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Slllall sprci~nt:ns cut from 1.7s)-inch-thick soutlrcrn pinc tlried fro111 green condition for 
6 Ilo11rs at a dry-l~nlb tcmpc-rat1u.e of 300 F suffercd no diminution in the incchanical proper- 
tics dctf~rntined, whm con~pal.ed to matched wood dried for 5 days at 180 F. Properties 
\wrc  as follows: 

\Iocl11lus of elasticity (ps i )  
\ lo t l~~lns  of rupture ( psi ) 
Proportional liirlit ( psi ) 
Toughness ( inch l > o ~ u ~ ~ d s  ) 
Face hardness ( pounds ) 
Encl hardness ( pounds ) 

\Ioisturc content of thc 300-degree wood at  test (about 9%) averaged ilearly two perccnt- 
;lac points less than tllat of the 180-dt,gree wood after equilibration. 

K ~ ~ ~ z c o r d s :  Pirl~ls tclcdc~, Pi~ltls l~ultrstris, southern pine, high trmpcratnrc drying, kiln 
sclletl~~lcs, ~llodr~lrls of elasticity, modulus of r~~ptm.c,, to~~ghncss,  ll;lrtlness, moisturc content. 

INTROI)UCTION ther was diillii~lltion of toughness ol~served 
in small clear specii~le~ls cut from thc 2 by 

IIuring the past decade the southern pine 
4S dried at 240 \vith lllatc,lecl 

industry has acloptecl technology for kiln- dried telllperatures not exceedillg 
drj~ing dimension 1uml)er at temperatures 180 I?. Contributors to this literature are 
al~ove the boiling point of water. Docs ex- unallin,Ous effects of short exposure 
posure to such tenlperat~lres diminish the high however; 
~ncchailical properties of southern pine? and Stevens (1976) have summarized re- 

I'revio~~s research (Koch 1971) has in- sults of their experiments, which in 
dicated that when driecl 21 hours at 240 F il,st,l,ces sho\ved diminution of mechallical 
(1fa F wet-lmlb tcmperat~ire) with cross- properties. 
circulation air velocity Of 1,000 fpnl, 2 by l{ecently, a tunllel kiln was proposed 
4'5 cut from solithem pine veneer cores and ( Koch I17ellford 1977) for drying 1.75- 
sinall logs suffered no significant (0.05 inch-thick lumber in about 8 hours at 270 F 
le\,el) reductions in nloclul~ls of elasticity dry-bulb temperature followed by 3 hours 
( AIOE ),  modulus of rupture (h4OR), or for conditioning and 1 hour for cooling. Ke- 
propc'rtional limit (PL)  when tested in ported in the same article was 6-hour drying 
8-foot lengths in edgcwise bending. Nei- at 300 F. 
\ \ ' o o l ~  :\h-l> l~Il3lCl< 235 \ \ INTER 1977, l', 8 ( 4 )  
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~ A U L E  1. Kiln schedules evaluated for effects on some mechanical properties of 2 b y  4's 

Dry -bu lb  Wet-bulb A i r  Time i n  Ending M o i s t u r e  Content  
Treatment  temperature temperature v e l o c i t y  k i l n  Ave. Stnd. Dev. Range 

" F " F f t / m i n  Hours % % % 

180°F u n i f o r m  f o r  5 days 
180 160 .-300 120 10.6 1 .0  9.3-13.4 

300°F u n i f o r n ~  f o r  6 hou r?  
Ambient Ambiegt 

t o  300" t o  190 1,600 2 
300 190 1,300 2 
300 190 1 .OOO 2 

T o t a l  10 6.0 1.4 3.6-13.6 
300°F f a l l i n g  t o  243°F 

over  6 hours Ambient Ambienh 
t o  300' t o  180 1,800 2 

270 180 1.800 2 

160 153 1 ;OOO 1.5 

T o t a l  10 14.7 3.1 8.5-23.9 

"100 minutes expended i n  reach ing  t h e  300°F s e t  p o i n t .  
7) 150 minutes expended i n  reach ing  t h e  we t -bu lb  set: p o i n t .  

