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PRACTICAL DRYING TECHNIQUES FOR 

YELLOW-POPLAR S-D-R FLITCHES 

by 

Bruce R. Weik 

(ABSTRACT) 

The S-D-R (Saw-Dry-Rip) process is a proven method of 

reducing warp in manufacturing hardwood studs. It has been 

assumed that its success is partially due to the stress 

relaxation caused by high-temperature drying. 

Implementation of this S-D-R process in the Appalachian 

region has been limited as few mills in this area have this 

drying capability. The purpose of this study was to 

investigate the effectiveness of high-temperature and 

steaming treatments before solar and air drying S-D-R 

fli tches on reducing warp and to determine the cost of 

application of successful methods. 

An initial study was conducted to establish the 

duration of treatment required to relieve growth stresses in 

short S-D-R flitches. Steaming for 15 hours resulted in a 

substantial decrease of average stress. Steaming times of 

15 and 20 hours and high-temperature durations of 7 and 15 

hours were chosen for treating green S-D-R flitches. 

S-D-R fli tches were divided among the four treatments 

and a control group. One third of the flitches from each 



group were subsequently dried in a solar kiln; the rest were 

air dried. All flitches were then ripped into 2 x 4's and 

bow, crook, and twist was measured for each stud. 

A comparison by the percentage of studs rejected from 

No. 2 dimension because of warp showed no significant 

difference between any treatments (including the control) or 

between drying methods. Comparisons based on actual amount 

of warp found small differences between drying methods and 

between treatments, depending on the type of warp 

considered. 
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CHAPTER ONE: INTRODUCTION AND PROBLEM 

Yellow-poplar (Liriodendron tulipifera L.) is becoming 

increasingly important in the composition of eastern 

hardwood forests. However, this species has been largely 

underutilized in recent years, with annual removals in 1978 

of only 234 million cubic feet but a net growth of 620 

million cubic feet. Removals could be increased to 500 

million cubic feet per year or more under custodial 

management (Boyce and McClure 1978), especially in trees of 

14-inches and greater dbh. Increasing harvest to this level 

would be desirable from a forest resource managrnent view to 

keep stand growth at a maximum. 

While hardwoods are undercut in many areas of the East, 

softwood harvests often exceed their annual growth. To 

lessen the pressure on this softwood resource, it has been 

suggested that yellow-poplar be used in traditional softwood 

products, specifically as 2 x 4's for light structural 

framing. This use as 2 x 4' s is particularly important 

because 80% of this type of construction occurs east of the 

Rocky Mountains where 90% of the hardwood resource is 

situated (Nat. For. Prod. Assoc. 1980). This would not only 

lessen the need for softwoods, but also transportation 

distances would be shortened and surplus yellow-poplar would 

be utilized. 

1 
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In an examination of the properties of yellow-poplar, 

Koch ( 1978) concluded that "clear yellow-poplar compares 

favorably in specific gravity, bending strength, and 

stiffness with softwood species commonly used for structural 

purposes." Table 1 illustrates this. Despite this 

favorable strength and stiffness yellow-poplar has not been 

commercially viable for 2 x 4' s because of excessive warp. 

This growth stress induced warp has resulted in a reported 

60 percent loss in yield of required grades when 2 x 4's are 

manufactured by conventional methods; i.e., saw into rough 

lumber size and then dry (Koch and Rousis 1977). Maeglin 

and Boone ( 1981) found that 18 percent of the 

conventionally sawn and dried yellow-poplar 2 x 4's in their 

study failed to STUD grade because of excessive warp. These 

stresses have not been a problem when yellow-poplar is used 

in furniture and composites because the cut-up operation 

(cutting into smaller pieces) avoids the full effect of 

warp, something not possible in dimension (nominal thickness 

of 2 to 4-inches) production. Warp (particularly crook) is 

critical in dimension lumber since even small amounts can be 

grade-reducing (see Table 2) and therefore profit reducing. 

In an attempt to reduce the problem of warp from growth 

stresses, the U.S. Forest Products Laboratory developed the 

S-D-R process (Saw-Dry-Rip). The process involves live 
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Table 1. Properties for small, clear straight-grained 
specimens of yellow-poplar and selected 
softwood species at 12% moisture content. 

Species 

Yellow-poplar 
Loblolly pine 
Douglas-fir 
Western hemlock 
Red Spruce 
Engleman Spruce 
Ponderosa Pine 

Specific 
Gravity 

.42 

.51 

.46 

.45 

.41 

.35 

.40 

Source: USDA (1974) 

Modulus of 
Elasticity 

(10[6] psi) 

1. 58 
1. 79 
1. 49 
1. 64 
1. 52 
1. 30 
1. 29 

Modulus of 
Rupture 

(psi) 

10,100 
12,800 
11,900 
11,300 
10,200 
9,300 
9,400 
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Table 2. Allowable Warp (inches) for 

Bow 

Crook 

Twist 

8' No. 2 Dimension (light 
structural framing), 2" Thick. 

2" 

24/32 

12/32 

8/32 

Face Width 

4 II 

24/32 

12/32 

16/32 

6 II 

20/32 

10/32 

24/32 

Source: Northern Hardwood and Pine 
Manufacturers Association, Inc. 
(1982). (The allowances are the 
same for softwood dimension 
lumber.) 
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sawing the log into 7 /4-inch thick fli tches, rough edging, 

drying at high temperatures, and ripping the dry fli tches 

into structural lumber (Maeglin and Boone, 1981) as shown in 

Figure 1. It is hypothesized in their report, without 

verification, that warp is reduced because: (1) stresses are 

balanced by live sawing; ( 2) wide fli tches restrain warp; 

( 3) drying stresses off set growth stresses; and ( 4) lignin 

is plasticized at high temperatures. Boone and Maeglin 

further state that the key feature of this process is that 

the wood is restrained in fli tch form when the lignin is 

plasticized, allowing the stressed fibers to relax and 

virtually eliminate warp effects when ripping. 

