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Summary

The perpendicular-to-grain mechanical properties of northern red
oak (Quercus rubra L.) were investigated in tension and in compression.
within the temperature range 806 to 180° Y. and the moisture content
range 6 percent to green. Included were short-time tension tests at
three angles with respect to the growth rings and short-time compression
tests at one angle to the growth rings; tests to determine the temporary
and permanent effects of duration of heating; and tests to determine
creep characteristics at several levels of stress, and stress relaxation
characteristics at several levels of strain. Shear strength and modulus
Of rigidity associated with strain in the TR plane were calculated from
tension data.

All properties except maximum tensile strain were reduced curvi-
linearly with increasing moisture content and linearly with increasing
temperature within the range investigated. Maximum tensile strain
appeared to be markedly increased with increasing temperature at moisture
content levels below the fiber saturation point but less dependent on
temperature in green material.

Most properties, particularly maximum stress in tension and stress
at 2.5 percent strain in compression,; weresignificantly, affected by
heating at 180° F. for periods of up to 30 days.

Creep and stress relaxation were increased by increasing either
temperature or moisture content. A method of distinguishing between
recoverable and irrecoverable creep by application of Boltzmann's super.,
position principle was employed. Recoverable creep appeared to increase
linearly, and irrecoverable creep more than linearly with increasing
stress. A large part of the increased creep at 180° appeared to be due
to irrecoverable creep.

•

Report No. 2079



Acknowledgments 

This study was conducted at the Forest Products Laboratory,

U..B. Forest Service, Madison Wisconsin, where the author is employed.

The generous cooperation of R. P. A. Johnson, Chief of the Laboratory's

Division of Physics and Engineering, is gratefully acknowledged. A'

special debt of gratitude is owed to F. 	 Wangaard of the staff of. the

Yale School of Forestry and to J. T. Drow, C. B. Norris, K. H. Ebner/

and. J. M. McMillen of the Laboratory staff for their guidance during

the course of the investigation. The advice of D.,0. Yandle regarding

statistical procedures materially aided in planning the research and

evaluating the research results. The advice of W. H. Meyer, Yale School

of Forestry, regarding the arrangement of the statistical tables, and

the review of statistical procedures by G. M. Furnival, also of the Yale

staff / are much appreciated. W. G. Youngquist and B. P. Menthe were most

helpful in providing the necessary facilities and personnel for conducting

the tests and performing a large part of the calculating work. Most of

the personnel of the Physics and Engineering Test Floor were involved in

one or more phases of the testing and calculating work and they carried

out in a most effective manner the many details necessary to a study of

this type. Many others of the Laboratory staff were generous and

cooperative in providing advice and assistance as the work progressed.

The assistance and encouragement of all of these persons is gratefully

acknowledged.

Report No. 2079



TABLE OF CONTENTS 

Page,

INTRODUCTION 	  1

STUDIES OF THE DRYING BEHAVIOR OF WOOD 	  5

THE PERPENDICULAR-TO-GRAIN MECHANICAL PROPERTIES OF
WOOD UNDER DRYING CONDITIONS 	

Short-Time Effects of Temperature and
Moisture Content 	

8

8

Effects of Duration of Heating 	 114.

Effects of Duration of Loading 	 15

SCOPE OF tat STUDY 	 20

EXPERIMENTAL MATERIAL AND SAMPLE PREPARATION 	 21

SHORT-TIME TESTS IN TENSION AND COMPRESSION 	 	 25

Test Conditions	 	 25

Experimental Equipment 	   25

Testing Procedure	 	 28

Statistical Design 	 31

Shear Properties 	 33

Results	 	 35

Discussion of Results	 	 40

TESTS TO DETERMINE EFFECTS OF DURATION OF HEATING	 	 59

Tests and Test Conditions	 	 59

Testing Procedure	 	 60

Presentation of Results	 	 61.

Discussion of Results	 	 63

Report No. 2079	 iv



FC'74EST	 CENTER
1.33EARif

Page

CREEP AND RECOVERY TESTS 	  70

Tests and Test Conditions 	  71

Testing Procedure 	  73

Results 	  75

Discussion of Results 	  80

STRESS RELAXATION TESTS 	  91

Tests and Test Conditions 	  91

Testing Procedure 	  93

Test Results 	  95

Discussion of Results 	  99

CONCLUSIONS 	  105

SOME APPLICATIONS OF THE RESULTS 	  112

LITERATURE CLUJ) 	  118

Report No. 2079



THE PERPENDICULAR-TO-GRAIN MECHANICAL PROPERTIES OF RED OAK

AS RELATED TO TEMPERATURE, MOISTURE CONTENT, AND TIME 

By

ROBERT L. YOUNGS

Introduction

The fact that wood shrinks as it dries and thereby develops self-

imposed perpendicular-to-grain stresses has been recognized for many years

as the fundamental cause of most drying defects. These stresses develop

and attain considerable magnitude even under closely controlled kiln-drying

conditions. The magnitude and effect of these stresses depend on the

perpendicular-to-grain strength, elastic, and Theological properties, of

the wood; the drying conditions to which the-wood is exposed; and the

length of time the wood is exposed to these conditions.