'' 80 minutes expended i n  reach ing  t h e  300°F s e t  p o i n t .  

The objcctive of the work here reported 
was acquisition of prelin~inary information 
on btrength diminution, if any, caused by 
6-hour exposure of 1.79-inch-thick green 
\outher11 pine to tenlperatures up to 300 F. 
We compared such lumber with matched 
Imnbcr dried 5 days at 180 F, a kiln scl-led- 
ulc typically used before widespread ap- 
plication of high-temperature kilns to dry 
\onthc>rn pine. 

PROCEDUHE 

Source of tcood 

Ten rough green No. 2 and better 2 -  by 
8-inch, 16-foot-long southern pine (prob- 
ably Pinus taedu L. and P. palustris Mill) 
planks were procured from a central Louisi- 
ana sawmill and were surfaccd on one side 
only to an average thickness of 1.79 inches 
(standard deviation 0.02 inch; range 1.73 
to 1.86 inches). The 2 by 8's were then 
cro\\cut to yield 63 pieces 2 feet long that 
were cntirely clear, clear in the central 
lenqth, or had sound knots of less than 
1-i~icll diameter (no spike knots were per- 
mitted). Seventeen pieces were culled. 
Thcb sixty-three 8-inch-wide pieces accepted 
were then center-ripped into 126 pieces 

averaging 4.04 inches in width (standard 
deviation 0.08 inch; range 3.80 to 4.24 
inches). Each piece as it came from ripsaw 
was sequentially dealt into one of three 
piles to yield three groups of 42 pieces 
closely matched in group-average specific 
gravity (measured on the basis of green 
volume and oven-dry weight). Details of 
knot structure and slope of grain were not 
recorded since wood with knots or sloped 
grain was fairly and randomly distributed 
among treatments. The pieces were stored 
under water (stain inhibitor added) for 1 
to 7 days before kiln-diying. Immediately 
before drying, the pieces were end-coated 
with a roofing co~npound of high-tempera- 
tnre a s ~ h a l t  mixed with asbestos fibers, 
weighed, and measured for width and thick- 
ness. Green moisture content averaged 
97.4% with standard deviation of 26 per- 
centage points and range froill 43 to 164-%. 

Drying 

To make the comparison, three kiln loads 
were dried on different schedules. Each 
load consisted of 42 end-coated boards 
measuring 2 feet long. Each charge mea- 
sured 5 feet wide and was comprised of 
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TAULL 2. Co~r~p(zrison o f  flatzuise bending proper tie,^ of 1.5- by 1.79-inch specimens etct fronz south- 
crrl ~ ) i f ~ e  2 h y  4's dried for 120 h (5 cla!ls) at 180 F or for 6 hours at temperatures reaching 300 F" 

-- .. . . . . - ~ - ~  ... .. - .  . -  ~ ~- . ~ - ~ ~ --- -. ~ . . . . ..-- 

5 days a t  6 t iours 6 hours  a t  
P r o p e r t y  180°F 300" 243°F 300" F 

.- . . -~ ~. - - ~ . .  ~~ 

Mod~r lus  o f  e l a s t i c i t y  ( p s i )  
Averaqe 1 ,580,000 1,660,000 1,740,000 
Standard d e v i a t i o n  351,000 256,000 31 1,000 
R~inqe 810,000-2,450,000 1 ,200,000-2,160,000 810,000-2,230,000 

i J r o l ~ o r t i o n a l  1 u i i i  t ( p s i )  
Averaqe 
S landa rd  d e v i a t i o n  
R~inqe 

Mod~ i l us  o f  r u p t u r e  ( p s i )  
Average 12,980 
Standard d e v i a t i o n  2,851 
R,inge 6,250-17,460 

M o i i t u r e  c o n t e n t  a t  t e s t  ( 1 
Average 11.2 11.8 9.3b 
Standard d e v i a t i o n  0.37 0.58 0.58 
Rdnge 10.7-11.9 9.6-12.6 8.2-10.7 

Spe t . i f i c  y - a v i  ty2 
Average 0.544 0.545 0.544 
Standard D e v i a t i o n  0.04 0.03 0.03 
R.inge 0.49-0.63 0.50-0.63 0.45-0.61 

~ - - - . .~ . . - -. .. . . . - -~ -- .- .. . . . . . . - -- ~ ~-~.- .. ~ 

Ea,.h average v a l u e  shown rep resen ts  da ta  f r om 35 2 - b y - 4 ' s .  

