonpararnetric. While 
it is beyoncl the scope of this paper to 
discuss such a complex subject, we pre- 
sent n simplified method, which was used 
with the distributions of this study in 
arriving at exclusion values to compare 
with values found by considering the dis- 
tributions :u being normal. 

After considering several possibilities 
with a statistician, we adjusted the dis- 
tributions until each was morc nearly like 
a ilor~nal tlistribution by eliminating the 
extreme higher valucs until the n~ean and 
median values were nearly equal (see 
Figs. 14).  Ken~aining values were treated 
as a t-distribution with fewer observations 
than before, and a new mean, standard 
deviation, and exclusion limit were calcu- 
lated. This "adjusted-distribution" method 
was easy to use and seems more realistic 
for distributions of this study and prob- 
ably would be more realistic for many 
other distributions of strength properties 
of wood. By adjusting in this manner, all 
lower valuc;s remain in the distribution. 

' I-Iaber~llann, H. Sinlulation studies of non- 
parametric tolerance intervals. USIjA Forest 
Service, Forest Products Laboratory, Madison, 
Wisconsin (rmpu\,lishrd rt:port ). 
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Several low values, from most distribu- 
tions in this study, are listed in Table 6, 
namclly, the two lowest values, and 5% 
oxclusiol~ values using both standard pro- 
cedurc. and adjusted-distribution method. 
Additional statistics for the actual and 
adjusttd distributions are given in Tables 
7 ant1 8. Valuos at the 5% exclusioll limit 
obtaincd fro111 adjusted distributioils arc 
plottctl in Fig. 6. In most adjusted distri- 
I~utions, two or onc of thc higher values 
\v('rtb cliniinatetX; ill so in^, none was lcft 
out. 

For most categories, 5 % ~  ccxclusion values 
for tc~lsioil strcss by the adjusted method 
were a littlc higher (in some samples, 
considerably higher) than the same exclu- 
sion values obtained by the standard 
method. Differences in thcse two values 
are the penalties inlposcd on low values 
by extrcrncly high ones (skewness). In 
most categories, there was little difference 
between Douglas-fir and hem-fir low val- 
u c ~ ,  especially with values from thc ad- 
justcd distribution ( Fig. 6 ) .  

CONCLUSIONS 

Tension stress, spccific gravity, and 
MOE in flatwise bending decreased with 
an incrcxsc in width of dimension lumber, 
for clear material and pieces with knots. 

The lowest value for tension stress was 
associated with oilc of the three lowest 
\~alut,s for MOE or specific gravity or both. 

Tension strength decreased as knot size 
incrcascd, for both edge and center knots. 

Pieces of lumber with single center knots 
occupying 21% of the width were similar 
in tcnsilc strength to pieces with singlc 
edge knots occupying 14%. 

Picces of lurnber containing several small 
center and edge knots, well scattered (min- 
imum spacing of 2 feet), were as strong 
in tensile strcmgth as pieces with small 
single knots. 

IVhcii rules for selecting pieces with 
multiplc knots were relaxed slightly, ten- 
sion strength decreased. 

Tensile strengths of Douglas-fir and 
11r~111-fir were not significantly different. 
, In esti~nating lower exclusion values, 
adjustments should be nlade for skewctl 
tlistributions. Onc method is suggested. 
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