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Abstract

The prong test has long been used to determine how much
conditioning is required to relieve transverse drying stresses
in lumber. Nevertheless, little research has been directed at
proper interpretation of the prong test. The purpose of this
study was to develop further understanding of how atered
stresses that occur during conditioning influence prong re-
sponse. Red oak lumber was dried using a conventional kiln
schedule. Information on stress distribution, moisture gradi-
ent, and casehardening was obtained periodically during condi-
tioning. A residual strain release method, dlicing, was used to
obtain stress distributions. With the gain of moisture during
conditioning, the surface stresses were found to attain a
maximum value and subside to near zero. The subsurface
layers attained a high level of compressive stress. The strain
data were used to predict the prong test response for various
prong thickness (10, 20, 35, and 50 percent of total board
thickness). The prong test response was strongly dependent
on prong thickness—the thinner the prong, the more respon-
sive to stress changes—which demonstrates the effect of
altered stress distribution on prong response. Two mathe-
matical techniques used to predict the prong response—the
Elastic Beam and Surface Arc techniques—yielded excellent
results. Further studies are needed to determine any recom-
mendations for new prong test procedures.
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Modeling Prong Test Response

During Conditioning of

Red Oak Lumber

James J. Fuller, Research Forest Products Technologist

Forest Products Laboratory, Madison, Wisconsin

Introduction

Understanding the devel opment and relief of drying stressesin
wood isthefirst step toward improving drying schedules. At
the end of drying, lumber is casehardened, a phenomenon in
which surface layers are in compression and the center region
isintension. If casehardened lumber isresawn or unequally
surfaced, its final shape will be distorted. To avoid such
distortion, lumber is conditioned after drying.

Most studies of drying stress have provided a detailed record
of drying stress during drying and of the final stress state after
conditioning. The development of internal transverse stress
during drying was extensively described by McMillen (1963)
and Y oungs (1957). However, little or no research has been
conducted to investigate stress devel opment or relief during
conditioning. Therefore, stress development during condition-
ing is not well understood.

The primary experimental method used to determine drying
stress levelsisthe dice test (Fig. 1). The underlying premise
of the dicetest isthat stress level isrelated to released strain
and the modulus of elagticity of the slice (McMillen 1955a,b,
1963; Y oungs and Norris 1959; Y oungs and Bendtsen 1964).
Kiln operators, however, use the prong test to determine the
stress state of lumber (Fig. 2). There are problems in using
the prong test because different manuals suggest different
“standard” prong geometry and response, and thereislittle
apparent agreement on the appropriate prong geometry and
prong response (Bramhill and Wellwood 1976; Cech and
Pfaff 1977, 1979; Page 1973; Simpson 1991; Wengert
1990). In addition, most of these sources ignore the influence
of immediate change in surface moisture after cutting.

Thelack of knowledge on internal stressrelief during condi-
tioning has limited improvements in conditioning schedul es.
Thereisaneed and desire for proper procedures for determin-
ing when to discontinue conditioning so that lumber can be
processed with the least casehardening and residual stress
variahility can be moretightly controlled.

The objective of this study was to determine how the prong
test response is altered during conditioning and how prong
length and thickness influence the prong response. The
approach used in this study was first to record moisture con-
tent, strain distribution through the board, and prong test
results during conditioning. Then, the predicted prong re-
sponse, as dictated by the strain distribution, was compared
to the actual prong response to gain a more thorough under-
standing of the influence of stress alterations.

Materials and Methods

The test specimens were taken from 1-1/2-in. (38-mm) air-
dried red oak boards. The boards were grouped into two sets:
materia property boards and kiln boards.

The material property boards were used to determine modulus
of elasticity (MOE) as afunction of moisture content and
specific gravity.

From the kiln boards, three of the clearest boards more than
5in. (127 mm) wide were ripped to 5 in. (127 mm) for use
in the stress evaluation, and eight boards representative of the
charge were selected for moisture content monitoring; these
eight boards, typically caled kiln sample boards, are referred
to as moisture sample blocks in this report. All the kiln
boards were planed to 1-1/4 in. (32 mm) thick to reduce both
the presence of surface checks and drying time. The moisture
sample blocks were used to monitor the moisture content of
the charge during drying for the purpose of adjusting the kiln
in accordance with amodified T2—C1 schedule (Boone and
others 1988), which is commonly used for lowland red oak.
The moisture sample blocks indicated an average moisture
content of 34 percent after planing.

