
 
 
 

To the Graduate Councili

I an submitting herewith a thesis written by William Cos
Treanor Davis entitled "The Effect of Furnish Moisture

^ Content, Press Closure Rate, and Panel Density on Thickness
^ Swell, and the Vertical Density Profile of a Mixed Hardwood

' Flakeboard". I have examined the final copy of this thesis
"•i form and content and recommend that it be accepted in

partial fulfillment of the requirements for the degree of
Master of Science, with a major in Forestry.

PI VJ//U

r-v

Paul M. Winistorfe
Major Professor

We have read this thesis
and recommend its acceptance!

Accepted for the Councils

Vice Provost
and Dean of The Graduate School



STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of the

requirements for a Master's degree at The University of

Tennessee, Knoxville, I agree that the Library shall make it

available to borrowers under rules of the Library. Brief

quotations from this thesis are allowable without special

permission, provided that accurate acknowledgement of the

source is made.

Permission for extensive quotation from or reproduction

of this thesis may be granted by my major professor, or in

his absence, by the Head of Interlibrary Services when, in

the opinion of either, the proposed use of the material is

for scholarly purposes. Any copying or use of the material

in this thesis for financial gain shall not be allowed

without my written permission.

Signature 60 T
Date III th!



THE EFFECT OF FURNISH MOISTURE CONTENT, PRESS CLOSURE RATE,

AND PANEL DENSITY ON THICKNESS SWELL AND THE VERTICAL

DENSITY PROFILE OF A MIXED HARDWOOD FLAKEBOARD

A Thesis

Presented for the

Master of Science

Degree

The University of Tennessee, Knoxville

William Cos Treanor Davis

December 1989



A»-VET-MEO.

%



ACKNOWLEDGEMENTS

I am Indebted to Paul Winistorfer, Robert Little, and

Robert McLean for their aid in my research endeavors. I am

also indebted to my parents for their loyal support, to

Elaine Hyatt for helping to finish my thesis, and to my

grandmother who stirred my interest in wood science.

ii



ABSTRACT

One-half inch non-oriented flakeboard was manufactured

using three levels of furnish moisture content (3, 6 and 9

percent); three levels of press closure rate (20, 60 and 100

seconds); and two levels of panel density (41 and 51

Ib/ft^). Panels were manufactured with seventy percent

dense hardwood species. Panels were tested for thickness

swell and accelerated aged internal bond using the American

Society for Testing and Materials D-1037 24-hour water soak

procedure, and the American Plywood Association-Pl standard

ovendry-vacuum pressure soak procedure. Process variable

levels were used to determine a means of decreasing

thickness swell and increasing internal bond in panels

manufactured with dense hardwood species. Thickness swell

decreased with increasing furnish moisture content,

decreasing press closure rate, and increasing panel density.

Internal bond decreased linearly as furnish moisture content

increased, decreased as press closure rate increased, and

increased as panel density increased.

Vertical density profiles were developed for all

thickness swell and internal bond specimens. The profiles

were then divided into five density regions. The response

variables were correlated to the five density regions for

profiles developed before accelerated aging and for profiles

developed by taking the difference of profiles taken before
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and after accelerated aging. The strongest correlation was

found between the 24-hour water soak internal bond specimens

and the core density region of the difference of the before

and after accelerated aging vertical density profiles

(R--0.75, p<0.01).
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I. INTRODUCTION AND OBJECTIVES

Thickness swell, a widely used parameter in determining

the dimensional stability of wood composite panels, is an

indication of the change in panel thickness usually after

exposure to some accelerated aging procedure such as

humidity changes or direct exposure to water. Thickness

swell is measured as the percent change in thickness from

the original panel thickness. Thickness swell can be

influenced by combinations of process variables used during

manufacture. Problems with panel performance as related to

thickness swell are more prevalent today as more commercial

wood composites are being manufactured with dense hardwood

species (Hse 1975; Winistorfer and DiCarlo 1988).

Thickness swell results from two causes in a wood

composite panel. First, wood is a hygroscopic material that

adsorbs or desorbs water causing the wood to swell or

shrink. Adsorption is the intimate take-up of a gas or

liquid from the vapor phase (Stamm 1964). For instance,

solid hardwood species change in the radial direction from 8

to 3 percent and in the tangential direction from 12 to 6

percent when dried from green condition to ovendry (USDA

Agriculture Handbook No. 72). Adsorption of water by

cellulose is reversible, that is a wood specimen will return

to initial equilibrium thickness when excess moisture has

dissipated. Second, wood-based composite panels will return



to a prepressed flake thickness when moisture is adsorbed

of the springback effect of compressed wood. The springback

effect places stress on the wood to resin bond causing bond

failure. This component of thickness swell is irreversible

(Vital et al. 1980; Hsu et al. 1988).

In measuring the density of a wood composite panel,

both a horizontal and vertical density profile should be

considered. Panel manufacturing variables related to the

forming and pressing operations can affect both thickness

swell and formation of the horizontal and vertical density

profile (Strickler 1959). However, the vertical density

profile which results from a differential transfer of heat

and pressure when consolidating the mat in the press is a

major concern in this study.

Geimer et al. (1975) explain the formation of the

vertical density profile as a progressive densification of

individual layers within the mat from the face to the core

caused by a temperature, steam and compression graduation

process. Densification occurs in the surface layers of the

mat because of initial rapid heat transfer and

plasticization of the wood mat which expedites resin curing

and mat consolidation (Smith 1982). Suchsland and Woodson

(1976) illustrated this phenomenon by making fiberboards

with uniform vertical density profiles by closing the press

and then applying heat after the mat had been consolidated.

The vertical density profile is known to influence
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thickness swell (Price and Hse 1982). However, the amount

of swell depends upon the test method used. Therefore, a

study designed to measure the relationship between thickness

swell and the vertical density profile must consider the

test method.

The objectives of this study werej

1. To evaluate the effect of furnish moisture content,

press closure rate and panel density on thickness

swell.

2. To evaluate the effect of furnish moisture content,

press closure rate and panel density on the

vertical density profile.

3. To verify a relationship between the vertical

density profile and thickness swell.



II. LITERATURE REVIEW

Furnish Moisture Content

The level and control of furnish moisture content is

fundamental for manufacture of wood composite panels.

Excess furnish moisture can contribute to incomplete resin

cure, overpenetration of resin solids, and panel

delamination during pressing. Inadequate furnish moisture

can inhibit heat transfer through the panel, retard resin

cure and lead to the condition called dryout. Resin cure

efficiency is enhanced by proper furnish moisture content

(Albritton et al. 1975).

Thickness swell. Most researchers report that furnish

moisture content affects thickness swell. An accepted

relationship among scientists is difficult to obtain.

Haygreen and Gertjejansen (1972) made a phenolic wafer-type

particleboard using poplar flakes at furnish moisture

contents of six and nine percent with a target panel density

of 49 pounds per cubic foot (Ib/ft^). Thickness swell as

determined by an ovendry-vacuum-pressure-soak procedure (OD-

VPS) was 19.8 percent at the nine percent furnish moisture

level and 22.9 percent at the six percent level. Thus, an

inverse relationship of swell with decreased furnish

moisture content was reported. Gatchell et al. (1966)

manufactured flakeboard using Douglas-fir furnish at mat

moisture levels of eight, twelve and sixteen percent at a
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target density of 40 Ib/ft^. They reported that in a

thirty-day soak test and one year outdoor exposure, the

least amount of thickness swell occurred at sixteen percent

mat moisture content.

Geimer et al. (1966) produced Douglas-fir flakeboard at

mat moisture contents of eight and sixteen percent.

Thickness swell from the 24-hour water soak procedure ranged

from 15.7 percent at the eight percent mat moisture level to

21.4 percent at the sixteen percent mat moisture level.

However, thickness swell from exposure sites of one, two,

and five years was more for the eight percent moisture level

panels than the sixteen percent moisture level panels.

Strickler (1959), using Douglas-fir furnish, tested mat

moisture contents of six, nine and twelve percent.

Although a slight decrease in 24-hour water soak thickness

swell occurred as mat moisture content increased, no

significant difference in thickness swell was found amoung

these levels. Strickler varied the mat surface moisture

content from twelve, fifteen, eighteen, and twenty-one

percent while leaving the core moisture content at either

six or nine percent. High surface moisture and high initial

press pressure resulted in panels with less thickness swell.

Internal bond. With the phenomenon of overpenetration

or dryout being related to mat moisture content, interflake

bonding within the panel, as measured by internal bond, can



be influenced by mat moisture content. Heebink et al.

(1972) manufactured panels with mat moisture levels of

eight, twelve, and fourteen percent. The twelve percent mat

moisture level produced internal bond values of 150 pounds

per square inch (psi) while the eight and fourteen percent

levels resulted in internal bond values of 100 psi. Panels

were also manufactured at five, ten, and fifteen percent mat

moisture levels in the core and five, ten, fifteen and

twenty-five percent moisture levels in the face layers. A

uniform mat moisture content and a four minute press cycle

produced internal bond values of 130 psi. Panels produced

with a uniform mat moisture content of five percent, with an

addition of five percent moisture sprayed on the surface

layers, resulted in 130 psi internal bond values with a

three minute press cycle. Moisture added to the caul plate

surfaces produced lower internal bond values when five

percent core moisture was used. Heebink et al. (1972)

concluded that a higher mat moisture content requires a

longer press time to allow sufficient moisture to escape

from the interior of the board so adequate resin

polymerization can be obtained for desired levels of

internal bond. Geimer et al. (1975) using Douglas-fir

phenolic bonded panels also found that excessive surface

moisture content decreased internal bond strength due to a

lack of steam escape from the core of the panel.

Strickler (1959) using six, nine and twelve percent mat
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moisture content levels found that at nine percent furnish

moisture content, internal bond had an average value of 108

psi while six and twelve percent levels of furnish moisture

content yielded internal bond values that were five to ten

psi less. When varying surface moisture and core moisture,

the lowest internal bond values were obtained with maximum

surface moisture content and minimum core moisture content.

Internal bond values of 142 psi occurred at a constant

twelve percent mat moisture content. The next largest

internal bond value, 132 psi, occurred with a fifteen

percent surface moisture and a five percent core moisture.

Strickler showed that higher surface mat moisture decreases

the amount of time to heat the core, which increased

internal bond values. This is opposite the findings of

Heebink et al. (1972) and Geimer et al. (1975).

Winistorfer and DiCarlo (1988) found an increasing

linear trend between internal bond and decreasing furnish

moisture content in the two to eight percent moisture

content range. Internal bond values ranged from 74 psi to

119 psi with furnish moisture levels of eight and two

percent, repectively.

Most studies indicate that a nine to ten percent

uniform mat moisture content will maximize internal bond.

The value can vary depending on the press time, particle

size and type, and resin used for manufacture.

Vertical densitv profile. Furnish moisture content
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affects the vertical density profile by altering the heat

and mass transfer, and subsequent plasticization and

densification of the mat during pressing. Suchsland (1962)

stated that "the vertical density profile develops due to

the time dependent nature of the heat and moisture transfer

through the mat affecting the compressibility of the wood

substrate and resin cure of the binder." The transfer of

heat by convection produces a steam pressure gradient.

Particles in the face layers of the mat are heated first and

density before particles in the core layer.

Strickler (1959) studied the developing vertical

density profile using six press cycles, three furnish

moisture content levels and three panel densities. Greater

furnish moisture content lead to a steeper (high face

density-low core density) density profile regardless of

overall panel density and press closing strategies. Density

profile variations are magnified with non-uniform mat

moisture content. Many other studies report similar results

(Heebink et al. 1972; Geimer et al. 1975; Harless et al.

1986; Winistorfer and DiCarlo 1988).

Press Closure Rate

Press closure rate is defined as the total time from

when the press begins to close until final position is

reached. Press closure rate is also referred to as time to
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stops. Physical board properties can be influenced by

varying press closure rate, but seldom without a trade-off

among other board properties. Geimer and Price (1978)

summarize the physical and mechanical properties of

flakeboards when varying press closure rate.

Thickness swell. Strickler (1959) examined the

influence of furnish moisture content and press closure rate

on thickness swell. Strickler's cycle variations

incorporated the time that the maximum press pressure was

maintained. The total press time was twelve minutes. Low

furnish moisture content and fast press closure rates (less

than two minutes) resulted in increased thickness swell from

two hour and 24-hour water soak test procedures. A two

minute, maximum-pressure press cycle resulted in the

greatest reduction of thickness swell.

Rice (1973), using silage sycamore furnish, studied two

press closure rates (fifteen and forty-five seconds) and

found that thickness swell was independent of press closure

rate. Rice et al. (1967) using press closure rates of 1.5

and 3.4 minutes found that a decrease in thickness swell

occurred at the 1.5 minute press closure rate.

Internal bond. Strickler (1959) using a press closing

strategy of twelve minutes constant pressure (as opposed to

maximum pressure), zero minutes constant pressure

(equivalent to a fast press closure rate), and six levels of

maximum pressure (one, two, three, four, five and six
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minutes), found that internal bond values were maximized at

the constant twelve minute press cycle and that the lowest

internal bond values were recorded at the zero minute

maximum press cycle. Internal bond ranged from 91 psi to

117 psi and increased linearly as press closure rate

lengthened. However, internal bond strength was not well

correlated with density of the core region.