The importance of live sawing vs. conventional sawing 

and the benefits of high-temperature over conventional 

drying have been measured and compared by Boone and Maeglin 

(Figure 2). This figure shows a reduction in rejects of 15 

percentage points for live 

methods (conventional drying), 

sawn vs. conventional sawn 

but only a reduction of 3 

percentage points for high-temperature vs. conventional 

temperature drying (live sawing). 

A major deterent to the use of the S-D-R process in the 

Appalachian region is that few sawmills have standard drying 

f aci li ties and probably none have high temperature kilns. 

Solar and air drying would be feasible drying methods, 



LIVE SAW 

DRY AS WIDE EDGED FLITCHES 
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Figure 1. The S-D-R Process 
(Source: Maeglin and Boone 1981) 
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al though pretreatment might also be feasible. If yellow-

poplar S-D-R studs (studs meaning 2 x 4 x 8-foot in this 

report) are to be manufactured for a local-use market, the 

effect of alternate practical drying methods on warp in S-D-

R flitches must be established. 



CHAPTER TWO: REVIEW OF LITERATURE 

Introduction 

Interest in the growth stresses of woody stems began in 

the 20's and 30's but most of the detailed work has taken 

place within the past 20 to 30 years (Dinwoodie 1966, Chafe 

1979). European, American, and Australian investigators 

have been the most prolific, and among these the Australians 

are by far the most published. This is because of the 

difficulties encountered in the conversion of plantation 

grown eucalypts in Australia. With the promise of high 

yields, low costs, and short rotations of eucalypts, vast 

acreages were planted. But the problem of degrade caused by 

growth stresses in these young, fast-grown trees may limit 

their usefulness to low quality products if methods for 

their stress relief are not found. 

Growth stresses are not limited to eucalypts; they 

probably occur in all species though not with the same 

magnitude and resulting degradation of lumber. In fact, 

according to Nickolson, Campbell, and Bland ( 1972), "The 

definition of such terms as 'normal wood' and 'reaction 

wood' may have to be more closely examined; it would appear 

that no clear demarkation exists between them .... " 

9 
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COMPRESSION 

TENSION 
STRESS 

Figure 3. Longitudinal Growth Stress 
Distribution. 

(Source: Maeglin and Boone 1981) 
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Growth stresses are a natural occurence and for the 

most part do not adversely affect the physiology of living 

trees (Chafe 1979). The stresses become a problem only when 

the tree is utilized for lumber, veneer, or similar 

products. In fact "fibre tension is so general in woody 

plants that it would be strange if it does not prove to have 

some significance in the stability of stems. The tree is 

made up of successive sheaths in tension, a fact that 

certainly makes for a rigid and stable column" (Jacobs 

1938). 

Yellow-poplar suffers from high yield losses due to 

growth stresses when converted into dimension lumber (Koch 

and Rousis 1977), accounting for the recent interest by the 

U.S. Forest Products Laboratory and others in this area. 

Origin, Distribution, Evaluation, and Significance of 

Growth Stresses 

Martley (1928) was the first to conclude that the wood 

near the exterior of a tree was in longitudinal tension 

relative to that near the pith when he observed the 

curvature of resawn planks. Jacobs (1938, 1945) was able to 

quantify these stresses by cutting diametric planks and 

measuring the changes in lengths of strips released from 

them. Other methods of measurement are now used as well 

(Boyd 1950a, Nickolson 1971, Wilhelmy and Kubler 1973b). 
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"As each annual sheath of wood is put on the tree 
it develops a tension, the tension being held in a 
vertical direction by the resistance of the sheath 
itself to longitudinal shear, and its lateral effect by 
the radial adhesion of the fibers to those situated 
inside them. The compressive force balancing the 
tensile force of the whole sheath is exerted by the 
centre of the stem. Thus, the tension of each new 
sheath is independent of stresses in the column of wood 
inside it. In this way the tension of the stem becomes 
cumulative towards the outside, and the compression of 
the heart correspondingly more severe as the tree 
increases in girth." (Jacobs 1938). 

Boyd (1950b) estimated the point of zero stress to be 

at one-third of the radius from the periphery (Figure 4). 

The magnitude of tensile stress at the periphery does not 

appear to be related to stem diameter or height in the stem 

(Jacobs 1938; Chafe 1981), but the compression stress at the 

center is related to diameter, being much greater in larger 

trees. Boyd ( 1950a) found tensile stresses to be on the 

order of 1000 to 2000 psi and compressive stresses to be 

2000 to 3000 psi in mountain ash ( EucalYPtUs regnans) and 

some researchers have reported much higher compressive 

values (up to 5000 psi) as summarized by Chafe (1979). 

Hallock (1966) found mean values of 180 psi in tension 

and 167 psi in compression in loblolly pine. This is in 

argeement with the findings of Jacobs (1945) that the 

magnitude of stress in softwoods is generally smaller than 

that in hardwoods. 
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It would appear (Figure 4) that in large stems the 

compressive stress should be much larger than the actually 

observed values, but this is not realized because of plastic 

flow and/or failure at the elastic limit (Dinwoodie 1968). 

These failures may show up as checks and splits in logs and 

lumber when stresses seek release (Wilhelmy and Kubler 

1973a; Hardie 1974; Giordano, Curro, and Ghisi 1969 and 

Gillis 1973), and may be responsible for a defect in 

tropical species, eucalypts, and European beech called 

brittle heart (Panshin and DeZeuw 1970; Dinwoodie 1971) and 

possibly compression failures in other species. 

Growth stresses are believed to originate when the 

cells undergo lignification (Boyd 1972), the shrinkage of 

the cells in length creating a longitudinal tension and 

their swelling in diameter a lateral compression. It ~s not 

known for sure why growth stress levels differ among trees, 

but Nickolson ( l 973b) postulates that it may be due to 

genetic factors, as the magnitude of stress has a positive 

correlation with the density of the wood, which is thought 

to be genetically controlled (Nickolson, Campbell, and Bland 

1972). 
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Relief of Stresses in Standing Trees 

Treatment of the standing tree would reduce the number 

of defects occuring during felling, such as splitting. 