Stress sample blocks were taken from the three test boards.
For each board, the blocks provided four prong samples and a
dlice sample for each of the eight conditioning times (O, 1, 2,
4,6, 14, 22, and 35 h). At each sampling time, the freshly
cut board ends were sealed immediately with neoprene coating
before the boards were replaced in the stack.
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Figure 1—Sample for strain release slice test.
Curved, dotted lines show orientation of growth
rings.
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Figure 2—Linear dimensions for prong test. W is
precut prong tip distance; W' released prong tip
distance; L, prong length; and t, prong thickness.

Strain Release Slice Test

The dlice test was used to obtain moisture and strain gradi-
ents. These data were used to predict the prong sample re-
sponse and to determine the level of stress present. The width
of each sample was measured. Each sample was cut into nine
dices; the center dlice (dice 5,6) was twice the thickness of
the other dlices, as shown in Figure 1. The individual slices
wereimmediately weighed and their lengths measured to the
nearest 0.001 in. (0.02 mm). All the slices were then oven-
dried for 24 h and reweighed to determine moisture content.
Released strain was calculated as the change in slice length
divided by the original length.

Prong Test

Prong test samples were taken to record the response akiln
operator would observe and to compare the prong test predic-
tions, which utilized the slice test data. Four prong samples
were cut from each board; each sample yielded two prongs.
For each board, each set of prongs was a different percentage
of board thickness: 10, 20, 35, or 50 percent of the board
thickness. The precut prong tip distance W, released prong
tip distance W', and prong length L, as depicted in

Figure 2, were recorded to the nearest 0.01 in. (0.2 mm),
along with the nominal prong thicknesst. The prongs were
cut using a plywood template to maintain consistent thick-
ness. All the samples for each board were processed within
15 min from when the sample block was removed from the
kiln.

Results and Discussion
Moisture Content

Moisture content was used to determine the MOE values of
each dlice for the prong test predictions. In a previous study,
we had determined that some surface moisture evaporates
from the sample during the strain release dice test (Fuller
1995). Although this loss in moisture content would slightly
alter strain, this effect would be the same in both the prong
test and the slice test. Therefore, the measured strain can be
used to predict the results of the prong test.

Prong Test

The prong test indicates only the stress state of the prong
(i.e., whether or not an unbalanced stress gradient exists
within the prong), not the stress state of the whole board.
Although the prong test has been used for decades to deter-
mine the stress state, there has been no standard way to record
the results. The following method is the appropriate way to
record results for research comparative purposes, even though
it is doubtful whether industry would adopt such a method.



The equation used in this study was selected to indicate an
existing stress gradient as displayed by the prong test and to
represent the true prong behavior. The equation takes into
account that when the prongs are released, they do not merely
shift in or out nor do they bend at the connecting base. The
prongs bow through the entire length, following a curve that
can be described by a second-degree polynomial. Therefore,
the prong response is a function of the prong length squared:

PR = (W - W )/L? 1)

where PR is the degree of prong response, W the precut
prong tip distance, W' the released prong tip distance, and L
the prong length.

The prong response is recorded as inches™ (millimeters™).
When the prongs bow in, the value is positive, and when the
prongs bow out, the value is negative. Note that the released
prong tip distance is negative if the prongs cross each
other—when inserted into Equation (1), thisinformation
gives the correct total prong deflection. For example, in a
prong test from a 6-in.- (152-mm-) wide board, the prongs
would deflect 1 in. (25.4 mm), with a prong response of
0.03in™ (0.76 mm™).

Figure 3a shows the prong response for the four prong thick-
nesses as a function of time. The 10-percent prong thickness
samples showed the greatest initial prong response. The
prong response quickly became negative by the second hour
of conditioning and remained negative for the duration of
conditioning.