Contrary to Strickler's findings are those findings of

Rice et al. (1967) and Smith (1982). Rice et al.(1967)

produced 3/4 inch poplar flakeboard using 1.5 and 3.4 minute

press closure rates. The 1.5 minute press closure time

resulted in increased internal bond. Smith (1982) using an

aspen wafer-type furnish reported that a fast press closure

rate increased internal bond, although a fast press closure

rate decreased core density. Smith used a 30 second and 100

second press closure rate at three different densities. At

the 34 Ib/ft^ density level, internal bond values increased

from 30 psi to 42 psi as press closure rate decreased from

100 seconds to 30 seconds. For the 40 Ib/ft^ density level,

internal bond values increased from 40 psi to 68 psi as

press closure rate decreased from 100 seconds to 30 seconds.

Internal bond is related to core density, which is

influenced by the press closure rate. In general, a fast

press closure rate will minimize core density and internal

bond values, while a slow press closure rate will maximize

internal bond values.
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Vertical density profile. Heebink et al. (1972) and

Geimer et al. (1975) produced panels with steep-sloped

vertical density profiles by using rapid press closure rates

and also produced panels with a more uniform vertical

density profile by using longer press closure rates. The

effect of press closure rate and the interaction of other

process variables on the vertical density profile are

summarized by Kelly (1977). Generally, the closure rate can

have a pronounced effect on the development of the vertical

density profile.

Panel Density

Thickness swell. In wood composite panels, the general

concensus is that greater panel density enhances panel

strength properties but increases the amount of thickness

swell. These results are not all inclusive for less severe

thickness swell test procedures. Suchsland (1973) studied

the effect of test procedure on thickness swell using ten

commercial particleboards. Samples were maintained in

closed containers over saturated salt solutions. Other

twelve-by twelve-inch samples were tested using the 24-hour

water soak procedure. For the relative humidity tests (40

percent to 93 percent relative humidity), samples with

specific gravities ranging from .69 g/cc to .96 g/cc had

thickness swell values that ranged from eight to

11



seven'teen percent. Thickness swell of specimens evaluated

using the 24-hour water soak ranged from 1.1 to 4 percent,

depending on the compostion (flake geometry) of the board.

Suchsland (1973) found no relationship between specific

gravity and thickness swell.

Lehmann (1974) studied thickness swell using panel

density levels of 37.5 and 42.5 lbs/ft^ . Tests used to

evaluate thickness swell were OD-VPS and 24-hour water soak.

Thickness swell values ranged from 25.4 to 48.7 percent for

the OD-VPS procedure and from 9.7 to 40.6 percent for the

24-hour water soak procedure. Higher panel density resulted

in more stable panels in the 24-hour water soak procedure

but the opposite was the case in the OD-VPS procedure.

Lehmann concurred with Suchsland's results that overall

panel density did not have a significant effect on thickness

swell.

Hse (1975) found that flakeboard manufactured from a

variety of dense hardwoods had greater thickness swell

values as panel density increased from 39.5 to 44.5 to 49.5

lbs/ft^ for 50-90 percent relative humidity, 5 hour boil,
and OD-VPS tests. Thickness swell ranged from 13.3 to 26.0

percent, 20.0 to 57.0 percent, and 20.0 to 172.0 percent,

respectively. In the 50-90 percent relative humidity test,

there was no significant difference between the density

levels 39.5 and 44.5 Ib/ft^ Price (1977) using a thirty

day water soak found that thickness swell increased as panel
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density decreased. Shorter-cycle dimensional stability

tests often result in greater swelling at low panel

densities due to less interflake compaction and greater

panel porosity, allowing for more water absorption. Greater

water absorption will release compression set on the surface

of the panel, resulting in increased thickness swell

(Larmore 1959; Lehmann and Hefty 1973; and Vital et al.

1980).

In other studies, as panel density increases thickness

swell increases proportionally. Geimer (1982) produced

Douglas-fir particleboard at 30, 40, 50 and 60 lbs/ft^ and

predicted OD-VPS thickness swell using panel density as a

single predictor. Most researchers manufacturing panels

with dense hardwood species reported increased thickness

swell as panel density increased, regardless of the test

method used to evaluate thickness swell (Shen 1973; Filho

1981; Rice 1982; Youngquist et al. 1986; Kelly and Price

1985). Other studies that used lower density species or

pine furnish also report increased swell with increased

panel density (Geimer et al. 1966; Rice 1973; Geimer and

Crist 1980; Panning and Gertjejansen 1985). Geimer and

Price (1978) stated that density affects the rate of change

of thickness swell by controlling the rate of water

absorption.

Internal bond. Keeping all other process variables

constant, internal bond increases as panel density increases

13



(Larmore 1959; Heebink and Hann 1959; Hse 1975; Shuler and

Kelly 1976; Hill and Wilson 1978; Lehmann and Schaffer 1979;

Filho 1981; Rice 1982; Kuklewski et al. 1985; Panning and

Gertjejansen 1985; Kelly and Price 1985; and Biblis 1985).

Vertical density profile. Increased panel density will

also increase the density of the vertical density profile

when all other process parameters are held constant (Heebink

et al. 1972). Panels of higher density require longer press

times and greater press pressures to compress the mat to a

given thickness.
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III. MATERIALS AND METHODS

Furnish

The flake type furnish selected for this study was a

commercially prepared mixture of approximately seventy

percent hardwood species and thirty percent southern yellow

pine. The hardwood species, in unknown proportions, were

oak, hickory, hackberry, yellow poplar and sweetgum. The

furnish was not screened and had a particle geometry con

sisting of an average three inch length, one and one-half

inch average width and a thickness ranging from .015 to .04

inches. The total furnish was divided by weight into three

equal portions. One portion was dried to three percent

moisture content, the second portion was increased to 6

percent moisture content, and the third portion was

increased to 9 percent moisture content. The additional

moisture was added to the furnish by atomizing water onto

the flakes in a rotary drum blender. The furnish was then

placed in air-tight plastic bags until time for panel

manufacture. Samples were randomly taken during storage for

moisture content determination.

Resin

A commercially prepared liquid phenol-formaldehyde resin

(Georgia Pacific Resistran GP-3195) with fifty-three percent

non-volatile solid content was used. The resin was atomized

onto the furnish in a cascade-type blender at a rate of five

15



percent resin solids based on ovendry furnish weight.

Panel Manufacture

To accomplish the selected panel manufacturing

combinations (Table 1), enough resin and furnish was blended

per batch to make six panels. Each panel represented a

randomly selected combination of treatment effects. Resin

was applied using a pressurized airless spray system in a

cascade-type blender. The time required for resin

application was approximately two and one-half minutes per

batch. After blending, all furnish was stored in sealed

plastic bags. The required amount of furnish for a single

panel was removed from the sealed plastic bag and

hand-felted in a 15-by 21-inch forming box. Within a six

panel batch of furnish, a combination of sub-plot treatments

(press closure rate and panel density) were randomly

assigned to an individual panel. Panels were pressed to

one-half inch thickness in a steam heated hydraulic hot

press at 375®F platen temperature. Press time to steel

stops (thickness) varied with the press closure rate

treatment. The total press time was five minutes including

a one minute decompression cycle. Three thermocouple wires,

equally spaced through the thickness of the panel were

placed in randomly chosen panels to gather temperature data

every one-tenth of a second during pressing (Table 2).
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Table 1. Summary of panel manufacturing conditions.

Panel dimensions

Nominal thickness
Resin type

Resin content per panel

Resin non-volatile content
Furnish species

Furnish moisture content
Furnish geometry

Panel density
Press closure rate
Total press time
Press platen temperature
Blender revolutions per minute.
Pressure on spray system

Total time of resin spray
Total time in blender

Temperature of resin

15-by 21-inches
(untrimmed)
13-by 19-inches
(trimmed)
.5 inches

liquid
phenol-formaldehyde
5.5% solids based on
ovendry furnish weight
53%

70% mixed hardwood

30% Southern Yellow

Pine

3, 6 and 9%
Lengtht 3 in.
Widthi 1.5 in.

Thickness > .04 to .015
inches

41 and 51 Ib/ft^
20^ 60 and 100 seconds
5 minutes

375®F
14. 5

650 psi (airless spray
system)
2.5 minutes

5 minute

79®F

17



Table 2. Treabnen'ts selected for Internal mat tenperature
collection during pressing.

Furnish Panel Press
Moisture Density Closure
Content

(Ib/ft^)
Rate

(%) (Seconds)

3 41 100
3 51 100
6 41 20
6 41 100
6 51 20
6 51 60
6 51 100
9 41 100
9 51 100

Sample Sectioning and Testing

The experimental design required fifty-four panels to

be manufactured, eighteen panels per replication. From each

panel, four six-by six-inch thickness swell samples and ten

two-by two-inch internal bond samples were obtained. The

internal bond samples were cut from strips removed from the

center of the panel while the thickness swell specimens were

removed from the four corners of each panel.

All test specimens were conditioned to approximately

seven percent equilibrium moisture content at 65 percent

relative humidity and 75®F. All density calculations were

based on weight and volume at these conditions.

From the four six-by six-inch thickness swell speci

mens, two were randomly selected to be tested using the 24-

18



hour water soak procedure as outlined by the American

Society for Testing and Materials (ASTH D-1037 1985) and two

were selected to be tested using the ovendry-vacuum pressure

soak procedure. The ovendry-vacuum pressure soak is an

adaptation of the American Plywood Association standard P-1

(1980) for evaluating thickness swell, linear expansion and

water absorption.

Internal bond and 24-hour water soak testing procedures

followed ASTH D-1037. Four internal bond specimens were

tested in the dry condition to evaluate treatment effects on

resin cure, and the remaining six internal bond samples were

used to evaluate thickness swell and water absorption.

Three internal bond specimens were randomly selected for

either the 24-hour water soak or the ovendry-vacuum pressure

soak for accelerated aged internal bond.

A direct-scanning gamma densitometer (Winistorfer et

al. 1986) was used to measure the vertical density profile

of the internal bond specimens and the accelerated aged

internal bond specimens. Radiation counts were taken at

twenty incremental steps through the thickness of the

specimen and actual density was calculated for each step.

The twenty incremental measurements representing the

profile were segmented into five regions. These regions are

referred to as regions 1, 2, 3, 4, and 5, and are depicted

on the hypothetical density profile shown in Figure 1. Mean

density values for each region by treatment are listed in

19
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tables found in Section IV.

The division of the twenty points into five regions was

based on a linear regression with the final number of

individual points within a region determined by examining

the F-value, the coefficient of variation and the

coefficient of determination for these regressions. This

regression technique was a manual iterative selection

procedure (Table 3).

Vertical density profiles were developed for test

procedures before and after accelerated aging testing on the

accelerated aged internal bond specimens. The difference

between the density regions of the vertical density profiles

before and after the test procedures was analyzed to

identify which regions were most affected by the thickness

swell treatments.
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TABLE 3. Manual iterative selection process for mean vertical density profile regions.

Probability > F for Process Variables

Vertical

Density
Region

Segment
of 20

Scanned

Points
Used

Furnish

Moisture
Content

(*)

Press

Closure
Rate

Panel

Density
Model Coefficient
F-Test of
P-Value Determination

(Seconds) (Ib/ft^)

Accelerated Aging Test Procedure (ASTM D-1037)
Before 24-Hour Hater Soak Procedure)

Coefficient
of

Variation

D1

D2

D3

D4

D5

1-3 b

4-9

10-12

13-17

18-20

(P-0.10)
(P-0.67)
(P-0.75)
(P-0.18)
(P-0.52)

(P-0.32)
(P-0.08)
(P-0.01)
(P-0.07)
(P-0.30)

(P-0.01)
(P-0.01)
(P<0.01)
(P<0.01)
(P-0.01)

(P<0.01)
(P<0.01)
(P<0.01)
(P<0.01)
(P<0.01)

.66

.74

. 71

.73

.63

Accelerated Aging Test Procedure (ASTM D-1037)
RTLer 24-Hour Hater Soak Procedure

10.9

8.5

9.2

8.6

13.1

D1

D2

D3

D4

D5

2-3

4-9

10-12

13-17

18-19

(P-0.10)
(P-0.29)
(P-0.34)
(P-0.62)
(P-0.05)

(P-0.21) (P-0.06) (P<0.01) .66
(P-0.23) (P-0.02) (P<0.01) . 74
(P-0.56) (P<0.07) (P<0.01) . 75
(P-0.34) (P<0.06) (P<0.01) .80
(P-0.30) (P-0.01) (P<0.01) . 71

14.3

7.9

11.0

9.5

7.9

Before Ovendry-Vacuum-Pressure-Soak

D1

D2

D3

D4

D5

1-3

4-7

8-13

14-17

18-20

(P-0.42)
(P-0.12)
(P-0.36)
(P-0.70)
(P-0.09)

(P-0.81)
(P-0.05)
(P-0.16)
(P-0.09)
(P-0.29)

(P-0.01)
(P-0.01)
(P<0.01)
(P<0.01)
(P-0.05)

(P<0.01)
(P<0.01)
(P<0.01)
(P<0.01)
(P<0.01)