Nickolson ( 1973a) found that trees which had been killed 

(but not felled) showed no significant reduction in stress 

levels after 276 days. However, one tree in his experiment 

continued to live and exhibited a 16% reduction in stress. 

Waugh (1977) followed this up by using a defoliant on 

Eucalyptus regnans without causing 

mean strain reduction of 20% 

mortality and 

after twelve 

found a 

months. 

Commercial use of this method would likely be practical only 

on plantations to be clear-cut. 

Cutting two circumferential grooves several inches 

apart before crosscutting a log midway between the grooves 

was evaluated by Hardie (1974) as a method to reduce splits 

on the end faces. It was found to be dangerous and 

impractical on a commercial scale. The use of metal bands 

about the trunk to restrain the tree from splitting during 

felling when the stresses are relieved has been proposed and 

found effective (Wilhelmy and Kubler 1973a), but not 

economically feasible. 

The most promising of the various methods of reducing 

stresses in standing trees appears to be the use of 

herbicides to check the growth for a period before 
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harvesting. This would be most suited for plantations to be 

clearcut, such as those of eucalypts. 

Relief of Stresses in Logs 

The objectives of the log treatments are of two types: 

1) those treatments that will lower the stress level to make 

sawing easier and reduce subsequent checking and 2) those 

treatments which will restrain splitting when the log is 

used unsawn or cut for ties. 

The first type o·f treatment can be further classified 

as passive (storage and seasoning) and active (restraint and 

heating) treatments. Hardie ( 1974) found that "water and 

spray storage for up to three months before conversion have 

reduced degrade in logs but have had no significant effect 

on boards sawn from the logs." However, Nickolson (1973a) 

recorded a mean reduction in stress of 20% in logs after 182 

days of storage and did not observe any difference between 

logs stored under spray and those which were end coated and 

stored in the open. Though the severity of end checks is 

reduced, this is probably due to lower drying stresses, 

since storage should increase the incidence of splits as 

longitudinal strain is transformed to transverse stresses at 

the cross-cut face (Boyd 1950b). Storage under water spray 

to minimize drying degrade is already a common practice 
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(Nickolson 1973a) and may be required if logs containing 

large stresses are to be stockpiled by mills to insure a 

continous supply. 

Banding, as an active restraint, has been found to be 

effective in preventing end checks (Wilhelmy and Kubler 

1973), but is too cumbersome for commercial applications. 

Heating of logs, on the other hand, is already used for 

veneer logs and has been shown to be effective in reducing 

stress levels. Skolmen (1967) found that strains in 6 to 8 

inch Eucalyptus saligna logs, when boiled in water for 24 

hours, were 50% less than in unheated logs and that steaming 

for 48 hours offered no further reduction over 24 hours of 

steaming. End spits believed due to heating were 

encountered and may limit the commercial usefulness of this 

technique. Heating of wood is discussed in more detail 

with respect to lumber in the next section. 

Logs are commonly used as transmission poles where end 

checks are a problem. Here integral toothed plates (gang 

nails) are used to restrain end splitting (Hardie 1974) and 

S- or C-shaped irons are used with cross ties. 

Relief of Stresses in Lumber 

Conversion of highly stressed logs into lumber poses 

problems both in sawing and in degrade. Pretreatment of the 
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logs may help as previously explained, but further stress 

relaxation is usually needed. When sawing, it is preferable 

to release stresses simultaneously on opposite faces of the 

log to keep the cant or log from springing on the carriage 

due to unequal stress relief (Jacobs 1938 and Skolmen 1967). 

The Scragg system is well suited for this type of sawing, as 

it centers the pi th in· the board or timber resulting in a 

balance of the stresses (Hallock 1965). This is essentially 

live sawing on two faces at the same time and is more 

desirable for balancing stresses than conventional single-

saw milling. 

The degrade in lumber caused by release of stress can 

be lessened 

conditions. 

by accelerating creep under 

Two methods seem applicable to this: 

content changes and heat treatment. 

controlled 

moisture 

Moisture content changes may have been a factor in 

lowering stress levels of logs in storage (Chafe 1979). 

Armstrong (1972) found that " ... wood subjected to the 

simultaneous action of compressive load parallel to the 

grain and moisture movement in the presence of moisture 

content changes, whether the moisture content increases or 

decreases, exhibits greatly enhanced deformation," and "the 

relative creep in wood allowed to dry while under load was 

at least twice that occuring in wood maintained at constant 
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moisture content" (Armstrong and Kingston 1960). Other work 

by Armstrong and Christenson ( 1961) and Hearmon and Paton 

(1964) verified this. Thus, if wood was restrained from 

splitting and dried quickly with few drying stresses, then 

the growth stresses should cause less degrade upon removal 

of the restraint. This concept is discussed further in 

conjunction with the S-D-R system treated later in this 

thesis. 

The heating of wood containing growth stresses results 

in an irreversible expansion, indicating that these stresses 

have been relieved (Yokota and Tarkow 1962, and Kubler 

1973). It is felt that this is due to the plasticizing of 

the lignin allowing the fibers to slip into nonstressed 

position (Maeglin and Boone 1981). Goring (1963) found that 

the softening temperature of spruce lignin was related to 

moisture content (Figure 5), indicating that wood above the 

fiber saturation point would benefit the most from a heat 

treatment. This could explain the success that Skolmen 

(1967) had in heating logs and Hardie (1974) had in heating 

lumber. 

The S-D-R Process 

Although the origin and distribution of growth stresses 

in woody stems has been studied over the past 40 years and 



200 

C..!) ,....._ 
z u 
H 0 
z ..._,, 
~ 150 E-1 ga ~ 
0 :::> 
ti) E-t 
...:I ~ 
~ 

~ 

~' 
i:il ~ 100 ::I! E-t 
E-1 

20 

0 10 20 30 40 

MOISTURE CONTENT (%) 

Figure 5. Softening temperature vs. 
moisture content for 
periodate lignin. 