The 20-percent prong thickness samples developed a negative
prong response at about the 12th hour of conditioning. The
magnitude of negative prong response was much lower in the
20-percent prong thickness samples compared to the
10-percent prong thickness samples. Although the 35- and
50-percent prong thickness samples never developed a nega
tive prong response, the magnitude of prong response was
reduced slightly over time. There was little variation in
results from prongs cut from different boards. Figure 4 shows
the results of a prong test consisting of four prong thick-
nesses from one board. The results show the influence of
prong thickness on prong response.

Transverse Stress

Stress is used to maintain static equilibrium for calculation
purposes. Stress was calculated using the MOE—moisture
content curves obtained from the preliminary tests. However,
it isthe released strain that is measured during conditioning;
therefore, strain is shown in Figure 5. The results from only
three board layers are shown for clarity.
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Figure 3—Average prong response from prong test
and predictions. (a) Prong test, (b) prediction by
Elastic Beam technique, and (c) prediction by
Surface Arc technique.

Initialy, al three boards showed high levels of compression
in the surface layers (dices 1 and 10), nearly zero strainin
the subsurface layers (dices 2 and 9), and moderate levels of
tension in the center layers (sice 5,6) (Fig. 5). Within afew
hours of conditioning, the strain in the surface layers dropped
to the vicinity of zero while the strain in the subsurface lay-
ersrose to high levels of compression. Throughout the dura-
tion of conditioning, the subsurface layers continued to show
higher levels of compression than did the surface layers. This



Figure 4—Prong response of four prong
thicknesses from a single board with 6 h
conditioning. (M94 0106-0)
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Figure 5—Strain magnitude within three layers

across thickness of three red oak boards during
conditioning.

reversal of the strain gradient means that a thin prong that
included only two layersin each prong would turn outward
rather than inward. After 14 h of conditioning, little change
in strain occurred in the subsurface and surface layers.

Predicted Prong Response

The effect of prong thickness on prong response should be
predictableif the stresses within the board are known. To
perform these predictions, residual stress analysis was con-
ducted. The sampling procedure involved dlicing the sample
into nine layers and measuring the released strain of each
layer. Since the two prediction techniques (Elastic Beam and
Surface Arc) required at least two measurements and the strain
values obtained from the dlices did not precisely correspond
to the prong test sample surfaces, the response was predicted

Table 1—Prediction results by prong thickness
and technique?

Regression (R 2) for various
prong thicknesses

Prediction technique 16% 35% 50%

Elastic Beam 0.7942 0.6858 0.5837

Surface Arc 0.7923 0.6727 0.5418

8For all results, p < 0.00005.

for 16-percent prong thickness rather than 10- and 20-percent
prong thicknesses. For both prediction techniques, the
following number of slices and corresponding prong thick-
nesses were used: two dices, 16 percent thickness; four
dices, 36 percent thickness; and five slices, 50 percent
thickness.

The Elastic Beam technique is based on bending an elastic
cantilever beam. This method assumes that the stress curveis
linear within the slices. It uses an equation based on Equation
(2) for prong response [see Appendix, Equation (A1)]. The
prong response predicted by the Elastic Beam techniqueis
shown in Figure 3b.

The Elastic Beam technique was able to predict the initial
degree of prong response for data from four and five slices (36
and 50 percent of the board thickness, respectively). Towards
the end of conditioning, the predictions were slightly lower
than the test results; the prediction for the 36-percent prong
thickness was dightly negative. Using data from two slices
(16-percent board thickness), the predictions were between the
results for the 20- and 10-percent prong thickness samples,
approximately where the 16-percent prong thickness data
would be expected.

Regression analysis of the prong test and predicted results
yielded excellent results: the predictions were strongly corre-
lated with the test results (Table 1). Any deviations could be
accounted for by the assumption of alinear curve within the
dices and by the knowledge that elastic release may be
greater than initial elastic strain (Gibson 1965; M ohager
1987, as reported in Hoffmeyer and Davidson 1989).

The Surface Arc technique is based on determining an arc of a
curved object given the thickness and the inside and outside
surface lengths, as obtained from the strain release slice test.
The derivation of the equation for the Surface Arc technique
is shown in the Appendix [Eq. (A2)]. This analysis assumes
that the strains produced by the dlices are representative of a
linear strain curve across the thickness of the prongs. The
results are shown in Figure 3c.