.69

.76

.78

.72

.62

10.7

8.7

8.3

9.0

12.9

Accelerated Aging Test Procedure (APA-Pl)
After Ovendry-Vacuum-Pressure-Soak

D1

D2

D3

D4

D5

2-3

4-8

9-13

14-17

18-19

(P-0.01)
(P-0.13)
(P-0.37)
(P-0.59)
(P-0.14)

(P-0.44) (P-0.02) (P<0.01) . 61
(P-0.06) (P-0.01) (P<0.01) . 72
(P-0.08) (P<0.01) (P<0.01) . 77
(P-0.16) (P<0.01) (P<0.01) . 75
(P-0.35) (P-0.01) (P<0.01) .62

14.1

8.0

9.2

7.9

10.9

' The before and after profile segments were determined using p-values the coefficient of
determination, and the coefficient of variation. The diffe'e'^c. froV the before
lis^ed ^bo^e * " and after and after profUe Regions

' points used to create the average value of the vertical density

' P/obability of finding a greater F-statistic. A smaller p-value denotesgreater chance of significance between the independent and dependent variables.
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IV. EXPERIMENTAL DESIGN

The design of this experiment was a complete factorial

with three replications, consisting of eighteen panels each,

analyzed as a split-split plot design (Anderson and Hclean

1974). The whole plot treatment was furnish moisture

content (3, 6, and 9 percent). Replication by furnish

moisture content was the whole plot error. Press closure

rate (20, 60 and 100 seconds) and panel density (41 and 51

Ib/ft^) were the sub-plot treatments. The four-way
interaction replication by furnish moisture content by press

closure rate by panel density was used as the sub-plot

error. Test procedure, ASTM (D-1037) or APA-Pl, was the

sub-sub-plot treatment. Individual specimen density was

used as the covariate in the analysis of covariance of

thickness swell and internal bond. The different treatment

levels of furnish moisture content and press closure rate

were set up as mutual orthagonal contrasts. The treatment

sum of squares and the degrees of freedom for furnish

moisture content and press closure rate were partitioned

into single degree of freedom components to examine a linear

effect of the response variable (thickness swell or internal

bond) to the treatment or the lack-of-fit (LOF) of a linear

relationship between the response variable and the

treatment. No attempt was made to fit a mathematical model

describing the relationship between the experimental

23



treatment and the response variable. All data was analyzed

using SAS©(1985).
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V. RESULTS AND DISCUSSION

Process variables such as furnish moisture content,

press closure rate, and panel density are known to influence

panel properties. Process variable treatment effects on

thickness swell, internal bond, and the vertical density

profile were studied and analyzed statistically. Results

are discussed by process variable for each response

variable. Tables 4, 6, and 8 also list water absorption and

springback means which are not discussed in the paper; but,

the means are included to aid in understanding thickness

swell, accelerated aging internal bond, and internal bond.

All treatment means for thickness swell and internal bond

were adjusted using panel density as a covariate (Anderson

and McLean 1974).

Adjusted and unadjusted means for all treatments are

listed in Appendix A. Analysis of Covariance tables are

listed in Appendix B. Appendix C is a partial correlation

matrix with coefficients and probabilities for response

variables. Appendix D contains vertical density profiles

for all treatments.

Furnish Moisture Content

Thickness swell. Thickness swell was evaluated for six

two-by two-inch samples cut from the center of each test

panel and for four six-by six-inch samples cut from the four

corners of each test panel. Two test procedures, ovendry-

25



vacuum pressure soak (OD-VPS) and 24-hour water soak were

used to analyze the response variable, thickness swell.

For the two-by two-inch samples subjected to the OD-VPS

procedure, thickness swell ranged from 29.0 percent for

panels manufactured with 3 percent furnish moisture to 25.6

percent for panels made with 9 percent furnish moisture.

Similar specimens subjected to the 24-hour water soak

procedure produced thickness swell values from 31.9 percent

at 3 percent furnish moisture to 28.9 percent for 9 percent

furnish moisture content (Table 4). There was a significant

(p<0.01) linear trend of decreasing thickness swell with

increasing furnish moisture content for the OD-VPS procedure

(Appendix B.4 and Figure 2). A significant difference

between the mean thickness swell for the two test procedures

was found (p-0.01). Most literature reviewed reported

thickness swell values to be greater for the OD-VPS

procedure than for the 24-hour water soak procedure (Lehmann

1974; Hse 1975; Geimer 1982). Wax was not applied to the

panels in this study, whereas most studies use wax. If wax

is not used, less severe test procedures for thickness swell

will have a greater effect on thickness swell.

For the six-by six-inch specimens, thickness swell

ranged from 24.0 percent at 3 percent furnish moisture

content to 19.5 percent at 9 percent furnish moisture

content for the OD-VPS test procedure. For the 24-hour

water soak procedure, thickness swell ranged from 29.5
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percent at 3 percent furnish moisture content to 26.4

percent at 9 percent furnish moisture content. Furnish

moisture content was significant (p-0.03) for all treatment

levels for both test procedures. A significant difference

(p<0.01) between test procedures was found (Appendix B.6).

A significant linear trend (p<0.01) of decreasing thickness

swell with increasing furnish moisture content was noted

(Figure 3).

Internal bond. Internal bond was tested from four dry

specimens and six accelerated aged specimens per panel. Dry

internal bond values (ASTM D-1037) ranged from 50.0 pounds

per square inch (psi) at 3 percent furnish moisture content

to 38.7 psi at 9 percent furnish moisture content. No

significant difference between treatment levels (p-0.09) was

found, but internal bond increased linearly (p<0.01) as

furnish moisture content decreased (Appendix B.l). Higher

furnish moisture content was detrimental to bond formation

in the core of the panel. Winistorfer and DiCarlo (1988)

reported similar results in a study with dense hardwood

furnish.

Furnish moisture content was not a significant factor

(p-0.15) in explaining variation from accelerated aged

internal bond (Appendix B.2). However, internal bond

decreased linearly from 17.8 psi at 3 percent furnish

moisture content to 12.0 psi at 9 percent furnish moisture

content for the OD-VPS treatment and from 12.4 psi at 3
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percent furnish moisture content to 9.5 psi at 9 percent

furnish moisture content for the 24-hour soak test procedure

(p<0.01). There was also a significant difference between

the two test procedures {p-0.0l) (Appendix B.2). There was

less retention of internal bond strength for the 24-hour

soak procedure than for the OD-VPS test procedure. No

significant difference was found between test procedures.

Vertical density profile. The vertical density profile

was measured from all two-by two-inch internal bond and

thickness swell specimens. For the OD-VPS procedure, the

density of two density regions increased as furnish moisture

content increased. The two density regions that showed this

statistically significant increasing linear trend werej

Region 1 (p<0.01) with density values ranging from .73 g/cc

at 3 percent furnish moisture to .77 g/cc at 9 percent

furnish moisture, and Region 2 (p"0.02) with density ranging

from .76 g/cc at 3 percent furnish moisture to .77 g/cc at 9

percent furnish moisture. For the 24-hour water soak

procedure, all density regions showed an increasing linear

trend as furnish moisture content increasedi Region 1

(p<0.01) with density increasing from .71 g/cc at 3 percent

furnish moisture to .79 g/cc at 9 percent furnish moisture.

Region 2 (p-0.02) with density increasing from .71 g/cc at 3

percent to .74 g/cc at 9 percent furnish moisture content.

Region 3 (p<0.0l) with density increasing from .67 g/cc at 3

percent furnish moisture to .68 g/cc at 9 percent furnish
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moisture. Region 4 (p<0.0l) with density ranging from .71

g/cc at 3 percent furnish moisture to .76 g/cc at 9 percent

furnish moisture and Region 5 (p<0.01) with density ranging

from .69 at 3 percent furnish moisture to .75 g/cc at 9

percent furnish moisture (Table 5).

To examine the effect of test procedure on the vertical

density profile, the density differences of vertical density

profiles developed before and after accelerated aging for

both test procedures were also analyzed statistically.

Furnish moisture content significantly affected Region 1

(P<0.01) and Region 2 (p-0.01) of the difference in before

and after density profiles from the OD-VPS procedure. For

the 24-hour water soak difference in profile density. Region

3 (p<0.0l). Region 4 (p<0.0l), and Region 5 (p<0.01) were

significantly affected. No linear trend of the five density

profile regions with furnish moisture content was noted

(Table 5).

Press Closure Rate

Thickness swell. Three press closure rates were

studied: 20, 60 and 100 seconds. Press closure rate is

expressed in seconds, as the distance to close is always the

same. For the two-by two-inch specimens, evaluated with the

OD-VPS procedure, thickness swell ranged from 25.5 percent

at 20 seconds to 30.9 percent at 100 seconds. For the 24-

hour water soak procedure, thickness swell ranged from 29.9
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percent at 20 seconds to 32.8 percent at 100 seconds (Table

6). Press closure rate significantly influenced thickness

swell in the two-by two-inch specimens (p-0.02). A

significant increasing linear trend of increased thickness

swell with increased press closure rate was found for the

two-by two-inch specimens (P<0.01) (Figure 4). Rice (1967)

also found that thickness swell decreased at faster press

closure rates. There was no significant difference in

thickness swell between the two accelerated aging test

procedures (p»0.32).

For the six-by six-inch specimens and the OD-VPS

procedure, thickness swell ranged from 20.3 percent at 20

seconds to 23.0 percent at 100 seconds. For the 24-hour

water soak, thickness swell ranged from 25.3 percent at 20

seconds to 30.9 percent at 100 seconds (Table 6). Press

closure rate had a significant effect on thickness swell

(p<0.01). A significant linear trend (p<0.0l) of increasing

thickness swell as press closure rate slowed was found

(Figure 5). A faster rate of press closure can result in a

higher face density which can inhibit water absorption.

Less water absorption would decrease the amount of thickness

swell. There was no significant difference in thickness

swell between the two test procedures (p-0.54) for the six-

by six-inch specimens. However, the 24-hour water soak

procedure showed greater thickness swell values than the OD-

VPS procedure for all press closure rate treatment levels.

Internal bond. Press closure rate had a significant

34
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effect (p<0.01) on internal bond {Appendix B.l). Internal

bond ranged from 52.8 psi at 20 seconds to 37.9 psi at 100

seconds. Internal bond showed a significant increasing

linear trend as press closure rate decreased (p<0.01).

For internal bond specimens subjected to the OD-VPS

procedure, internal bond ranged from 20.6 psi at 20 seconds

to 25.4 psi at 100 seconds. For the 24-hour water soak

procedure, internal bond ranged from 22.6 psi at 20 seconds

to 26.7 psi at 100 seconds. Press closure rate was not

significant for either test procedure (p-0.10). Internal

bond retention decreased linearly as press closure rate

increased and was statistically significant (p<0.01)

(Appendix B.2). Internal bond strength retention was less

for the 24-hour water soak procedure than the OD-VPS

procedure. A faster press closer rate increased the rate of

heat transfer to the core influencing the degree of resin

polymerization and internal bond strength.

Vertical density profile. For the OD-VPS procedure,

press closure rate significantly affected the density

change! Region 2 (p<0.01) which ranged from .73 g/cc at 20

seconds to .79 g/cc at 100 seconds. Region 3 (p<0.0l) which

ranged from .69 g/cc at 20 seconds to .73 g/cc at 100

seconds. Region 4 (p<0.0l) which ranged from .73 g/cc at 20

seconds to .77 g/cc at 100 seconds, and Region 5 (p<0.01)

which ranged from .77 g/cc at 20 seconds to .84 g/cc at 100

seconds. For the 24-hour water soak procedure, press

38



closure rate had a significant effect on Region 2 (p-0.05)

with a density range from .69 g/cc at 20 seconds to .73 g/cc

at 100 seconds and Region 5 (p-0.04) which had a density

range of .70 g/cc at 20 seconds to .75 g/cc at 100 seconds

(Table 7). Density regions significantly affected by press

closure rate showed increasing density as press closure rate

became slower. The change in density from before and after

test procedures also increased as the press closure rate the

maximum press pressure was reduced. Core density was lower

at the faster press closer rate.

For the OD-VPS procedure, press closure rate

significantly affected Region 2 (p<0.01) which showed a

density difference from before and after profiles of .12

g/cc at 20 seconds to a change of .16 g/cc at 100 seconds.

Region 3 {p<0.0i) had a density difference of .13 g/cc at 20

seconds to .16 g/cc at 100 seconds. Region 4 (p<0.01) had a

density difference of .11 g/cc at 20 seconds to .15 g/cc at

100 seconds, and Region 5 (p=0.04) had a density difference

ranging from .14 g/cc at 20 seconds to .17 g/cc at 100

seconds.

For the 24-hour water soak procedure, press closure

rate affected Region 1 (p<0.01) which had a density

difference range from .21 g/cc at 20 seconds to .25 g/cc at

100 seconds. For Region 3 (p-0.03) there was no density

difference between 20 and 100 seconds, and Region 4 (p<0.01)

had a density difference of .17 g/cc at 20 seconds to .18
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g/cc at 100 seconds (Table 7).