(Source: Goring 1963) 



21 

is now generally understood, the practical application of 

this work to timber utilization has been quite limited. 

Whereas the Australians have been confronted with problems 

with eucalypts for many years, only recently in this country 

have we been concerned with similar problems with second 

growth low quality yellow-poplar and aspen. 

A system combining the advantages of live sawing and 

heating to produce studs from problem hardwoods has been 

developed by the Forest Products Laboratory (Hallock and 

Bulgrin 1977 and 1978). The S-D-R process, as described in 

Chapter l, offers better results at lower cost than any 

other treatment developed so far for relieving growth 

stresses in lumber. Although S-D-R represents a great 

improvment over conventional manufacturing processes, it has 

not yet been widely adopted. 

Drying Costs Comparison 

An important component of the total cost of applying 

the S-D-R manufacturing process is the cost of drying. As 

mentioned earlier, because of the lack of high temperature 

drying facilities, an examination of alternative drying 

techniques must evaluate the trade-off between lower drying 

costs and the possibility of greater degrade. In southern 

yellow pine studs for example, the reduction in value in 
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Table 3. Approximate Kiln Drying Costs for Pine Dimension 
( $ per MBF). 

Equipment depreciation 
Insurance 
Maintenance 
Supplies 
Sticker replacement 
Steam and electricity* 
Labor 
Land and building 
Interest (8%) on 
Inventory 
(includes 10 days 
storage) 

TOTAL 

Drying Time 

24 Hours 72 Hours 
(S charges per wk) (2 charges per wk) 

.20 

.60 
1. 00 

.so 

.7S 
7.00 
8.00 

.30 

.SS 

18.90 

.60 

.60 
1. 00 

.so 

.7S 
10.00 
8.00 

.so 

.7S 

22.70 

*If using wood waste totals could be reduced by $3.00 and 
$6.00. 

Source: Wengert (1976) 
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Table 4. Operating Costs ($ per MBF) for Air Drying, 
Green to 25% MC. 

Air Drying Time 

3 Mo. 6 Mo. 

Land, Taxes, Maint. $ 1. 70 $ 2.00 
Inventory Expense (16% Air) 16.00 32.00 
Taxes on Lumber .65 1.30 
Insurance 1.90 1.90 

TOTAL COST/MBF $20.25 $37.20 

COST/% MC REMOVED/MBF .40 .75 

Source: Wengert and Lamb 1983 
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dropping from No. 2 and Better dimension to No. 3 is 25% or 

$60/MBF(l). 

Wengert ( 1976) estimated the cost of drying southern 

pine in a high-temperature kiln to be $18.90/MBF and 

$22.70/MBF for drying times of 24 hours and 72 hours 

respectively (Table 3). After adjusting for inflation, 

these estimates should be applicable to yellow-poplar as 

drying times and moisture removal rates are nearly equal for 

these two species. 

Costs for air drying from green to 25% moisture content 

for 3 and 6 month drying times are $20.25/MBF and $37.20/MBF 

(Table 4) when a lumber value of $400/MBF is assumed 

(Wengert and Lamb 1983). These data may be applied to 

yellow-poplar S-D-R processed studs by adjusting the lumber 

value and drying times to the estimated values for yellow-

poplar lumber and drying times measured in this study. 

The cost of solar drying is estimated by summing the 

air drying cost for the solar drying period and the capital 

and operating costs of the kiln itself. The "Virginia Tech" 

solar kiln has a capacity of 1.5 MBF (Wengert 1980), a 

construction cost of $1000, and is expected to be fully 

depreciated after five years. The cost of oper·ating the 

three-1/10 horsepower fans (.224 kw) depends on the cost of 

(1) Personal communication, Union Camp Corp., Nov. 8, 1982. 
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electricity and time required for drying. 



CHAPTER THREE: OBJECTIVES 

Maeglin and Boone (1981) demonstrated the advantage of 

using live sawing over conventional sawing in reducing warp 

in yellow-poplar studs, and a smaller improvement when high-

temperataure was used instead of moderate temperature 

drying. Because of the lack of high-temperature drying 

facilities in the Appalachian region it is necessary to 

examine practical drying techniques for producing yellow-

poplar S-D-R studs economically. 

It is the hypothesis of this study that if high-

temperature drying relaxes growth streses, then it should be 

possible to achieve the same results using a high-

temperature or steaming predrying treatment which would then 

be followed by solar or air drying the lumber to below 19% 

moisture content. 

The objectives of this study are to determine: 1) the 

duration of predrying heat or steam treatment needed to 

relax growth stresses adequately in yellow-poplar S-D R 

flitches, 2) the effect of these predrying treatments 

followed by solar and air drying on grade losses in yellow-

poplar S-D-R studs, and 3) the cost of applying successful 

predrying treatment and drying methods as compared to the 

cost of high-temperature drying in the S-D-R process. 

26 



CHAPTER FOUR: MATERIALS AND METHODS 

Objective No. 1 
Twelve 8-foot yellow-poplar logs with small end 

diameters between 8 to 10 inches were selected and cross-cut 

in half to produce twenty-four 4 foot logs. Two 7/4" thick 

flitches adjacent to each other and on opposite sides of the 

pi th were cut from each log. One f li tch was a control 

sample and the other was treated. The treatments consisted 

of steaming (with an incoming pressure of approximately 10 

psi) in the kiln for periods of 5, 10, 15, and 20 hours. 

Each treated fli tch was placed randomly in one of these 

treatment groups, resulting in six samples ( fli tches) for 

each of the four treatment times. Three samples in each 

group were wrapped in plastic to minimize moisture loss 

during 

parallel 

the high-temperature treatment. After treatment, 

1/2-inch wide ( 7 /4-inch thick and 48-inch long) 

strips were marked on one face of each flitch (figure 6) and 

the length of each strip measured to the nearest 0.001 inch 

using a dial gauge. Then these marked strips were 

progressively removed from the fli tch by ripping with the 

table saw (kerf = 0 .1-inch). After ripping the length of 

each strip was again measured. Strain was calculated for 

each strip by the formula e = (change in length)/( original 

27 
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length). The strain was calculated for each flitch by 

averaging the strains of all strips. The modulus of 

elasticity for each f li tch was obtained by measuring the 

deflection resulting from loads applied to the center of a 

7/4 x 0.4-inch beam sample from each flitch. Successively a 

1000 g and then a 2000 g load was placed on the wide face of 

the sample simply supported over a 28-inch span. 