Modulus o f  r u p t u r e  and m o i s t u r e  c o n t e n t  o f  specimens from 2 -by -4 ' s  d r i e d  6 hours  a t  300°F were s i g n i f i c a n t l y  
d i f f e r e n t  ( 0 .01  l e v e l )  than va lues  f o r  t h e  o t h e r  two schedules.  

R a i i s  o f  ovendry  we igh t  and vo lur~ ie  a t  t e s t .  

three courses each holding 14 pieces. Above Specimtz  preparation 
ant1 below the lumber being dried were 
1%-inch-thick layers of water-soaked ply- 
wood ( to simulate additional courses of 
lumber). 

'The three kiln schedules (Table 1) could 
1)e 1)liefly desciibed as follows: 

On ren~oval from the kiln, pieces were 
immediately weighed. Each piece was then 
center-ripped to yield two boards about 1.7 
inches thick by 2 inches wide. One was 
for bending tests, and the matching board 
was crosscut to yield a toughness-specimen 

180 F uniform for 5 days blank plus two %-inch warers ( taien 4 to 

300 F uniform for 6 hours 6 inches from either end of the 2-foot end- 
coated board) that were weighed, oven- 

300 F falling to 243 F over 6 hours. dried, and weighed again for moisture con- 

Each of these schedules will dry green 
\outher11 pine 2 by 4's to an average of less 
than 15% moisture content if cross-circu- 
lation air velocities are as specified in Table 
1. Lumber dried at high temperature was 
stacked on 1%-inch-square sticks; that dried 
at 180 F was stacked on 'K-inch-thick sticks. 

Ending moisture contents on removal of 

tent determination. 
The resulting 126 bending-specimen 

blanks and 126 toughness-specimen blanks 
were conditioned (71 F dry-bulb tempera- 
ture and about 10 F wet-bulb depression) 
from 16 March to 15 April 1976. They were 
then sized and returned to the equilibra- 
tion chamber.l Bending specimens were 24 

2 hy 4's from the kiln averaged 6.0% for the 
wood dried at 300 F and 10.6% for that ' During specimen preparation, it was noted that 

exterior surfaces o f  wood dried at 300 F were 
dried at 18' F; the temperature toasted brown in color. This color Penetrated t o  
schedule yielded 14.7% moisture content depths u p  t o  '/lt;-inch. ~t %-inch depth, all trace 
(Table 1 ) .  o f  brown discoloration was absent. 
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~ ' A I % L I ;  .3. I'ropertier of /l[irrlt~css specimens 

5 days a t  
P r o p e r t y  180" F 

6 hou rs  a t  
300" - 243°F 

6 hou rs  a t  
300" F 

Face hardness,  pounds 
~ v e r a g e "  
S tanda rd  d e v i a t i o n  
Range 

End t iardness, pounds 
Average 
S tanda rd  d e v i a t i o n  
Range 

M o i s t u r e  c o n t e n t ,  
Average 
S tanda rd  d e v i a t i o n  
Range 

S p e c ~ f i c  g r a v i  tyl' 
Average 
S tanda rd  d e v i a t i o n  
Range 

' ~ a c h  average v a l u e  was de te rm ined  from two measurements, i . e . ,  two s i d e s  o r  b o t h  ends, on 35 specimens 

' S i g n i f i c a n t l y  d i f f e r e n t  (0 .01 l e v e l )  f r om t h e  o t h e r  two v a l u e s .  

Bas l s  o f  ovend ry  w e i g h t  and volume a t  t e s t .  

i ~ ~ c h e s  long and were pla~ied to 1.5 inches 
thicli und 1.75 inches widc; they contained 
son(, defects as explained earlier. Tough- 
ness spc~cin1ens were clear and were si:zed 
to 0.79 incllcs ( 2  c111) scluare by 11..02 
i11ches (28  c111) in length. Finally, beg;in- 
[ling 13 Slay 1976 (weight changes had 
slon,ed to near cess:ltion), all specimens 
wcrc. evaluated over n 1-week pcriod for 
mechanical properties. 