Panel Density

Thickness swell. Thickness swell was not effected by

panel density for the two-by-two Inch specimens! 27.7

percent at 41 Ib/ft^ to 27.5 percent at 51 Ib/ft^ for the OD-

VPS procedure and 33.4 percent at 41 Ib/ft^ to 29.2 percent

at the 51 Ib/ft^ for the 24-hour water soak procedure (Table

8). No practical difference between procedures was

detected; however, panel density showed a statistically

significant effect on thickness swell (p-0.01) and there was

a significant difference In thickness swell between the two

test procedures (p-0.03) (Appendix B.4). One possible

explanation for Increased thickness swell at the lower

density level could be explained by a lack of heat transfer

at a lower compaction ratio as opposed to the higher

compaction ratio of the higher density level which would

decrease resin polymerization. Most studies reviewed have

shown that more swell occurs at greater panel densities.

This result always occurs when wax was used In the

experimentation (Gelmer 1982; Hse 1975). Some authors have

shown that the effect of density on thickness swell was not

significant or that less severe accelerated aging test

procedures, such as the 24-hour water soak test, result In

less thickness swell than the OD-VPS test procedure (Lehmann

1974; Suchsland 1973). For the slx-by six-Inch specimens

tested by the OD-VPS procedure, thickness swell ranged from
41



41 Ib/ft^ to 21.8 percent at 51 Ib/ft^ For the 24-hour

water soak procedure, thickness swell ranged from 30.3

percent" at 41 Ib/ft^ to 25.8 percent at 51 Ib/ft^. The

effect of density was statistically significant between the

two levels (p<0.01) of panel density. A significant

*lif^®rence was found in thickness swell between the two test

procedures {p<0.01) (Appendix B.6).

Internal bond. Internal bond values ranged from 23.8

psi at 41 Ib/ft^ to 64.3 psi at 51 Ib/ft^ (Table 8). Panel

density had a significant effect on dry internal bond values

(p<0.01) (Appendix B.l). Internal bond increased with panel

density, and this trend is generally accepted in other

studies (Larmore 1959; Heebink and Hann 1959; Hse 1975;

Lyon et al. 1980; Filho 1981; and Biblis 1985).

For both accelerated aging procedures, retention of

internal bond strength was much less at the 41 Ib/ft^ panel

density. Lower panel density affected the degree of furnish

consolidation and proximity of interparticle contact,

influencing the amount of resin bonding between flakes.

For the OD-VPS procedure, internal bond ranged from

10.6 psi at 41 Ib/ft^ to 18.9 psi at 51 Ib/ft^ For the 24-

hour water soak procedure, internal bond ranged from 5.4 psi

at 41 Ib/ft^ to 14.2 psi at 51 Ib/ft^ (Table 8). There was a

significant difference between the two test procedures

(p-0.01) but density was not significant in affecting

accelerated aging internal bond. Most likely no difference
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in internal bond retention occurred between panel densities

because of excessive degradation to panel bond strength.

Vertical densitv profile. For both the OD-VPS and 24-

hour water soak procedure, panel density significantly

affected all five regions (p<0.01) of the vertical density

profile. For the before profile and the OD-VPS procedure,

density ranged from .68 g/cc at 41 Ib/ft^ to .87 g/cc at 51
A

lb/ft in the face regions and .61 g/cc at 41 Ib/ft^ to .77

g/cc at 51 Ib/ft^ in the core (Table 9).

Relationship of Vertical Density Profile
To Thickness Swell and Internal Bond

Thickness swell. Thickness swell was weakly corre

lated to the density of Region 2 (R--0.23, p<0.01). Region 3

(R«-0.28, p<0.01). Region 4 (R"-0.18, p"0.04) and Region 5

{R--0.16, p-0.06) of the vertical density profile scanned

from specimens used for the OD-VPS test procedure. OD-VPS

Thickness swell was not correlated to profiles developed for

the 24-hour water soak procedure (Table 10). As density

decreased, OD-VPS thickness swell increased. For the

vertical density profile developed by calculating the

difference of the before and after vertical density

profiles, OD-VPS thickness swell was only weakly correlated

to Region 3 (R—0.14, p<0.01) (Table 11). As thickness

swell increased, the density difference range also

increased.

For the 24-hour water soak, thickness swell was

44



 

 

TA
BL
E 
9.

 
De
ns
it
y 
re
gi
on
 m

ea
ns
 f
or

 p
an
el
 d
en
si
ty
 f
ro

m 
th

e 
be

fo
re

 v
er

ti
ca

l 
de
ns
it
y 

pr
of

il
e

"t
ef

te
st

'^
pi

oc
ed

ur
es

!'
''

^ P
ro
fi
le
 d

es
cr
ib
in
g 

th
e 

di
ff

er
en

ce
 i

n 
de

ns
it

y 
fr

om
 b

ef
or
e 

an
d

t
e
s
t
 
p
r
o
c
e
d
u
r
e

de
Ss
it
y 

ov
en
dr
y-
va
cu
um
 p

re
ss
ur
e 
so
ak
 

24
-h
ou
r 

ha
te
r 
so

ak
D
E
N
S
I
T
Y
 
R
E
G
I
O
N

(G
/C
C)
 

(G
/C
C)

DE
NS
IT
Y 
RE

GI
ON

 H
EA
NS
 B
EF
OR
E 

VE
RT
IC
AL
 D
EN
SI
TY
 P
RO
FI
LE
S 
BY

 T
ES
T 
PR
OC
ED
UR
E

®-
61
 

0-
68

 
0.
73
 

0.
69
 

0.
66

 
0.

60
 

0.
67
 

0.
65

0-
83
 

0.
85
 

0.
77

 
0.
83
 

0.
87

 
0.

81
 

0.
79
 

0.
74

 
0.

79
 

0.
78

P>
F 

(P
<0

.0
1)

<P
<0

.0
1)

(P
<0

.0
1)

(P
<0

.0
i)

(p
«0

.0
i,

 
(P

<0
.0

1)
(P

<0
.0

1)
(P

<0
.0

1)
(P

<0
.0

1)
(P

<0
.0

1,

W
TE
s"
pL
cE
DU
RB
 

DI
FF
ER
EN
CE
 O

F 
BE

FO
RE

 A
ND

 A
FT

ER
 V

ER
TI

CA
L 
DE

NS
IT

Y 
PR

OF
IL

ES
 B
Y

"
0
-
"
 

0
-
"
 

0
1
«
 

0-
12

 
0.
14
 

0.
21

 
0.

11
 

0.
16

 
0.

18
 

0.
06

0-
^'

 
0-
^®
 

0
1
8
 

0-
18
 

0.
23
 

0.
11

 
0.

14
 

0.
15
 

0.
10

P>
F 

{P
-O

.0
6)

(P
<0

.0
1)

(P
.0

.3
8)

(P
-0

.0
3)

{P
-0

.0
2)

 
(P
-0
.1
9)
(P
-0
.9
1)
<P
-0
.9
1)
(P
<0
.0
1)
(P
<0
.0
1)

a 
Th

e 
pr

ob
ab

il
it

y 
>F

 b
et
we
en
 t

re
at

me
nt

 d
en

si
ty

 m
ea

ns
.



 

 

BS
fO
SB
 V

BB
TI

CB
t 
DS

HS
IT

I 
PB
or
il
B 
BB

Gt
BB

S 
BY
 B
CB

BI
BR

BI
BB

 B
SI

BB
 T
BB

BT
HB

BI
S

JL
'i

ab
lb

 
^^
ov
eh
dr
y-
va
cu
uh
 p

re
ss

ur
e 
so
ak
 ,

ap
a-

pi
, 

24
-h

ou
r 

ha
te
r 
so
ak
 ,

AS
TH

 D
-X

03
7,

v
4
 

D
5
 

D
1
 

D
2

D
3
 

D
4
 

D
5

S
H
E
L
L
 

ft
~
S
«
0
9
 

~
S
.
2
3
 

—
O
 
2f

t 
•
a
 
i
o
 

a
 

*%.

THI
CKH

ESS
 sh

el
l"
 

(P
"!

-"
 > <P

-»-
15 )

 (P-
s! 

(P
 Ji

 "
 ) (p
lSi

SI)
HA

TE
R^

AB
SO

RP
TI

OH
 

<P"
®• 
®8

 ) (
P<
0.
 01
) (P

-S
!0

9 )
 (P
-0

!I
S)

 (P
-S
i 2

0)
:!>

 
AP

A-
Pi

 
(p

-0
.6

6)
(p

-0
.6

6W
P.

0:
II

wp
.2

-i
I,

,n
:S

-"
. 

-0
-"

 
-0
.0
9

01
 

HA
TE

rA
BS

OR
PT

IO
M 

""
"I

.'
m "
''

rS
JI

'
'
 '
 P"
®-
" )
 (P
-0
.1
0)
 (P
-S

l 0
7 )
 (p
.0

! "
 ) (
p-

S!
 33
)

iht
ern

al^
boh

d 
"'-

S.'
 20
"^
-0
; is

 "
 :

II
" 

;I
2"

 
; j

I '
 '
 p*®

 • 01
 >«i

'<0
 •«i

 > (p
<0.

' I!
 > (p

<0
;"
 > (p

<0:
 IS
 >

in
te
rn
al
 b
on

d 
'^
-0
.'
07
"^
"0
;i
r'
^-
0.
il
"^
r|
'f
|"
''
r|
"?
f'
 <

p-
0-
0«
)<
p<
0-
®i
)(
p<
0;
0i
)(
p<
0!
0i
)(
p-
0;
6i
)

D
u
n
u
 

-
0
.
0
7
 

0
.
0
4
 

-
0
.
0
8
 

-
0
 
1
2
 

-
a
 
1
0

II
Ii
nI
bI
cT
 

<^
-®

;®
8)

(p
-®

:l
l„

p<
l:

II
„p

<l
:l

l„
p.

l:
SI

,

.st
hd-

103
7 

(p.
0.a

3„p
.l:

lln
P.I

:ll
,<P

.I;
SI„

p.|
;||

, .
p<I

:II
..p

<I:
ISh

p<I
;IS

„p<
I:I

Ihp
.MS

'
P-
ta
ti
st
ic
 I
n 

d.
t.
r.
ln
ln
, t

h.
 si

gn
if
ic
an
ce
 o

f 
th
e 

pr
ed
ic
to
r 

on
 t

he



 

4
k

TA
BL

E 
11

. 
Re
la
ti
on
sh
ip
 o

f 
re
sp
on
se
 v

ar
ia

bl
es

 t
hi
ck
ne
ss
 s
we

ll
, 
wa

te
r 
ab
so
rp
ti
on
, 
ac
ce
le
ra
te
d 

ag
ed

in
d*

af
?e

r 
wH
 

BP
ri
np
ba
ck
 t
o 

th
e 

de
ns
it
y 

re
gi

on
s 
fo

r 
th

e 
di
ff
er
en
ce
 o

f 
th
e 

be
fo
re

? 
nr

oh
>p

 I
 

f 
K 

Jf 
us
ln
a 
Pe
ar
so
n 

pa
rt

ia
l 
co
ef
fi
ci
en
ts
 a
nd

 c
or

re
sp

on
di

ng
I
pr

ob
>F

 
I 
va

lu
es

 f
or
 b

ot
h 

ac
ce
le
ra
te
d 

ag
in
g 

te
st

in
g 

pr
oc
ed
ur
es
.

DI
FF

ER
EN

CE
 I
N 

BE
FO
RE
 A

ND
 A

FT
ER

 V
ER

TI
CA

L 
DE

NS
IT

Y 
PR

OF
IL

E 
RE
GI
ON
S 
BY
 A

CC
EL

ER
AT

ED
 A

GI
NG

 T
RE

AT
ME

NT
S

v
S
l
E
 

OV
EN
DR
Y-
VA
CU
UH
 p

re
ss
ur
e 
so
ak
 (
AP

A-
Pl

) 
24

-H
OU

R 
WA
TE

R 
SO
AK
 (
AS
TM
 D
-1
03
7)

D
4
 

D
5
 

D
1
 

D
2
 

D
3
 

D
4
 

D
5

TH
IC
KN
ES
S 
SH

EL
L 

a 
0.
18
 

0.
07

 
0.
14
 

0.
03

 
-0

.0
8 

0
 1
3 

0
 0
7 

<0
 a
i 

a 
la
 

a 
on

?hi
ck"

ess
 sw

ell
' 

''
li

e
"1
-3
'0
"'
i-
2"
"'
i-
0l
'

W^T
EVA

BSo
ipT

ION
 "
1.

1^
 

"1
:0

'r
 '
 
'
 "I
."
 

'
wA

TE
Ri

ss
oR

PT
io

N "
I.

"l
i'

"-
0^

^"
I;

!!
'
 "-
1;
?^
"-
'S
le
'

"l
i"

'
in
?L
2;
l"
on
d 

«f
-®

-?
f»

<f
-!

-!
?)

(p
-?

.?
?)

(p
<?

:0
i)

(p
-0

:3
8)

in
ai
-R
no
at
. 
a
s
B
U
L
 

0
.
2
3
 

0
.
1
9
 

0
.
0
1
 

-
0
.
0
1
 

0
.
0
2
 

0
.
2
6
 

0
 2
3
 

0
 
3
0
 

a
 
o
e
 

«
 
«
 =

A
S
T
H
 
D
-
1
0
3
7
 

(
P
<
O
.
0
1
1
 (
P
-
0
.
0
3
 W
P
-
0
.
 Qi

; I
 f
 p
-
a
 
a-

i\
iB

-a
 
o
n
 
<
n
^
o
 
o
.
 