Deflections were measured for both load levels to the 

nearest 0.001-inch using a dial gauge. Modulus of 

elasticity was calculated using the differences in 

deflections between the two loads: 

E = Pl3 /48Id 

where p = difference between the two loads (1000 g), 1 = 
length of span, I = moment of inertia, and d = the 

difference between the two maximum deflections due to the 

two loads. The average stress released by ripping for each 

fli tch was calculated as the product of the MOE and the 

average strain for that f li tch. Specific gravity (green 

volume basis) was determined from a sample for each flitch 

using green values determined by submersion and oven-dry 

weight. 

Objective No. 2 

Fifty-nine 8 foot long yellow-poplar logs ( 12 inches 

small end diameter minimum) were selected from a local yard. 
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To identify those 2 x 4's that were near the pith, a 4 inch 

diameter red disc was painted on the small end of each log 

centered on the pi th. The logs were sawn into 7 /4" thick 

flitches in the established S-D-R manner. (For a more 

complete description, see Denig 1982.) The weight of each 

fli tch was recorded in order to estimate moisture losses 

during pretreatment. The flitches were assigned equally and 

randomly to four pretreatment groups and a control. The 

four treatments were seven hours at 230 degrees F, 15 hours 

at 230 degrees F, 15 hours of steaming, and 20 hours of 

steaming. Steaming was done with approximately 10 psi steam 

pressure. All treatments were carried out in the kiln at 

the Brooks Forest Products Center at Virginia Tech. After 

treatment the flitches were weighed again so that the 

average moisture loss due to each treatment could be 

calculated. Approximately 1/3 of the flitches from each of 

the four treatment groups and from the control were stacked, 

using 3/4-inch stickers spaced two feet apart, in the 

Virginia Tech solar kiln. The fans in the kiln were 

operated only on weekdays when the sun shone. The remainder 

of the flitches were stacked in a lumber yard in two piles, 

with 3/4-inch stickers spaced two feet apart, with covers 

for air drying. Four moisture sample boards from the solar 

kiln were weighed every other day. An electric moisture 
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meter was used periodically to monitor the drying rate of 

the air drying stacks. When the average moisture content of 

the kiln samples reached 10% the charge was pulled from the 

kiln. Air drying was terminated when the samples were 

below 15%. 

After drying, the fli tches were ripped on an edger 

equipted with laser lights into 3-7/8 inch wide studs. Care 

was taken to insure that the flitches were fed through the 

edger straight without sidewise movement that could be 

induced by the feed mechanism. The studs were numbered to 

maintain their identity and then were dead pi led for two 

days before warp measurement. For each stud, bow, crook, 

twist, and moisture content were measured and recorded. No 

allowance was made for the possibility of warp reduction due 

to planing--that is, the warp was measured on the rough 

stud. 

Bow was measured using a thickness gauge to measure the 

maximum amount of convexity between the face of the lumber 

and a string stretched between the ends of of the stud. 

Measurements were to the nearest 1/32-inch. Crook was 

measured in a similar manner, the string being stretched on 

an edge of the stud instead of a face. Twist was determined 

using the same gauge to measure the deflection of one corner 

of the stud from a flat surface while the other three 
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corners were held down. Moisture content at the center of 

each stud was read from an electric moisture meter, to the 

nearest 1%. The insulated needles were driven to a depth of 

3/8-inch and were spaced parallel to the grain. Also it was 

noted if the stud had any red paint on either end indicating 

that it had come from with 2 inches of the pith. A sample 

was cut from the end of each stud and used to obtain 

specific gravity (green volume basis, 

soaking) for each flitch. 

after 48 hours 



CHAPTER FIVE: RESULTS AND DISCUSSION OF DATA 

Treatments to relieve growth stresses in S-D-R flitches 

The objective of this section of the study was to 

determine two steaming times and two high-temperature 

treatment times which would relieve growth stresses to an 

acceptable level. The longer time of each treatment would 

show positive results and the shorter time would still be 

positive but would offer a savings in treatment time. 

The average strains due to growth stresses in control 

f li tches and in treated fli tches are shown in Figure 7. 

When these were multiplied by the modulus of elasticity for 

each fli tch, the result was the average amount of stress 

released by ripping (Figure 8). Both graphs illustrate a 

general reduction in strain (or stress) as treatment length 

increases, despite a peak at 10 hours caused by some 

scattered points. The standard deviation also follows this 

trend, for stress falling from 109.47 psi to 49.77 psi for 

treatment durations of 0 and 20 hours, respectively, and the 

strain standard deviation dropping from 102. 08 x 10 (-6) 

in./in. to 30.92 x 10 (-6) in./in. for the same treatment 

durations. Although longer treatment durations should 

result in mean standard deviation values of zero (stress-

free wood) this would not be realized because of the 

33 
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presence of other stresses induced by moisture and thermal 

changes during and subsequent to treatment. Overall there 

was no apparent difference due to wrapping with plastic. 

The data examined shows a substantial reduction in both 

mean values and standard deviations for stress and strain at 

15 hours of steaming and a smaller decline continuing to 20 

hours. For this reason 15 and 20 hours were chosen for 

steaming durations. Because a high-temperature treatment 

temperature would be 30 to 40 degrees F greater than 

steaming it could be expected that treatment times could be 

reduced. Times of 7 and 15 hours were chosen for the high-

temperature treatment. 