Strength evaluation 

Of the original 42 bending specinlens 
Fro111 vach kill1 charge, seven were rejected 
1)ecaurc of excessive knot size or grain devi- 
ation revealed during specimen prepara- 
tion. As a result, data for only 35 speci- 
Inells froin each charge were compared. 
Aftvr ~neasurement of weight, width, thick- 
ness, and length, the bending specimens 
\vcxrr loadcd flatwise with ccnterpoint load- 
ing over a 21-inch span and evaluated for 
?rlOE, PL,, and MOK. Speed of loading 
followed ASThl D 198-74, Static Test:< of 
Ti111l)cr of Structural Size. 

1Ioistnre content was determined from :I 

pair of 1-inch cross-sectional slices taken 
fro111 the 1)rokeil specimen immediately af- 
ter tcst. Stress at PI, and hlOlx were cal- 

culated fro111 the standard flexure formula. 
MOE was computed from the siillple de- 
flection fornlula, which ignores the effect 
of shear stress on deflection. 

From each broken bending specimen, n 
hardness specimen was taken and evaluated 
on both ends and two faces according to 
ASTM Standard D 143-52 paragraphs 83 to 
87 (except that pieces measured 1.5 by 
1.75 inches in cross section and were of 
variable length depending on clear wood 
availability). Specimen moisture content 
was determined immediately after test. 

After measurement of weight, thickness, 
width, and length, toughness specimens (42 
from each chargc,) were evaluated accord- 
ing to ASTM Standard D 143-52 paragraph 
74. Rloisture content of each specimeil 
was determined from a portion removed im- 
~nediately after each test. 

RESULTS AN]) DISCUSSIO3' 

Specific grcrvity cinrl ~noistzlrc content 

Moisture content of the bending speci- 
mens at test was significantly (0.05 level) 
lower in wood dried 6 hours at 300 F (aver- 
age 9.37.) than in wood dried at lower 
temperatures ( average 11.5% ) . Specific 
gravity did not vary significantly. The ap- 
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' I ' ~ u L E  4. Propertics of toughness s)~ecir~~etrs" 

Proper t y  
5 days a t  

180" F 
6 hours a t  

300" - 243°F 
6 hours a t  

300" F 

~ v e r a g e  
Standard d e v i a t i o n  
Range 

S p e c i f i c  g r a v i t y b  
Average 0.543 0.543 0.549 
Standard d e v i a t i o n  0.048 0.055 0.051 
Range 0.43 - 0.64 0.45 - 0.69 0.43 - 0.65 

M o i i t u r e  con ten t ,  b 
Average 10.7 10.6 9.3C 
Standard d e v i a t i o n  0.42 0.81 0.40 
Range 9.9 - 11.4 8.7 - 11.7 8.3 - 10.3 

" ~ a c h  average va lue  was based on 42 specimens. 
b Bas is  o f  ovendry we igh t  and volume a t  t e s t .  

" S i g n i f i c a n t l y  d i f f e r e n t  f rom o t h e r  two values (0.01 l e v e l )  

parently slightly higher specific gravity of 
wood dried for 6 hours at 300 F (0.01 
difference 1)ased on volurne at test and oven- 
dry weight) is probably due to slight densi- 
ficntion from additional shrinkage attribut- 
able to the 2.2 percentage points difference 
in ~noisture content (Table 2) ,  which in 
tlun is traceal~le to redllcecl hygroscopicity 
of wood dried 6 l~ours at 300 F. This com- 
ment ~ I I  specific gr;ivity and ~noisture con- 
tei~t  is also applicable to the hardness speci- 
mens (Table 3)  and to the toughness 
spvcimens (Table 4 ) .  

lkcause of the close matching of grec.11- 
volume specific gravity, and the slispected 
retl~lced hygroscopicity of woocl dried 6 
11o11rs at 300 F, covariance analysis of nie- 
cht~nical properties with specific gravity 
and moisture content was i ~ o t  attempted. 
Significant differences indicated in Tables 2, 
3 ;1nd 4 are the result of onc-way analyses 
of variailce based on kiln schedllle only. 