0
.
0
5

W
A
T
E
R
 
A
B
S
O
R
F

A
P
A
-
P
l

W
A
T
E
R
 
A
B
S
O
R
F

A
S
T
H
 
D
-
1
0
3
7

I
N
T
E
R
N
A
L
 
B
O
N

A
P
A
-
P
l

I
N
T
E
R
N
A
L
 
B
O
N

sf
Ri

N?
B^

?r

-®
-®
3 

-0
-1
8 

-0
.1

0 
-0
.0
5 

0.
16
 

0.
'0
1 

-^
05

 
0
 2
8 

"^
04

INT
e'r

NAL
 B
ON

D 
"r

S.
ls

 "'
^0

 i l
i'

"-
1.

11
" M
l
?
 "
 
'
 (P
"®
 •
"
 ) (
P-
0.
 89
 ) (
p.
0.
 55
 ) (
P<

0:
01

) (p
.0
; 7
1)

AS
TM

 D
-1
03
7 

(P
-0
.6
2)
(P
.0
.1
2)
(P
-0
.0
4)
(P
.0
.0
6)
(P
.0
:6
7)
 (P

-0
:5
4)
(p
.0
:9
6)
(P
<0
!0
1)
(P
^®
18
8)
(p
.0
!I
J)

®®
 

®-
''

® 
®-
®8
 

-0
.0
1 

0
.
0
7
 

0.
11

 
0
.
0
8
 

-0
.1
5 

-
0
 0
1

a'
?c

 
f
 "f
a '
 'P
*®
*®
lH
P-
0.
 52
) (
P-
0.
93
) 
(P

-0
. 4
1)
 (P
-0

. 2
1)
 (P
-0

. 3
7 )
 (P
-0
.1
0)
 (P
-0
!8
8)

0
.
1
6
 

0
.
1
4
 

0
.
1
1
 

-0
.0
1 

0
.
0
4
 

0
.
3
2
 

0
.
1
9
 

0
.
4
0
 

0
 1
8
 

0
 0
1

(P
-0

.0
7)

(P
-0

.1
3)

(P
-0

.2
2)

(P
-0

.9
5)

(P
-0

.6
9)

 (
P<

0.
01

)(
P-

0.
03

)(
P<

0.
01

)(
p.

0!
04

)(
P-

0!
94

)

a 
Pe

ar
so

n 
pa

rt
ia

l 
co

rr
el

at
io

n 
co

ef
fi

ci
en

t 
- 

a 
ae
as
ur
e 
of
 t
he
 s
tr

en
gt

h 
of
 t
he
 p

re
di

ct
or

 i
n 

th
e

pr
es
en
ce
 o

f 
ot

he
r 

pr
ed

ic
to

rs
 a
nd

 a
 a
ea
su
re
 o
f 

■u
lti

co
llin

ea
rit

y.
 

pr
ed

ict
or

 in
 th

e

' r
np

^n
ie

ia
rJ

fb
Je

'""
" 

^-
ta

tis
tic

 in
 d

ete
r.in

ing
 th

e 
sig

nif
ica

nc
e 

of 
the

 p
red

ict
or 

on 
the



correlated to the density of Region 1 (R-0.16, p-0.08),

Region 2 (R-0.23, p<0.01). Region 3 (R-0.15, p-0.09), and

Region 4 (R-0.20, p-0.02) (Table 10). For the difference of

the before and after profiles, thickness swell was

correlated to the density of Region 1 (R-0.26, p<0.01).

Region 2 (R-0.23, p<0.01). Region 3 (R-0.30, p<0.01), and

Region 4 (R-0.26, p<0.01) (Table 11 and Appendix C).

Twenty-four-hour water soak thickness swell increased as the

change in density between the before and after profiles

increased. A significant correlation among response

variables suggests that different density regions of

profiles scanned before accelerated aging tests may be used

to predict thickness swell.

Internal bond. For accelerated aged internal bond

tested after the OD-VPS procedure, the strongest correlation

between internal bond was to density Region 3 (R--0.20,

p-0.02). OD-VPS internal bond was also inversely correlated

to Region 3 (R--0.18, p-0.05) of the difference of the

profiles taken before and after testing (Table 11). As the

density difference increased, internal bond decreased.

Although Pearson product moment correlation coefficients

show less than moderate strength of relationships, p-values

were significant for the coefficients, proving a

relationship exists even if the strength was low.

For internal bond tested after the 24-hour water soak

procedure, the strongest correlations were between Region 2

(R-0.22, p-0.01). Region 3 (R-0.27, p-0.01), and Region 4
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{R-0.27, p<0.01) (Table 10). As density increased, internal

bond increased.

For 24-hour water soak, the strongest correlation found

was to Region 3 (R--0.75, p<0.0l) for the difference of

profiles taken before and after testing. As internal bond

retention increased, the density difference of the core

(Region 3) decreased. The correlation of internal bond to

the core region of the vertical density profile

substantiates this assumption.

Density regions of the vertical density profile will be

affected according to the severity of accelerated aging test

used to measure thickness swell. Both procedures affected

the inner and outer core density regions more than the face

density regions. The change in core density seemed to

contribute the most to thickness swell for both procedures.

A mathematical model describing thickness swell from the sum

of these components is probable, but was not attempted.
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VI. CONCLUSION AND FUTURE STUDY

Summation

The response of the vertical density profile to changes

in furnish moisture content, press closure rate, and panel

density can be measured. This change in the vertical

density profile will affect strength and dimensional

stability properties. From this knowledge, a mathematical

relationship between strength and dimensional stability, as

affected by the vertical density profile, could lead to the

use of non-destructive testing as a means of process panel

quality control.

Furnish Moisture Content

Thickness swell and internal bond. The three levels of

furnish moisture content (3, 6 and 9 percent) had a

significant effect on thickness swell in the six-by six-inch

specimens (p<0.0l) but not for the two-by two-inch specimens

(P"0.56). The two thickness swell procedures used produced

significantly different results for both the six-by six-inch

specimens (p<0.0l) and the two-by two-inch specimens

(p=0.01). Thickness swell decreased linearly as furnish

moisture content increased.

Furnish moisture content did not have a strong

influence on internal bond {p"«0.09) and had no effect on

accelerated aging internal bond (p"0.15). However, internal

bond and internal bond retention decreased linearly as
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furnish moisture content increased {p<0.01) likely due to

"incomplete" resin cure in the core of the panel resulting

from a build-up of steam in the core.

Vertical density profile. As furnish moisture

content increased, the density of the five profile regions

increased. Furnish moisture content had a greater effect on

the face densities than the core or outer core regions.

Press Closure

Thickness swell and internal bond. The three rates

of press closure (20, 60 and 100 seconds) had a significant

effect on the two-by two-inch thickness swell specimens

(p<0.02) and on the six-by six-inch thickness swell

specimens (p<0.01). The general linear trend for both

specimen sizes {p<0.0l) was an increase in thickness swell

with a decrease in press closure. Increased compaction and

a higher density panel face resulted for the faster closure

rate. Press closure rate had a significant effect on

internal bond (p<0.01); but, had no effect on internal bond

retention (p-0.10). Internal bond decreased as the time to

position increased. More resin polymerization from higher

internal panel temperatures at faster press closure rates

enhanced the densification in the core of the panel leading

to higher internal bond values.

Vertical densitv profile. Press closure rate had more

of an effect on the core density regions of the vertical
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density profile than the face density regions. Overall

density averages were more uniform from face to face as

press closure rate slowed. Internal bond values should have

increased as press closure rate slowed; but, examination of

the difference of the before and after scans, indicated a

greater density change at the slower press closure rate due

to less temperature transfer compounded with a lower

compaction ratio.

Panel Density

Thickness swell and internal bond. Panel density had a

significant effect on thickness swell for both the two-by

two-inch specimens (p-0.01) and the six-by-six inch

specimens (p<0.02); and also on internal bond (p<0.01).

However, panel density did not effect the accelerated aged

internal bond (p-0.20). For the OD-VPS procedure, there was

no linear trend but for the 24-hour water soak, thickness

swell increased as density decreased. The 41 Ib/ft^ density

level was too low for adequate flake compaction and heat

transfer to polymerize resin in the core. Internal bond

increased as panel density increased.

Vertical density profile. The five average density

regions of the vertical density profile were significantly

different at the two panel density levels. The average

density of each profile region increased as panel density

increased. After accelerated aging, density reduction

within a given region was greatest for more dense regions.
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Relationship of Vertical Density Profile to
Thickness Swell and Internal Bond

The relationship of all response variables was analyzed

using Pearson partial correlation coefficients and

probabilities. Relationships of thickness swell to the

different density regions of the profile was promising for

the 24-hour water soak procedure.

Accelerated aged internal bond (ASTM D-1037) correlated

the strongest to the core density region for the 24-hour

water soak procedure (R-0.27, p-0.01). The difference

between the core density after the durability treatments for

24-hour water soak also correlated strongly with accelerated

aged internal bond for the 24-hour water soak procedure (R"-

0.75, p"0.01). The more density decreased or the change in

density increased, the more thickness swell increased.

Therefore, the effect of 24-hour water soak treatment on

internal bond could be related to the actual core density or

the core density difference.

Future Study

It is suggested that future studies quantitatively

examine the influence of the density profile on thickness

swell. Once identified, the theological properties of the

mat that most influence swell should be altered in an

attempt to reduce thickness swell. Studies should be

designed to isolate the effect of single process variables.
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APPENDICES



APPENDIX A. THE LEAST SQUARES ADJUSTED MEAN, THE STANDARD
ERROR OF THE LEAST SQUARES ADJUSTED MEAN, THE
UNADJUSTED TREATMENT MEAN, STANDARD DEVIATION OF
THE UNADJUSTED MEAN, THE COVARIATE (SPECIMEN
DENSITY), THE FIVE DENSITY REGIONS (D1-D5), THE
DIFFERENCE IN DENSITY (DF1-DF5) TAKEN BEFORE AND
AFTER THE OD-VPS AND 24-HOUR WATER SOAK
PROCEDURES, THICKNESS SWELL (TS), WATER
ABSORPTION (WA), ACCELERATED AGED INTERNAL BOND
(AAIB), INTERNAL BOND (IB) AND SPRINGBACK FOR
TWO-INCH BY TWO-INCH AND SIX-INCH BY SIX-INCH
SAMPLES FOR BOTH ACCELERATED AGING TEST
PROCEDURES.
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TABLE A.3. Least squares mean and standard errors,
the unadjusted treatment mean and standard
deviation for thickness swell and water
absorption by treatment for ovendry-vacuum
pressure soak and 24-hour water soak test
procedures: six-by six-inch specimens.

b

m miL
d

D-VPS

Ji. u

24-HODR RATER

SOAK

-IS SL

1 3

2 3

3 3

4 3

5 3

6 3

7 6

8 i

9 e

51

41 It

41 it

41 100

20 20.50 92.95 24.99 67.09
.52 1.23 .79 1.47

(19.51) (92.51) (24.47) (72.60)
(2.03) (2.34) (2.28) (3.10)

60 22.04 85.76 27.94 67.63
,53 1.25 .79 1.49

(22.07) (90.38) (28.05) (73.39)
(2.60) (3.83) (2.37) (2.69)

100 24.92 85.55 34.49 70.15
.57 1.34 .86 1.61

(23.95) (95.02) (34.05) (77.24)
(3.42) (4.41) (3.55) (1.96)

20 22.84 77.74 27.09 63.45

.52 1.22 .78 1.47

(22.76) (72.03) (28.17) (59.67)
(2.38) (3.78) (2.26) (2.79)

60 21.65 78.67 29.65 64.97

.53 1.23 .78 1.47

(21.92) (77.55) (29.33) (58.06)
(4.82) (3.49) (1.28) (3.84)

.00 27.19 79.99 30.94 59.66
.53 1.23 .79 1.48

(27,91) (70.17) (34.90) (56.34)
(1.15) (3.76) (1.58) (10,42)

20 20,05 81.12 27.13 65,00

,52 1,23 .79 1.47

(17.89) (84.64) (25.57) (69.67)
(2,15) (3.76) (1.58) (1.56)

60 20,32 80.64 20.33 67.23

,54 1.27 ,82 1.52
(19,20) (85.42) (26,95) (70.22)
(1.90) (1.68) (6.30) (4.08)

00 23.39 79.76 37.32 66.66

.72 1.69 1.08 2.02

(22.65) (88.07) (37.80) (74.86)
(3.77) (5.43) (8.70) (2,97)
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TABLE A.3. (Continued)

ffll-VPS

a b e d
24-B0IIRIUER

TRT nc DO PCR rs n TS n

10 6 51 20 18.69 72.30 20.70 54.12

1.23 .79 1.47

(18.14) (61.69) (20.96) (45.45)
(2.50) (5.57) (1.99) (5.05)

11 6 51 £0 19.95 73.93 24.82 55.91

1.23 .79 1.48

(20.86) (63.16) (19.48) (42.18)
(1.67) (5.79) (5.67) (9.94)

12 6 51 100 19.20 73.75 25.21 61.11

1.25 .80 1.49

(20.39) (67.67) (27.60) (58.33)
(2.24) (2.60) (1.05) (4.40)

13 9 41 20 19.59 80.70 29.66 66.12

.60 1.42 .91 1.69

(17.31) (84.66) (28.96) (68.12)
(2.76) (2.42) (1.46) (3.60)

14 9 41 60 21.76 82.79 33.87 75.93

.99 2.32 1.49 2.78

(21.54) (89.71) (33.15) (75.91)
(5.02) (3.20) (5.46) (6.11)

15 9 41 100 25.01 81.33 44.83 67.50

.81 1.11 1.02 1.53

(24.12) (88.91) (44.67) (75.51)
(4.18) (4.02) (10.49) (6.15)

16 9 51 20 18.05 69.13 17.64 52.73

1.30 .83 1.55

(18.01) (59.80) (20.45) (46.89)
(1.89) (2.67) (2.86) (5.20)

17 9 51 60 16.59 73.56 21.25 55.31

1.38 .83 1.55

(18.32) (64.13) (24.15) (52.36)
(1.94) (8.44) (2.36) (5.30)

18 9 51 100 18.38 71.28 22.77 58.24

.53 1.30 .83 1.55

(17.05) (62.67) (21.51) (48.21)
(3.80) (3.57) (4.52) (5.07)
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TABLE A.3. (Continued)

a TreatMnt (TSI) : boards were lannfactnred under two levels of speciien
density, three levels of press closure rate, and three levels of furnish
loisture content.

b Furnish loisture content (FBCj is the furnish loisture content before board
lannfacture leasured in percent,

c Panel density (Dn|,is the value of the covariate, to adjust all leans.
d Press closure rate (PCRj is defined as tine to stops in the press cycle
e The first value within a coluin is the least squares adjusted treatient
lean. The second value is the standard error of the least squares adjusted
lean. The third value is the unadjusted treatient lean, and the last value
is the standard deviation of the unadjusted treatient lean for Ihictaess swell
ITS) and Rater absorption values (I&).