The effect of drying techniques on grades 

As would be expected, some drying took place during 

treatment (Table 5) with 20 hours of steaming resulting in 

less moisture loss than 15 hours, probably because of a 

lower initial green moisture content. Loss of moisture 

during treatment had no significant effect on final moisture 

content, the mean final moisture contents for solar dried 

studs being 11 % and 10 % for control and treated flitches 

respectively and 12 % and 12 % for air dried studs. Long 

drying times of 5.7 weeks for solar (Figure 9) and 9 weeks 

for air drying probably reduced any between fli tch 

variations in moisture content. 
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Table 5. Average moisture content losses during 
treatment. 

Treatment 

Steaming 
--15 hrs. 

Steaming 
--20 hrs. 

High-temp. 
--7 hrs. 

High-temp. 
--15 hrs. 

Green MC 

(%) 

84.0 

66.9 

66.8 

71.8 

Post-treatment MC 

(%) 

52.6 

40.5 

45.1 

38.8 

Post-treat/ 
green MC 
ratio 

0.63 

0.60 

0.68 

0.54 
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The percentage of studs not making No. 2 and Better 

because of excessive warp was not significantly (ex =O. 05) 

different between the combinations of drying methods and 

treatments (Table 6). In fact, only three studs out of 578 

measured failed to make this grade (this amount of excessive 

warp was unexpected). On this basis there was no difference 

between all of the techniques of this study and the S-D-R 

sawn, high-temperature dried results reported by Denig 

(1982). These results are similar to those obtained by Earl 

Deal of N.C. State (1). These results show that high-

temperature drying is not necessary in the S-D-R process to 

produce warp-free yellowpoplar studs. 

Although the percentage rejected showed no difference 

with drying procedure (0<=0.05), it is possible to examine 

the groups more closely because bow, crook, and twist were 

measured in 1/32-inch classes. 

When the amount of crook measured in the studs (Table 

7) is compared by drying method, proximity to pi th, and 

treatment, none are significantly different at ~=0.05 (Table 

8). Mean values of crook (in 32nds of an inch) ranged from 

2.20 to 4.19, far below the 12/32 inches allowed by the 

grade standards for No. 2. This is most important since the 

warp allowances for crook are the most restrictive. Note 

( 1) As presented at the FPRS Carolinas-Chesapeake Section 
Meeting, November 2, 1982, Pipestem, WV. 
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Table 6. Comparison of drying techniques by 
number and % of studs rejected from 
No. 2 grade due to warp. 

Drying Method 

Air Solar 
Treatment Number % Number 

Steaming--15 hrs. 0 0 0 

Steaming--20 hrs. 1 l.3(a) 0 

High-temp--7 hrs. 0 0 1 

High-temp--15 hrs. 0 0 1 

Control 0 0 0 

(a) Rejected for excessive crook. 
(b) Rejected for excessive twist. 
(c) Rejected for excessive twist. 

% 

0 

0 

2.3(b) 

2.2(c) 

0 
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Table 7. Crook summary of results. 

Solar 

Heat 
Control 

.r:: 

.µ . ...; 
o.. N=5 
~ X=2. 200 
~ SD=l 483 4--1 • 

: 
N v 

.r:: 

.µ . ...; 
Dried °' N=36 

Air 

e X=3. 944 
2 SD=2. 190 

4--1 

-
N 
A 

.r:: 
.µ . ...; 
o.. N=21 
e X=4.190 2 SD=2.620 

4--1 

: 

.r:: 

.µ 

Dried ·8.. N=47 
X=3.362 

~ SD=2.372 
~ 

4--1 

-
N 
A 

Heat 
7 Hours 

N=l8 
X=3.722 
SD=2.516 

N=25 
X=2.680 
SD=2.036 

N=l7 
X=3.765 
SD=l. 921 

N=61 
X=3.000 
SD=2.066 

Steam 
15 Hours 

N=l6 
X=3.313 
SD=2.152 

N=29 
X=2.897 
SD=2.041 

N=21 
X=3.238 
SD=2.256 

N=50 
X=3.080 
SD=l.805 

Steam 
15 Hours 

N=l2 
X=3.167 
SD=l.946 

N=28 
X=2.679 
SD=2.161 

N-25 
X=2.840 
SD=l.951 

N=52 
X=3.615 
SD=2.198 

20 Hours 

N=l7 
X=3.471 
SD=l.505 

N=22 
X=2.955 
SD=l.864 

N-25 
X=3.880 
SD=2.713 

N=51 
X=3.67 
SD=2.559 

Note: All means (X) and standard deviations (SD) are 
in units of 1/32-inches. 
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Table 8. Analysis of Variance for Crook. 

Variable DF F Value 

Drying method 1 

Proximity to pith 1 

Pretreatment 4 

No variables are significantly 
different at o<=O. 05. 

2.81 

0.78 

0.60 

PR>F 

0.0944 

0.3766 

0.6630 
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that the amount of crook measured may be caused by sources 

other than growth stresses. Some may have been due to the 

flitch moving slightly while being fed through the edger. 

A similar analysis for bow showed that drying method 

was significant at ex= 0. OS (Table 9). A Duncan's Multiple 

Range Test showed solar-dried studs (mean bow = 
4.14/32-inches) to have significantly ( ex = O.OS) more bow 

than air-dried studs (mean bow = 3.46/32-inches). Mean 

values within each treatment were still well within the 

allowable limit of 24/32 inches, ranging from 1. 96/32 to 

4.93/32-inches (Table 10). A factor other than growth 

stresses which would cause bow would be sticker misalignment 

and other stacking errors. 

Drying method was also significant at = 0. OS in an 

analysis of variance for twist, as was treatment (Table 11). 

A Duncan's Multiple Range Test showed solar dried studs 

(mean twist = 3. S0/32-inches) to have significantly ( ex = 
.OS) more twist than air-dried studs (mean twist = 
2.S9/32-inches). The test results for treatment are shown 

in Table 12. Mean twist values (Table 13) ranged from 

0. 80/32 to S. 96/32-inches whereas the maximum allowed for 

grade No. 2 is 16/32-inches. 

The R-squared values in the analysis of variance tests 

for bow and twist were 0.069 and 0.184 respectively, 
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Table 9. Analysis of Variance for Bow. 