Bentling properties 

Sitlcae l~encling specimens were taken 
from lmnlber of vario~is specific gravities 
(0.45 to 0.63) and were cut in such a man- 
ncr that some contained small knots, they 
vnricd considerably i l l  strength. By a~laly- 
sis of variance, 11eit1ier h4OE or PL varied 
sijir~ificantly by drying schedtile. h4OR of 
\vood dried 6 bolus at 300 F was sigi~ificant- 
ly greater (0.01 level) than that of wood 

dried by the other two schedules (Table 2). 
A larger scale test would perhaps I I O ~  show 
this significant difference in MOR. In any 
event, the lumber dried for 5 days at 180 
F had lowest average values for MOE, PL, 
and MOR. 

The higher strength of the 300-degree 
wood was probably clue partially to its 
lower moisture content at time of test and 
slightly higher specific gravity. The classi- 
cal correction for wood moisture content is 
about 4% increase per 1% decrease in mois- 
ture colltent for MOR and 2% for R4OE. On 
this basis, one would expect the average 
MOK for the 300-degree wood (average 
9.3%' h4C at test) to be about 8% greater 
than that of the 180-clegrec wood (average 
11.2% at test), whereas the difference was 
actually 19%. By the same rationale, MOE 
of the 300-degree wood should have been 
about 4% higher than that of the 180-degree 
wood, whereas the difference was actually 
10%. 

Hardness 

Face hardness values averagcd 861 
pounds with no significant difference 
amoilg drying schedules. Enil hardness of 
\vood clried 6 hours at 300 F was signifi- 
cantly (0.01 level) greater (1,129 pounds) 
than that for the other two drying sched- 
ules (average 998 pounds); the difference 
amolmted to 13% and is in part attribut- 
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aide to the lower moisture content of the 
300-degree wood (Table 3 ) .  

Toughness 

To~~ghness did not differ significantly by 
drying treatment (average 236.6 inch 
pounds). I'l'ood dried 5 days at 180 F had 
the lowest average value, and 6-hour, 300- 
degree wood had the highest average (Ta- 
ble 4 ) .  

CONCLUSION 

Prol~l this limited experiment it would 
appear that small specimens cut from 1.79- 
inch-thick southern pine dried from green 
co~ldition for 6 hours at a dry-bulb temper- 
ature of 300 F, with wet-bulb temperature 
of about 190 F, do not have lower PL, 
1 1 0 R ,  MOE, toughness, or hardness than 
~natclled wood dried for 5 days at 180 F 
dry-bulb temperature with wet-bulb tem- 
perature constant at 160 F. 

A more extensive experiment is in prog- 
ress to establish a time-temperature rela- 
tionship with mechanical properties of 
8-foot-Iong density-matched No. 2 southern 
pine 2 by 6's dried at high temperature and 
evaluated in edgewise bending. Compres- 
sion and shear strengths will also be evalu- 
ated in this larger experiment. 

REFERENCES 

Kocri, P. 1971. Process for straightening and 
drying southern pine 2 by 4's in 24 hours. 
For. Prod. J. 21(,5):  17-24. 

KOCH, P., AND W. L. WELLFORD, JR. 1977. Con- 
tinuons tunnel kiln direct-fired with bark to 
dry 1.75-inch-thick southern pine in 12 hours. 
For. Prod. J. 2 7 ( 5 )  : 39-47. 

T H O ~ ~ P S O N ,  \lJ. S., AND R.  S. STEVESS. 1976. 
Influence of thermal treatlllents on the rue- 
chanical and chemical properties of wood: a 
review of research at the Mississippi Forest 
Products Laboratory, Pages 81-100 in Proc., 
Hes. Conf, on: high-temperature drying ef- 
fects on mechanical properties of softwood 
lumber. Forest Service-USDA, For. Prod. 
Lab., Madison, Wis. 