71



 

 

 

 

 

 

 

 

 

 

TABLE A.4. Least squares mean and standard errors,
the unadjusted treatment mean and standard
deviation for internal bond specimens
by treatments two-by two-inch specimens.

a b

TRT FMC

c

SER

d

PCR

e

IB
(LBS/IS 2)

f

D1 D2 D3

(G/CC)

1)4 D5

1 3 41 20 55.73 .65 .66 .61 .63 .68

5.79 .02 .02 .02 .02 .03

(46.46)
(22.92)

2 3 41 60 40.93 .62 .67 .63 .64 .69

5.88 .03 .02 .02 .02 .03

(30.42)
(11.80)

3 3 41 130 26.74 .64 .66 .60 .64 .67

6.34 .03 .02 .02 .02 .33

(14.45)
(16.02)

4 3 51 20 72.15 .77 .77 .74 .76 .81

5.79 .02 .02 .02 .02 .03

(75.57)
(18.65)

5 3 51 60 72.63 .79 .84 .78 .80 .86

5.29 .02 .02 .02 .02 .02
(78.49)
(18.99)

6 3 51 100 61.43 .76 .81 .75 .78 .31

5.82 .02 ,32 .02 .02 .02

(67.71)

(21.03)
7 S 41 20 33.07 .67 .66 .59 .63 .53

5.81 .02 .02 .02 .32 .03

(23.39)
(14.71)

3 6 41 60 24.48 .64 .66 .59 .51 .66

6.00 .03 .02 .02 .02 .03

(10.26)
(11.08)

9 6 41 130 19.38 .61 .70 .52 .66 .74

7.97 .03 .03 .03 .03 .04

17.40)

11.25)
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TABLE A.4. (Continued)

a b c d t £
TRT IMC DEI PGR IB , D1 D2 D3 D4 D5

(LBS/II \ (G/CC)

10 6 51 20 83.05 .80 .83 .76 .87
5.81 .02 .02 .03

(93.07)
(25.07)

11 6 51 60 70.S3 .79 .78 .89
5.82 .03 .02 .03

(82.84)
(17.29)

12 6 51 100 50.48 .73 .74 .86
5.89 .03 .02 .03

(55.57)

13 9
(17.99)

41 20 26.19 .69 .60 .72
6.67 .03 .02 .03

(18.28)
(9.55)

14 9 41 60 24.48 ,67 .63 .77
10.94 .05 .04 .04 .05

(19.38)
(16.84)

15 9 41 100 13.48 .66 .69 .59 .62 .69
5.10 .03 .02 .02 .02 .03

(4.48)
(2.66)

16 9 51 20 68.93 .87 .34 .73 .83 .38
6.13 .03 .02 .02 .03 .03

(78.23)

17 9
(27.46)

51 60 52.69 .82 .84 .73 .79 .38
6.14 .03 .02 .02 .02 .03

(59.58)
(20.53)

18 9 51 100 35.30 .74 .79 .71 .75 .34
6.14 .03 .02 .02 .02 .03

(38.91)
(15.79)
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TABLE A.4. (Continued)

a Treatuent (TRT) .-boards were mufactured under two levels of speciien density,
three levels of press closure rate, and three levels of furnish loisture
content.

b Furnish loisture content(FMC) of furnish before hoard nanufacture leasured in
percent.

c Panel density (DEH) is the value of the covariate to adjust all treatient leans,
d Press closure rate (PCR) is defined as the tiie to stop in the press cycle,
e Internal Bond (IB) as defined by ASTH D-1037 in pounds per cubic foot.

The first value in this coluin is the adjusted treatient lean. The second
value is the standard error of the least squares adjusted lean. The third
value is the unadjusted treatient lean and the last value is the standard
deviation of the unadjusted treatient lean.

f.Tbe value of the five density regions leasured before the internal bond test
procedure (D1-D5). The first value in the coluin is the unadjusted
treatient lean and the last value is the standard deviation of the treatient
aean.
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APPENDIX B. ANALYSIS OF COVARIANCE FOR INTERNAL BOND,
RETENTION OF INTERNAL BOND AFTER OD-VPS AND
24-HOUR WATER SOAK PROCEDURES, WATER
ABSORPTION, THICKNESS SWELL, AND SPRINGBACK
IN TWO-BY TWO-INCH SPECIMENS, AND FOR
THICKNESS SWELL AND WATER ABSORPTION IN
SIX-BY SIX-INCH SPECIMENS.
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TABLE B.l. Analysis of covariance for internal bond in
response to specimen density (COV), replication
(REP), furnish moisture content (FMC), press
closure rate (PCR), panel density (DEN), linear
(LIN) and lack of fit (LOF) effects partitioned
within treatments.

SOURCE OF SUM OF PR>F

COV 1 4096.81 .001
REP 2 5664.04 .217
FMC 2 10753.93 .099

LIN 1 13503.30 .001
LOF 1 225.93 . 348

REP*FMC 4 4947.00 .001
PCR 2 16725.78 .001

LIN 1 9034.70 .001
LOF 1 32.74 . 721

DEN 1 15648.05 .001
FMCPCR 4 471.86 . 729
FMC*DEN 2 2987.95 .006
DEN*PCR 2 145.33 . 734
FMC*DEN*PCR 4 1798.59 . 138
REP*MC*DEN*PCR 23 5329.84 . 585
ERROR 140 35654.73
TOTAL a 187 198259.72

a Total N=188 samples from 53 boards
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TABLE B.2. Analysis of covariance for accelerated aged
internal bond for two-by two-inch specimens in
response to; specimen density (DEN), replication
(REP), furnish moisture content (FMC), press
closure rate (PGR), panel density (DEN),
procedure (PROG), linear (LIN) and lack of fit
(LOF) effects partitioned within treatments.

SOURGE DF SUM OF PR>F

GOV 1 832.88 .001
REP 2 78. 13 .854
FMG 2 1508.96 . 149

LIN 1 1881.66 .001
LOF 1 243.48 .018

PGR 2 1087.65 . 100
LIN 1 1115.99 .001
LOF 1 27. 55 .059

DEN 1 205.58 . 207
FMG*PGR 4 359.58 .440
FMG*DEN 2 425.06 . 222
DEN*PGR 2 1.33 . 989
FMG*DEN*PGR 4 168.93 . 660
PROG 1 1326.51 .012
REP*PROG 2 3. 43 . 904
FMG*PROG 2 54.08 .375
REP*MG*PROG 4 58.47 . 586
PGR*PROG 2 20. 54 .612
DEN*PROG 1 3. 98 . 669
REP''PGR*PROG 4 53. 39 .613
FMG*PGR*PROG 4 89. 56 . 461
REP*FMG*PGR*PROG 8 268.58 .366
REP*DEN*PROG 2 21. 88 . 597
FMG*DEN''PROG 2 8.00 . 793

REP*FMG*DEN*PROG 4 85. 77 . 474
DEN*PGR*PROG 2 18. 52 . 636
REP*DEN*PGR*PROG 3 56. 12 . 495
FMG*DEN*PGR*PROG 4 33. 19 . 744
MODEL 94 15435.00 .001
ERROR 187 3823.36
TOTAL a 281 19258.51

a Total N-282 samples from 53 boards
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TABLE B.3, Analysis of covariance for two-by two-inch
water absorption samples in response to
specimen density (COV), replication (REP),
furnish moisture content (FMC), press closure
rate (PCR), panel density (DEN), procedure
(PROC), linear (LIN) and lack of fit (LOF)
effects partitioned within treatments.

SOURCE DF SUM OF PR>F

COV 1 6416.95 .001
REP 2 129.87 .215
MC 2 566.22 .028
LINEAR 1 979.98 .001
LOF 1 43. 98 .018

PCR 2 231.05 .033
LINEAR 1 149.42 .001
LOF 1 27. 55 .059
DEN 1 677.74 .006
FMC*PCR 4 79. 20 . 173
FMC*DEN 2 548.96 .014
DEN*PCR 2 4.33 . 645

FMC*DEN*PCR 4 115.01 . 124
PROC 1 29564.19 .002
REP*PROC 2 25.02 . 371

FMC*PROC 2 17. 32 .461
REP*FMC*PROC 4 51.71 .395
PCR*PROC 2 49.67 . 295
DEN*PROC 1 77. 59 .084

REP*PCR*PROC 4 7. 30 .891
FMC*PCR*PROC 4 1. 97 . 986

REP^FMCPCR^PROC 8 19. 22 . 897

REP*DEN*PROC 2 10. 35 . 588

FMC*DEN*PROC • 2 9. 34 .613

REP*FMC*DEN*PROC 4 14. 40 . 756
DEN*PCR*PROC 2 23. 29 . 388

REP*DEN*PCR*PROC 3 6.23 . 838
FMC*DEN*PCR*PROC 4 19. 50 . 676
MODEL 94 85492.00 .001
ERROR 187 1429.84 • • • •

TOTAL a 281 86922.22 • • • •

a 282 specimens from 53 panels
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TABLE B.4. Analysis of covariance for two-by two-inch
thickness swell specimens in response toj
specimen density (COV), replication (REP),
furnish moisture content (FMC), press closure
rate (PGR), panel density (DEN), procedure
(PROG), linear (LIN) and lack of fit (LOF)
effects partitioned within treatments.

SOURGE DF SUM OF PR>F

GOV 1 611.53 .001
REP 2 503.04 . 153
FMG 2 122.37 .526
LINEAR I 209.28 .001
LOF 1 0. 42 . 853

PGR 2 1300.34 .019
LINEAR 1 968.62 .001
LOF 1 30. 11 . 121
DEN 1 1256.26 .010
FMG*PGR 4 165.56 . 250
FMG*DEN 2 1059.68 .024
DEN*PGR 2 281.19 .084
FMG*DEN*PGR 4 102.76 . 359
PROG 1 1125.73 .012
REP*PROG 2 379.31 .067
FMG-PROG 2 57. 99 . 319
REP*FMG*PROG 4 43.34 .623
PGR*PROG 2 59. 39 . 315
DEN*PROG 1 386.75 .034
REP*PGR*PROG 4 85.08 . 426
FMG*PGR*PROG 4 128.82 . 319

REP*FMG*PGR*PROG 8 68. 57 .738
REP*DEN*PROG 2 106.61 . 204
PHG^DEN'-PROG 2 39. 93 . 406

REP*FMG*DEN*PROG 4 8.76 .941
DEN*PGR*PROG 2 4.26 . 865

REP*DEN*PGR*PROG 3 12. 13 .829

FMG*DEN*PGR*PROG 4 172.86 . 254
MODEL 94 9204.00 .001
ERROR 186 2313.61

TOTAL a 280 11518.51

a 281 specimens from 53 boards
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TABLE B.5 Analysis of covariance for two-by two-inch
springback specimens in response to specimen
density (COV), replication (REP), furnish
moisture content (FMC), press closure rate
(PCR), panel density (DEN), linear (LIN) and
lack of fit (LOF) effects partitioned within
treatments.