Variable 

Drying method 

Proximity to pith 

Pretreatment 

DF 

1 

1 

4 

F Value 

3.99 

0.18 

1. 39 

PR>F 

0.0462* 

0.6705 

0.2353 

*Drying methods are signi fie ant at O< = 0. 05 
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Table 10. Bow summary of results. 

..c: 

.µ . ..; 

Heat 
Control 

o.. N=5 
s X=3.200 

Solar 2 SD=2. 588 
44 

= 
N 
v 

..c: 

.µ . ..; 
Dried o.. N=36 

Air 

Dried 

~ X=4. 778 
.!:: SD=4.210 

-
N 
/\ 

..c: 

.µ 

·ci, N=2 l 
s X=4.286 
0 SD=2.493 
)...f 

44 

N 
v 

..c: 

.µ . ..; 
0.. N=47 s X=4.298 0 
)...f SD=3.355 44 

= 
N 
/\ 

Heat 
7 Hours 

N=l8 
X=3.500 
SD=2.149 

N=25 
X=3.040 
SD=2.761 

N=l7 
X=3.941 
SD=2.727 

N=61 
X=4.131 
SD=3.133 

Steam Steam 
15 Hours 15 Hours 20 hours 

N=l6 
X=4.938 
SD=3.108 

N=29 
X=4.069 
SD=2.590 

N=21 
X=3.762 
SD=3.576 

N=50 
X=3.660 
SD=2.560 

N=l2 
X=3.500 
SD=2.276 

N=28 
X=4.357 
SD=3.509 

N=25 
X=l. 960 
SD=l. 136 

N=52 
X=3.096 
SD=2.003 

N=l7 
X=4.647 
SD=3.656 

N=22 
X=4.318 
SD=3.896 

N=25 
X=3.120 
SD=2.048 

N=51 
X=2.333 
SD=2.582 

Note: All means (X) and standard deviations (SD) are 
in units of 1/32-inches. 
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Table 11. Analysis of variance for twist. 

Variable DF F Value 

Drying method 1 8.61 

Proximity to pith 1 0.74 

Pretreatment 4 16.47 

*Drying method and pretreatment are 
significant at ex= 0. 05 

PR>F 

0.0035* 

0.3908 

0.0001* 
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Table 12. Duncan's Multiple Range Test for 
Pretreatment Effect on Twist. 

Grouping Mean N Treatment 

A 3.9421 121 High-temperature--7 
A 
A 3.8522 115 Steaming--20 hrs. 

B 2.6154 117 Steaming--15 hrs. 
B 
c B 2.2328 116 High-temperature--15 
c 
c 1. 8532 109 Control 

hrs. 

hrs. 

Treatment means with the same letter grouping are not 
significantly different (0<=0.05) from each other. Means 
are in units of 1/32-inches of twist. 
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Table 13. Twist summary of results. 

.c 

.µ 
·.-i 

Heat 
Control 

o.. N=5 
s X=. 800 

Solar 2 SD=. 837 
~ 

-
N 
v 

.c 

.µ 
·.-i 

Dried °' s 
0 
lo-l 

11-l 

-N 
/\ 

.c 

.µ 
·.-i 

N=36 
X=l.472 
SD=l.576 

o.. N=21 

Air 
s X=2. 333 
2 SD=2. 353 

11-l 

-
N 
v 

.c 

.µ 
·.-i 

Dried °' s 
0 
lo-l 

11-l 

-N 
/\ 

N=47 
X=2.043 
SD=l.865 

Heat 
7 hours 

N=l8 
X=5.889 
SD=3.724 

N=25 
X=5.960 
SD=4.560 

N=l7 
X=4.059 
SD=3.344 

N=61 
X=2.508 
SD=2.494 

Steam Steam 
15 Hours 15 Hours 20 Hours 

N=l6 
X=3.125 
SD=4.161 

N=29 
X=2.103 
SD=l. 566 

N=21 
X=2.476 
SD=l.990 

N=50 
X=l.920 
SD=l.748 

N=12 
X=3.583 
SD=2.392 

N=28 
X=3.143 
SD=2.978 

n=25 
X=2.760 
SD=2.146 

N=52 
X=2.038 
SD=l.441 

N=l7 
X=3.412 
SD=2.740 

N=22 
X=5.273 
SD=2.028 

N=25 
X=3.680 
SD=3.078 

N=51 
X=3.471 
SD=3.331 

Note: All means (X) and standard deviations (SD) are 
in units of 1/32-inches. 
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indicating that little of the variation could be accounted 

for by the model. Variables not considered include stacking 

effects, saw and/or fence misalignment in the edger, and 

edger feed variations. 

A Duncan's Multiple Range Test for the average amount 

of warp in studs by log showed that certain logs had 

significantly more of one type of warp than other logs. 

However, logs producing studs with significantly greater 

amounts of bow did not have a high amount of twist and vice 

versa. Therefore, most of the variation in warp from stud 

to stud, albiet small, cannot be accounted for by any of the 

variables measured. 

Cost of drying technique application 

Because none of the treatments offered better results 

than the controls, the cost of drying is calculated for air 

and solar drying unmodified by pretreatments. Also because 

no studs were rejected due to excessive warp in the control 

groups, no adjustment must be made for degrade when 

comparing air and solar drying to high-temperature drying. 

The unit of measurement, MBF, is for green lumber. A 

correction should be applied for flitches as they have 

rounded edges and "random" width and therefore will yield 

less finished lumber. 
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High-temperature drying costs as estimated by Wengert 

(1976) in Table 3 were adjusted for inflation (multiplied by 

1.75 to account for inflation from 1976 to 1982) and drying 

time. To make the estimate comparable to the other drying 

methods sticker replacement cost was deducted as it is not 

considered a cost of drying in this comparison. This 

results in a cost of $31.76/MBF for drying in 24 hours and 

$38. 41/MBF for drying in 72 hours. Adjusting these costs 

linearly results in an estimate of $45.06/MBF for a drying 

time of 5 days (drying time from Denig 1982). 