Like the Elastic Beam technique, the Surface Arc technique
was able to predict theinitial degree of prong response for
data from four and five slices (36 and 50 percent of the board
thickness, respectively). Towards the end of conditioning, the
Surface Arc technique predicted a slightly negative prong
response compared with the slightly positive prong response
showed by the prong test. Using data from two slices
(16-percent board thickness), the predictions were between the
results for the 20- and 10-percent prong thickness samples.
The results of the regression analysis showed good correla
tion between the predicted and test results (Table 1).

Conclusion

The goal of this study was to gain some understanding of
how altered stresses during conditioning influence the prong
response. The results showed that the prong test response is
strongly dependent on prong thickness: the thinner the prong,
the more responsive to stress changes. Thus, two persons can
obtain very different results while performing the same test.
Furthermore, use of recorded nonlinear stress gradients to
predict the prong response showed that proper interpretation
of the prong test depends on knowledge about how stresses
are altered in conditioning. Recommendations for an appro-
priate prong geometry and response will depend on further
research on the influence of different drying schedules and
storage conditions on drying stresses in conditioning.
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Appendix—Derivation of
Prediction Equations

Prediction of Prong Response
From Stress Gradient Test Data

Theresidual stress analysis stress curve from the strain
release data can be used to obtain the prong response (PR).
Referring to Figure 2 (see text) and Figure A1,

_w-w _3d, _

PR 2 2

zMrl

2El

where M is moment created by eccentric forces and subscripts
r and | denote right and left indexes.

Composite flexural rigidity can be found by (Gere and
Timoshenko 1982)

El = Z Ei Ii
where
I =b[t¥12 +4 (v, =y )]

To determiney,, it is assumed that if an axia load is applied
at y, no bending occurs and the axia strain is constant. With
this, the sum of the forces applied at y, is equivaent to the
sum of forces applied at their respective positions. Then,
Y2 =3 FRY
Ye2 OiA =) Oy A
Yo €Ebp =% ek yht
YcEEDY nt=¢eEby ynt
_ 2N
> 4N
The moment created by the eccentric forcesis

M=3M =5 FRg =30 ¢A=I5q gt

Ye

where
e=Y% ¥

To determiney,,, it is assumed that the sum of the individual
moments is equivalent to the sum of the forces multiplied by
amoment arm. Therefore,

yc’zFi :zylhz
Yo 2 GiA =3 YOiA
Yo 2 0ib} =3 yoj by

yo = 29
© Yo

substituting into e

e=y, - > Yigit
> Oif;

By substitution into PR

by gigt
2y EbPA2+1 (6 - YF] (A1)
0.55 oigt
Y EI°12+4 (% ~ %))
The assumptions of this model are that stresses are linear
within increments, annual growth rings are uniform and flat,
stress axis coincides with the material inherent geometric

axis, plain stress applies, and strain is elastic. Therefore, the
model isauniaxia tension model.

PR=3%

=X

Prediction of Prong Response by
Surface Arc Technique

Prediction of PR by the dlice strain gradient curve requires a
relationship involving only surface length and thickness
(Hart 1983). Starting with the definition of surface difference,

AS=(S-9
where
S=R S =(R- 106
Substituting for Sand S into the equation for AS
AS=R-(R- 0= R( R)t =6t
then solving for 6
6 =AS/t
Substituting 6 into
R=Sp=StAS

By use of similar triangles in Figure A1 and with the substi-
tution for R,

d_Cl2_Cl2 _cAs
C R stAs 2st

Solving for d,

_Cc?As
2St

Also from Figure A1 and substitution of 6

L=Ccos@/ 2)=C cosf{S/ 2)



By definition of PR and substituting for d and L,

_2d _ 2(C*AsRs)
1> C2cos (AS/2t)
AS

~ Stcod QO SR2t)

(A2)

This model assumes that the stress gradient is linear.

d Prong displacement

C Chord length

L Prong beam length

R Radius of curvature
S,S' Arc lengths

t Prong thickness

6 Angle of curvature

y Height position

t

Figure A1—Curvature and linear dimensions of a
single prong in the prong test used to determine
the degree of prong response in lumber or of a
slice in the strain release slice test.