SOURCE DF SUM OF SQUARES PR>F

COV 1 822.38 .001
REP 2 802.51 . 183
FMC 2 41.81 . 874
LINEAR 1 234.14 .001
LACK OF FIT 1 7.63 . 436

PCR 2 842.74 .003
LINEAR 1 608.48 .001
LACK OF FIT 1 41.56 .070

DEN 1 714.58 .008
FMC*PCR 4 133.45 .039
FMC*DEN 2 827.18 .003
DEN*PCR 2 96. 44 .027
FHC*DEN*PCR 3 32.08 . 116
PROC 1 257.36 .008
REP*PROC 2 114.38 .034
FMC*PROC 2 100.49 .039
REP*FHC*PROC 4 35. 33 . 196
PCR*PROC 2 11.28 . 265
DEN*PROC 1 160.36 .012
REP*PCR*PROC 4 95. 78 .079
FMC*PCR*PROC 4 59.66 . 123
REP*MC*PCR*PROC 8 54.00 . 252
REP*DEN*PROC 2 38.90 .094
FMC*DEN*PROC 2 19. 92 . 169
REP*FMC*DEN*PROC 4 95. 63 .079
DEN*PCR*PROC 2 26.88 . 131
REP*DEN*PCR*PROC 3 39. 27 . 137
FMC*DEN*PCR*PROC 3 48. 79 .113
MODEL 92 6955.62 .001
ERROR 176 2204.03 • • • •

TOTAL a 268 9159.65 • • • •

a 269 specimens in 53 panels
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TABLE B.6. Analysis of covariance for six-by six-inch
thickness swell specimens in response to
specimen density (COV), replication (REP),

rate (PGR), panel denssity (DEN), linear (LIN)
and lack of fit (LOF) effects partitioned
within treatments.

SOURCE DF SUM OF SQUARES PR>F

COV 1 632.85 .001
REP 2 806.43 .004
FMC 2 272.87 .029
LINEAR 1 100.05 .001
LACK OF FIT 1 65. 55 .007

PCR 2 971.35 .008
LINEAR 1 964.04 .001
LACK OF FIT 1 88.98 .002

DEN 1 212.94 .015
FMC*PCR 4 66. 21 . 568
FMC*DEN 2 774.55 .002
DEN*PCR 2 192.76 .053
FMC*DEN*PCR 4 63. 94 .582
PROC 1 2651.56 .001
REP*PROC 2 15.99 . 467
FMC*PROC 2 50. 16 . 146
REP*FMC*PROC 4 128.09 .085
PCR*PROC 2 235.90 .007
DEN*PROC 1 433.09 .001
REP*PCR*PROC 4 20. 91 . 697
FMC*PCR*PROC 4 37.48 .469
REP*FMC*PCR*PROC 8 161.54 . 178
REP*DEN*PROC 2 29.91 .274
FMC*DEN*PROC 2 166.95 .015
REP*FMC*DEN*PROC 4 21.61 . 685
DEN*PCR*PROC 2 90. 51 .055
REP*DEN*PCR*PROC 4 58.99 . 289
FMC*DEN*PCR*PROC 4 33. 31 . 518
MODEL 106 9240.91 .001
ERROR 105 1366.26 • • • •

TOTAL a 211 10607.17 • • • •

a 212 specimens from 53 panels
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TABLE B.7. Analysis of covariance for six-by six-inch
water absorption specimens in response to
specimen density (COV), replication (REP),
furnish moisture content (FMC), press
closure rate (PGR), panel density (DEN),
linear (LIN) and lack of fit (LOF) effects
partitioned within treatments.

SOURCE DF SUM OF SQUARES PR>F

COV 1 1663.01 .001
REP 2 220.88 .096
MC 2 920.92 .009
LINEAR 1 657.18 .001
LACK OF FIT 1 174.75 .001

PGR 2 132.41 . 171
LINEAR 1 21.76 . 165
LACK OF FIT 1 . 75 . 795

DEN 1 641.51 .002
MC*PCR 4 35.09 . 866
MC*DEN 2 239.43 .065
DEN'PCR 2 6. 27 . 898
MC*DEN*PCR 4 98. 15 . 536
PROG 1 12746.86 .001
REP*PROC 2 44.84 .409
MC*PROC 2 21. 72 . 627
REP*MC*PROC 4 101.28 .408
PCR*PROC 2 29.05 . 544
DEN*PROC 1 23. 31 . 338
REP*PCR*PROC 4 53. 28 . 666
MC*PCR*PROC 4 87. 71 .467
REP*MC*PCR*PROC 8 105.17 . 747
REP*DEN*PROC 2 28. 77 . 547
MC*DEN*PROC 2 15. 34 .714
REP*MC*DEN*PROC 4 42.45 . 743
DBN*PCR*PROC 2 . 72 . 984
REP*DEN*PCR*PROC 4 3. 60 . 996
MC*DEN*PCR*PROC 4 92.75 .444
MODEL 106 43742.56 . 001
ERROR 105 1528.62 • • • •

TOTAL a 211 45271.19 • • • •

a 212 specimens from 53 panels
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APPENDIX C. PARTIAL CORRELATION MATRIX FOR ALL VARIABLES IN
THE 24-HOUR WATER SOAK AND OVENDRY-VACUUM-
PRBSSURE-SOAK, INTERNAL BOND, DENSITY REGIONS
TAKEN FROM VERTICAL DENSITY PROFILES SCANNED
BEFORE THE ACCELERATED AGING TESTS, AND THE
DIFFERENCE OF THE BEFORE AND AFTER PROFILES,
AND THE PROFILES SCANNED FROM INTERNAL BOND
SPECIMENS.

83



Da
ta
 1

. 
Pe

ar
so

n 
Pa
rt
ia
l 

Co
rr

el
at

io
n 

Co
ef

fi
ci

en
t 
Ma
tr
ix
 f

or
 a

ll
 V

ar
ia

bl
es

 I
n 

th
e 

24
-h

ou
r 

wa
te

r 
so

ak
,

Or
en

dr
v-

va
cu

ui
-p

te
ss

ui
e-

so
ak

 t
es
ti
ng
 p

ro
ce
du
re
s 

an
d 

In
te
rn
al
 b

on
d 

sp
ec
ii
en
s.

0
0

4
k

kI
SP
OI
St

Vk
HI

lB
LI

S 
TS

0D
(6

i6
) 

15
00

(2
12

)
TS

24
(6

I6
1 

TS
24

(2
I2

) 
VA
OD
IC
U)
 
11
00
(2
12
) 

11
24
(5
15
) 

11
24
(2
12
) 
01

12
4(

51
6)

 0
11

00
(5

15
) 
01

10
0(

21
2)

 0
11

24
(2

12
)

TS
OO

(5
i5

) 
a 

l.
C

O
J

15
00
(2
12
) 

h

TS
24

(6
16

) 
0

TS
24

(2
I2

) 
d

11
00
(5
15
) 

e

11
00
(2
12
) 
f

11
24

(5
15

) 
g

11
24

(2
12

) 
h

01
12
4(
51
5)
 i

01
10
0(
51
5)
 j

01
10
0(
21
2)
 

k

01
12
4(
21
2)
 1

-
0
.
2
9
8

0
.
3
4
5

-
0
.
1
9
9

0
.
1
5
2

0
.
0
0
4

0
.
0
0
1

0
.
0
2
0

0.
07

5

l
.
O
O
O

-
0
.
1
0
9

0
.
2
5
7

-
0
.
1
2
9

0
.
0
0
0

0
.
2
0
5

0
.
0
0
2

0
.
1
3
3

1
.
0
0
0

-
0
.
1
1
5

0
.
0
0
8

0
.
0
0
0

0
.
1
7
7

0
.
9
2
7

1
.
0
0
0

-
0
.
0
5
5

0
.
0
0
0

0.
44

9

1
.
0
0
0

0
.
0
0
0

19
1

«
2
S

4
1
3

0
0
1

15
2

0
S
9

1
7
0

4
1
0

1
0
5

2
8
8

0
0
0

0
0
0

0
.
2
0
0

0
.
0
1
9

-
0
.
0
4
7

0
.
5
8
4

0
.
5
0
7

1.
00

1

0
.
4
1
5

0
.
0
0
1

0
.
2
3
3

0
.
0
0
5

0
.
1
5
9

1
.
0
5
2

1.
00

0

0
.
0
0
0

0
.
3
1
3

-
0

15
9

0
.
0
0
1

0
0
5
2

-
0
.
0
1
8

0
0
3
2

0.
83
1

0
7
1
1

0
.
1
5
2

0
0
5
9

0
.
0
5
9

1
42
5

0
.
2
2
5

-
0
2
2
2

0
.
0
0
8

0
0
0
9

-0
.1

05
0

3
4
2

0
.
2
2
0

0
00

1

0
.
2
2
9

-
0
1
5
0

0.
00

7
0

4
8
3

0.
10

0
-
0
7
5
3

0
.
2
4
3

0
54
3

1.
00

0
-0

0
0
2

1.
00

0
0
9
8
5

1
0
0
0

0
0
0
0

-0
19
5

-
0
.
3
4
4

0
0
2
2

0.
00

1

0
2
5
7

0
.
5
5
9

0
0
0
1

0
.
0
0
2

-
0
1
6
2

-0
.0

34

0
58

1
0
.
5
9
2

-
0
8
5
1

-
0
.
4
1
5

0
00

1
0.
00
1

-
0
0
2
2

-0
.1
36

0
8
0
0

0.
11
4

-
0
95

5
-0
.2
06

0
0
0
1

0.
01
5

-
0
11
9

-0
.1

87

0
15

5
0.

02
9

-
0
1
9
3

-1
.8

53

0
0
2
4

0.
00

1

0
0
5
1

0.
01
1

0
4
7
9

0.
90

0

-
0
0
5
1

0.
03

5

0
5
5
5

0
.
5
7
2

1
0
0
0

0
.
4
8
4

0
0
0
0

0
.
5
5
2

1.
00

0

0
.
0
0
0



0
0

t
n

RI
SF
OI
St

(2
4-

RO
nR

 I
RE
ER
 S

OR
E)

(O
D-

fF
SI

Ti
RI

lB
Lt

S
D
l

D
2

D
3

D
4

D
3

Dl
D
2

D
3

D
4

D
3

TS
OD

IE
lE

I
-
R
.
3
1
S

-8
.2

34
-
8
.
2
E
4

-
8
.
2
3
9

-
8
.
2
9
2

-
8
.
8
8
2

-
8
.
8
7
1

8
.
8
1
4

-
8
.
8
8
3

-
8
.
8
8
9

1
I
.
R
I
l

8
.
8
8
3

8
.
8
8
2

8
.
8
8
3

8
.
8
8
1

8
.
3
3
9

8
.
4
8
9

8
.
8
3
3

8
.
9
3
3

8
.
2
9
9

TS
0D

I2
IZ

I
t.
Ri
e

-8
.8
24

8
.
8
8
7

8.
88

3
-8

.8
81

8
.
2
2
8

8
.
2
9
8

8
.
3
8
4

8.
38
3

8.
12
2

b
I
.
T
3
S

8
.
7
7
4

8
.
9
3
4

8
.
9
4
8

8
.
3
4
4

8
.
8
8
7

8
.
8
8
1

8
.
8
8
1

8.
88
3

8
.
1
3
3

TS
24

IE
IE

I
-
t
.
R
4
E

-
8
.
8
8
9

-
8
.
8
7
4

-
8
.
8
8
1

-8
.1

44
-
8
.
1
1
3

-8
.8
74

-
8
.
8
1
1

-8
.8
27

-
8
.
1
4
7

c
1
.
3
9
4

8
.
2
9
7

8
.
3
9
1

8
.
9
9
8

8
.
8
9
1

8
.
1
1
8

8
.
3
9
3

8
.
8
9
9

8
.
7
3
1

8
.
8
8
7

rS
2<
|2
12
|

-i
.t

os
-8
.8
11

-
8
.
8
7
9

8
.
8
1
8

8
.
1
3
9

8
.
8
4
8

8
.
2
4
4

8
.
1
2
4

8
.
1
4
1

8
.
1
8
4

d
1
.
9
3
9

8
.
9
8
8

8
.
3
3
3

8
.
9
8
4

8
.
8
4
3

8
.
4
3
8

8
.
8
8
4

8
.
1
3
8

8
.
8
4
1

8
.
8
2
9

IR
OD

IE
IE

)
-R
.R
IE

-
8
.
8
4
8

-8
.8

24
-
8
.
8
3
2

-
8
.
1
8
8

-
8
.
8
8
2

8
.
8
2
9

8
.
8
7
2

8
.
8
8
2

8
.
8
2
9

c
1
.
3
7
8

8
.
E
4
8

8.
78

1
8.