The cost of air drying can be estimated by modifying 

the costs given by Wengert and Lamb ( 1983) to a $200/MBF 

lumber value. This results in a cost of $12.25/MBF for air 

drying for 3 months. 

The cost of solar drying is the sum of the cost of air 

drying for the drying period and the cost of operating the 

kiln for that period. Adjusting the air drying cost to 1.2 

months (assumes 10 charges per year) results in a cost of 

air drying of $4.90/MBF. (Note: This drying rate assumes 

that the rate found in this study could be improved by 

installing a thermostat in the kiln to allow weekend 

operation thereby gaining two drying days per week.) The 

kiln cost component consists of amortization and operating 

costs. The Virginia Tech solar kiln (Wengert 1980) has an 
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initial cost of $1000 for 1. 5 MBF capacity, would dry 10 

charges per year, and has an expected life of five years. 

This results in a straight-line depreciation of $13.33/MBF. 

Interest on investment is not taken into account. The 

operating cost consists of electricity to run the fans. The 

cost of electricity = ( 3 fans) ( . 10 hp/fan) ( . 746 kw/hp) ( 12 

hrs./day)(34 days/charge)($.05/KWH) (1 charge/1.5 MBF) = 
$3.04/MBF. The total cost of solar drying is ($4.90 + 13.33 

+ 3.04) $21.27/MBF. 

In summary, the costs of high-temperature, air, and 

solar drying yellow-poplar S-D-R fli tches are estimated to 

be $45.06, $12.25, and $21.27, respectively, per MBF. These 

estimates were made with many assumptions but can provide a 

basis for comparing the drying methods and estimating costs 

for a specific situation. 



CHAPTER SIX: SUMMARY AND CONCLUSIONS 

A preliminary study was conducted to determine what 

duration of steaming or high-temeprature treatment would be 

required to relieve growth stresses in 7/4-inch thick 

yellow-poplar flitches. Steaming times of 5, 10, 15, and 20 

hours were tested and it was found that the average stress 

and its standard deviation decreased at 15 hours. From this 

data steaming times of 15 and 20 hours and high-temperature 

treatment durations of 7 and 15 hours were chosen. 

Flitches 7/4-inch thick from 59 8-foot logs were 

divided equally into five groups. One group was the control 

and was not treated. The flitches in each of the other four 

groups were assigned to one of the treatments selected in 

the preliminary study. After treatment an equal number of 

fli tches from each of the five groups was dried in the 

Virginia Tech solar kiln. The remaining flitches were air 

dried. After drying all flitches were ripped to yield 2 x 

4's. Bow, crook, and twist were measured for each stud to 

the nearest 1/32-inch. No difference between combinations 

of drying method and pretreatment was found using the 

percentage of studs within each group not making warp limits 

for No. 2 dimension as a basis for comparison. Using the 

actual amounts of warp as a basis showed that for bow drying 

52 
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method had a significant effect and for twist both drying 

method and treatment were significant. Low R-squared values 

in the 3-way analysis of variance indicated that little of 

the total variation could be accounted for by this model. 

An attempt to explain the variation by introducing log as a 

variable was unsuccessful. Most of the variation in warp 

was due to factors not measured. 

This study has shown that air and solar drying of 

yellow-poplar S-D-R fli tches are practical drying methods 

for the Appalachian sawmiller. No difference was found 

between solar, air, and high-temperature drying when 

compared by yield loss due to warp. The costs of applying 

these methods were estimated to be $45.06, $12.25, and 

$21.27 per MBF for high-temperature, air and solar drying, 

respectively. 
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Conclusions reached from this study are: 

1. Treatment before solar or air drying is not 

necessary to produce yellow-poplar S-D-R studs (i.e., 2 

x 4 x 8-foot) within the warp limits for No. 2 

dimension. The benefit of reduced warp in the S-D-R 

process is therefore concluded to be due to sawing 

method and not drying method. 

2. There is no significant difference (o<=0.05) between 

solar and air drying when compared by percent of studs 

not meeting warp limits for No. 2 dimension. 

3. Drying method in bow and drying method and 

treatment for twist had significant effects on the 

magnitude of warp. Solar-dried studs had more bow and 

twist than did air-dried studs. Treatments in order of 

decreasing amounts of twist were high-temperature-7 

hours, steaming-20 hours, steaming-15 hours, high-

temperature-15 hours, and the control (untreated). 

4. Yellow-poplar flitches showed a reduction in growth 

stress after steaming for 15 hours. 

5. Air drying is the least expensive drying method for 

yellow-poplar S-D-R flitches at $12.25/MBF, followed by 

solar drying at $21. 27 /MBF and high-temperature drying 

at $45.06. 
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6. Solar and air drying are practical, economical, and 

technical alternatives to high-temperature drying for 

the Appalachian 

(meeting No. 2 

studs. 

sawmiller for producing straight 

dimension warp limits) yellow-poplar 
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The typical marketed grade of 2 x 4's in this 

Appalachian area is structural light framing No. 2 and 

Better dimension. In some areas of the country STUD grade 

is used. Compared to No. 2 and Better, STUD grade does not 

permit as much warp but allows more knots, larger knots, and 

generally more of other defects. If the data of this study 

are compiled (Table A.1) and analyzed on the basis of 

percent rejected from STUD grade, then substanially less 

warp results for 2 x 4's from those flitches that are 

steamed before drying. There is no difference in drying 

method or between the controls and a heat treatment. 

Variation between drying methods within treatments is 

probably due to an outside factor such as stacking, since no 

difference was found when individual magnitude of warp was 

examined. 

These results, it must be remembered, include a 

weighted sum of the various types of warp--bow, crook and 

twist--and therefore cannot be directly compared to the 

results from individual warp components. 
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Table A.l Comparison of drying techniques by 
percent of studs rejected from STUD 
grade due to warp. 

Drying Method 

Treatment Air (%) Solar (%) 

Steaming--15 hrs. 1 0 

Steaming--20 hrs. 3 0 

High-temp.--7 hrs. 0 12 

High-temp.--15 hrs. 11 2 

Control 6 5 
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