34
1

8.
83

3
8
.
9
9
8

8.
72

8
8
.
4
8
1

8.
34

8
8
.
7
3
4

IR
II
DI
2I
2I

-l
.l
ll

-8
.1
74

-8
.2

13
-
8
.
1
7
8

-8
.8

89
-8

.4
14

-8
.7
44

-8
.4
87

-8
.7
44

-
8
.
7
8
3

f
1
.
1
9
7

8
.
8
3
9

8
.
8
1
1

8
.
8
3
7

8
.
9
1
3

8
.
8
8
1

8
.
8
8
1

8
.
8
8
1

8
.
8
8
1

8
.
8
8
1

II
24

IE
1E

I
-
8
.
1
3
4

-8
.1

73
8
.
1
8
8

-8
.2

34
-8
.8
77

-
8
.
8
8
3

-8
.8

11
-
8
.
8
1
8

-8
.1

43
-
8
.
1
1
2

1
8
.
8
7
3

8
.
8
4
1

8
.
8
3
3

8
.
8
8
4

8
.
3
7
4

8
.
3
3
8

8
.
8
9
2

8
.
8
3
4

8
.
8
9
3

8
.
1
9
2

11
24
(2
12
1

-
8
.
3
8
2

-
8
.
E
8
8

-8
.E

31
-
8
.
4
3
8

-8
.3

91
8
.
8
4
1

-
8
.
1
3
2

-8
.8
17

-
8
.
8
4
9

-
8
.
8
3
4

b
8
.
8
8
1

8.
88
1

8
.
8
8
1

8
.
8
8
1

8
.
8
8
1

8.
47

7
8
.
8
7
4

8
.
8
4
3

8
.
4
2
3

8
.
4
7
4

DE
I2

4(
EI

E|
8
.
8
2
1

8
.
8
2
3

8.
84

1
8.
87
3

8.
13

3
-
8
.
8
4
3

8
.
8
3
2

8
.
8
4
9

-
8
.
8
1
2

8
.
8
9
3

1
8
.
8
8
3

8
.
7
7
3

8.
48
2

8.
38
7

8.
87
3

8.
42

1
8.
34
3

8
.
4
2
3

8
.
8
9
4

8.
24
7

DE
RO
DI
EI
EI

8
.
8
8
E

8
.
8
1
9

8
.
8
3
3

8
.
8
4
9

8
.
8
8
7

-8
.8
14

-8
.8

34
-8
.8
47

-8
.8
44

-8
.8

81

1
8
.
9
3
1

8
.
8
2
1

8
.
4
8
8

8
.
4
1
8

8
.
3
1
2

8
.
8
3
4

8
.
3
2
9

8
.
3
8
7

8
.
4
4
3

8
.
3
4
8

DE
EO

DI
2I

2I
8
.
8
9
7

8
.
1
3
9

8
.
1
8
3

8.
14
4

-8
.8

32
8
.
4
8
4

8.
74

3
8
.
4
8
4

8
.
7
4
9

8
.
4
8
8

k
8
.
2
3
9

8
.
1
8
3

8
.
8
3
8

8
.
8
9
2

8
.
7
8
7

8
.
8
8
1

8
.
8
8
1

8
.
8
8
1

8
.
8
8
1

8
.
8
8
1

DE
R2
4I
2I
2I

8
.
E
9
9

8
.
7
1
9

8
.
7
2
5

8
.
7
3
4

8
.
3
2
2

8
.
8
8
3

8
.
1
8
3

8
.
8
2
2

8
.
1
8
3

8
.
8
7
1

1
8
.
8
8
1

8
.
8
8
1

8
.
8
8
1

8.
88

1
8
.
8
8
1

8
.
3
3
3

8
.
8
3
8

8
.
8
8
8

8
.
2
2
1

8
.
4
1
1

D
I
 
24
-I
II
UR

1
.
8
8
8

8
.
8
3
3

8
.
8
3
1

8
.
8
4
7

8
.
4
8
4

8
.
8
8
7

8
.
8
7
4

-8
.8
41

8
.
8
3
2

8
.
8
3
2

I
R
T
S
R
 
S
O
R
E

8
.
8
8
8

8
 8
8
1

8
.
8
8
1

8
.
8
8
1

8
.
8
8
1

8
.
3
1
4

8
.
3
7
7

8
.
4
3
9

8
.
3
4
3

8
.
7
1
3

D
2

1
.
8
8
8

8
.
9
8
4

8.
91

3
8
.
4
7
7

8
.
8
1
8

8
.
1
4
7

8
.
8
8
8

8
.
0
7
4

8
.
8
3
3

8
.
8
8
8

8
.
8
8
1

8
.
8
8
1

8
.
8
8
1

8
.
8
3
7

8
.
8
8
7

8
.
8
2
3

8
.
3
7
8

8
.
3
2
3

D
3

1
.
8
8
8

8.
91
2

8
.
4
1
9

8.
83

4
8
.
1
4
9

8
.
8
2
7

8
.
8
8
7

8
.
8
9
4

8.
88

8
8.

88
1

8
.
8
8
1

8
.
3
1
8

8
.
8
8
1

8
.
7
3
7

8
.
3
1
1

8
.
2
7
4

D4
1
.
8
8
8

8
.
9
1
2

-
8
.
8
3
9

8
.
8
4
7

8
.
8
8
2

8
.
8
9
8

8
.
8
4
1

8.
88
8

8
.
8
8
1

8
.
4
3
7

8
.
3
8
8

8
.
9
8
1

8
.
2
3
1

8
.
4
3
4

D
S

1.
88
8

8
.
8
8
2

8
.
1
2
3

-8
.8
91

-
8
.
8
8
8

8
.
8
9
3

8
.
8
8
8

8
.
9
8
2

8
.
1
4
4

8
.
2
8
9

8.
33
1

8
.
2
7
8

Dl
 (
OD
-E
ES
)

1
.
8
8
8

8
.
7
3
2

8
.
7
8
1

8
.
7
4
8

8
.
4
8
7

1
8.
88
8

8.
88

1
8
.
8
8
1

8
.
8
8
1

8
.
8
8
1

D
2

1.
88
8

8
.
8
8
8

8
.
8
9
8

8
.
8
8
1

8
.
8
3
8

8
.
8
8
1

8
.
7
9
8

8
.
8
8
1

D
3

1.
88
8

8
.
8
8
8

8
.
8
7
4

8
.
8
8
1

8
.
7
7
5

8
.
8
8
1

(
4

1.
88
8

8
.
8
8
8

8
.
7
9
9

8
.
8
8
1

I
S

1
.
8
8
8

8.
88
8



jSS!H!:«5S«!!iJ!S3SPHj!HSS!5|«!«S!aSW

|5SI35»i!!i«3j!i?'i5!!3i3i!33333H5J83S§iSi5!S!!:i!i!S!iH

3i!i3ii35HM§iii!iiK3i3i5i5i3i!!ss!5!!S33!i:!3i»«

;j;p!5333Ha3!;32S3!!!S!i!!!!ai!Sl!i>!5i>|!i!
s !H!33!!ii;S|i3S3!J5S!!i!iiM!»!!S5S3!3i5>3i|H

333B:!3i5J3i3!i3!!i5!3IS3a3!!!!!!S3!«!!!!!!i!!

If itHiiiif l-H-ll-»■ • 1- • ■ ■ ■• = m.

i

s ?

86



             a 
; 

Tb
ic
ko
es
s 

sv
el
l 

pa
rt

ia
l 
co
ne
la
ti
oo
 c

oa
ff
ic
ie
ot
s 

ao
d 

pi
ob

ab
il

it
p 

>1
1]
 a

s
da

te
ri
in
ed
 b

y 
ou

nd
ry

-s
ac

ui
i-

pt
as

su
ta

-s
oa

k 
(O

D-
»F

S|
 f
or
 a

li
-b
y 
li
i-
ia
cb
 i

pe
ci

it
os

.
Fc

ar
so

o 
pa
rt
ia
l 

co
rr

el
at

io
n 

co
ef

fi
ci

en
ts

 a
re
 i

n 
tb
e 
fi
rs
t 
ro
t 
an
d 

tb
e

th
e 

pr
ob

ab
il

it
y 

of
 a

 i
io
ea
r 

ef
fe
ct
 i
s 

in
 t

he
 a

ec
on

d 
ro
i.

b
I 
rb

ic
kn

es
s 
ss

el
l 

va
lu
e 

fr
oi

 t
be

 O
D-
VF
S 

pr
oc
ed
ur
e 
fo

r 
ti

o-
by

 t
uo

-i
nc

h 
sp
ec
ii
en
s.

c
; 

Th
ic
kn
es
s 

su
el

l 
va
lu
e 
fr

oi
 t
be

 2
4-
bo
ur
 v

at
er

 s
oa

k 
pr
oc
ed
or
e 
fo

r 
t»

o-
by

-
tu

o-
in

cb
 s

pe
ci

ie
ns

.
d

i 
Th
ic
kn
es
s 

su
el

l 
va
lu
e 
fr

oi
 t

be
 2

4-
bo
ut
 v

at
er
 s

oa
k 

pr
oc
ed
ur
e 
fo

r 
si
r-
by
-

si
r-

io
cb

 s
pe

ci
ie

ns
.

e
; 
la

te
r 

ab
so

rp
ti

on
 v

al
ue
 f

ro
i 

tb
e 

OB
-V
PS
 p

ro
ce
du
re
 f

or
 s
ir

-b
y 

si
i-
in
cb
 s

pe
ci

ie
ns

f
: 

la
te
r 

ab
so
rp
ti
on
 v

ai
ue
 f

ro
i 

tb
e 

OD
-V
FS
 p

ro
ce
du
re
 f
or

 t
io

-b
y 
tu

o-
in

cb
 s

pe
ci
ie
ni

9:
 l
at

er
 a

bs
or

pt
io

n 
va
lu
e 
fr

oi
 t
he

 2
4-

bo
nr

 u
at

er
 s
oa

k 
pr
oc
ed
ur
e 

fo
r 
si

r-
by

 s
ii

-i
nc

b 
sp
ec
ii
en
s

b ;
 l
at
er
 a

bs
or

pt
io

n 
va
lu
e 
fr

oi
 t

be
 2

4-
bo

or
 v

at
er
 s

oa
k 

pr
oc
ed
ur
e 
fo
r 

tv
o-

by
 t
vo
-i
nc
h 

ip
ee

ii
en

i
i
; 

De
ns

it
y 

of
 2

4-
bo

ur
 v

at
er

 s
oa

k 
sp
ec
ii
en
 f

or
 t

bi
ck
ne
ss
 s

ve
ll
 f
ro
i 
si

i-
by

 s
iz
-i
nc
b 

sp
ec
ii
en
i

00
 

i :
 D
en

si
ty

 o
f 

OD
-V
FS
 s

pe
ci

ie
n 

fo
r 

tb
ic
kn
es
s 
sv
el
l 
fo

r 
li
i-
by
 i
lr
-l
nc
h 

sp
ec
ii
en
i

k :
 D
en

si
ty

 o
f 
OD
-V
FS
 s

pe
ci

ie
n 

fo
r 

tb
ic
kn
es
s 
iv
el
l 

fo
r 
ti

o-
by

 t
vo

-i
nc

h 
sp
ec
ii
en
s

1:
 D
en
si
ty
 o
f 

24
-b
on
r 

va
te

r 
so
ak
 s

pe
ci
ie
n 

fo
r 

th
ic
kn
es
s 
sv

el
l 

fo
r 

tv
o-

by
 t

vo
-i
nc
b 

sp
ec
ii
en
i

I
i 
le

an
 d

en
si
ty
 r

eg
io
ns
 f
ro
i 

pr
of

il
es

 d
ev

el
op

ed
 b

ef
or
e 

24
-b
on
r 

va
te
r 
so
ak
 t

es
ts

n
I 
le

an
 d

en
si
ty
 r

eg
io
ns
 f
ro
i 

pr
of

il
es

 d
ev

el
op

ed
 b

ef
or
e 

OD
-V
FS
 t

ei
ti

0 
; 

In
te

rn
al

 b
on
d 
(I
ST
I 
D-
10
37
|

p 
I 
Sp
ri
ng
ba
ck
 l

ea
su

re
d 

af
te

r 
24

-h
ou

r 
va
te
r 
so
ak

q 
:
 S
pr
in
gb
ac
k 

le
as
ut
ed
 a

ft
er

 O
D-
VF
S

t
.' 
le

an
 d

en
si

ty
 r

eg
io

ns
 t

ak
en

 f
ro

i 
tb

e 
di

ff
er

en
ce

 o
f 

pr
of
il
ei
 d
ev

el
op

ed
 b

ef
or

e 
an

d 
af

te
r

24
-b

ou
r 

va
te

r 
so

ak
 t

es
ti
ng

s
: 

le
an

 d
en

si
ty

 r
eg

io
ns

 t
ak

en
 f

ro
i 

tb
e 

di
ff

er
en

ce
 o

f 
pr

of
il

es
 d

ev
el
op
ed
 b

ef
or

e 
an
d 

af
te
r

OD
-V

FS
 t

es
ti

ng
t

i 
Ac

ce
le

ra
te

d 
ag
ed
 i

nt
er
na
l 

bo
nd
 s

pe
ci

ie
ns

 f
ro
i 
24

-b
ou

r 
va

te
r 
so
ak
 p

ro
ce

du
re

,
u 

i 
Ac

ce
le

ra
te

d 
ag

ed
 i

nt
er

na
l 

bo
nd

 s
pe

ci
ie

ns
 f
ro
i 
OO

-I
FS

 p
ro
ce
du
re
.



APPENDIX D. VERTICAL DENSITY PROFILES BEFORE AND AFTER
ACCELERATED AGING TESTS FOR ALL TREATMENT
COMBINATIONS. THE FIRST NUMBER OF THE
TREATMENT DESIGNATION IS FURNISH MOISTURE
CONTENT (%), THE SECOND NUMBER IS PRESS
CLOSURE RATE (SECONDS), THE LAST NUMBER
IS PANEL DENSITY (LB/FT^).
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