Wood does not dry evenly throughout its thickness, but develops a

moisture gradient with a moisture content lower near the surface than in.

the interior. Since shrinkage is related to amount of reduction of

moisture content below the fiber:-saturation point, and since this mois-

ture content reduction does not take place evenly throughout the drying

thickness, the result is differential shrinkage with consequent stress

development in the direction of shrinkage. The stresses thus developed

consist of tensile stress in any portion of the wood that is attempting

to shrink against the restraint of other portions of the wood; compressive

stress in the portions of the wood imposing the restraint; and shearing

stress as adjacent portions of differentially shrinking wood tend to move
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relative to each other. The short-time perpendicular-to-grain strength

properties determine the instantaneous effects of these stresses.

The drying of wood is not an instantaneous process, however, and

the effect of time must be considered even for woods that dry somewhat

rapidly. The drying time is influenced by the drying conditions and

the ability of moisture to move through the drying wood. The drying

time exerts a significant influence on the drying characteristics in

two ways: (1) by :introducing the effects of duration of exposure to

heat; and (2) by introducing effects of creep and stress relaxation.

These latter effects, in turn, influence the shrinkage of the wood and

the development of plastic deformation, thus affecting the stresses

developed during drying.

The conditions under which drying stresses develop and the in-

fluence of the stresses on drying characteristics may be understood more

clearly by considering the events that occur within a board as it dries

from the green condition. As soon as the board begins to dry, the outer

fibers tend to reach a condition of equilibrium with the drying atmosphere.

The rate at which this occurs depends on the permeability of the wood to

moisture and the drying conditions. The net effect, however, is the

lowering'of the moisture content of the outer fibers to a moisture content

below the fiber saturation point, with the result that the outer portion

attempts to shrink. This shrinkage is restrained by the underlying wood,

which is still well above the fiber saturation point, thus producing a

tensile stress in the outer shrinking portion of the wood and a compressive

stress in the wet inner portion.
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A considerably simplified schematic illustration of these

stresses is shown in figure 1A. The diagram shows the outer shrinking

portion of the wood subjected to tensile stresses f t and the inner non-

shrinking portion of the wood subjected to compression stresses fe.

Hypothetical slices 1 and 2 in the two portions of the wood must then

be restrained from free movement by the indicated shearing stresses fs.

The stresses thus developed produce strains in tension or compression

that may be subdivided into three classifications, as follows: (1) elas-

tic strain, (2) recoverable creep, and (3) "permanent" plastic strain

(set). The tensile stress developed in the outer portion at this stage

of drying is relatively high and sufficient to produce all three types

of strain. The reaction in compression on the interior portion of the

wood may also be sufficient to produce permanent plastic deformation

in compression, especially since the interior portion is still in the

green condition and thus is more readily strained and permanently de-

formed. The result is a drying of the outer portion in a set expanded

condition, and possible permanent compression of the interior.

As drying continues, the interior of the wood gradually dries below

the fiber saturation point and tends to shrink. The shrinkage of this

interior portion, however, is restrained by the relatively dry outer portion

that is set in an expanded condition. The result is a reversal of stresses

with the interior in tension and the outer portion in compression; a

simplified illustration of this is shown in figure 1B. This is the stress

picture at the end of drying in typically casehardened wood.
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The foregoing discussion shows that all portions of the wood are

subjected to tensile, compressive, and shearing stresses as the wood is

dried under a normal drying schedule, and that these stresses are opera-

tive under various moisture content and temperature conditions and for

various durations of time. A drying schedule is designed to 'specify a

series of temperature and relative humidity conditions that will enable

wood to be dried as rapidly and as cheaply as possible, from the stand-

point of both energy consumption and loss due to drying defects. It can

readily be seen, therefore, that a knowledge of the perpendicular-to-grain

properties of wood under kiln-drying conditions should contribute sub-

stantially to an understanding of the drying behavior of wood, and thereby

provide fundamental information on which to base improvements in drying

schedules.

Very little is known about the perpendicular-to-grain strength,

elastic, and rheological properties of wood under kiln-drying conditions.

It is the objective of this study to investigate these properties.
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Studies of the Drying Behavior of Wood

Most of the scientific work related to wood drying has been

concerned with investigation of the mechanism and rate of moisture

movement through wood during drying. This work has dealt principally

with the application of diffusion laws based by analogy on the Fourier

heat-conduction analysis. Most of this fundamental work on moisture
1

movement has been carried out under steady-state conditions (38,53)–

because of the adaptability of this type of study to the close control

required in the laboratory. Because the drying process is not a steady-

state system, however, investigations have also been conducted under

unsteady-state conditions in an effort to derive information not available

from steady-state tests (13,49,60,63), Factors affecting drying rate and

moisture movement have been subject to considerable research (15,50,51).

Relatively little fundamental information has been obtained on the

perpendicular-to-grain mechanical properties of wood that determine its

drying behavior and its susceptibility to most drying defects. Only

recently has much concentrated work been done on analysis of strains

developed across the grain in drying wood in response to drying stresses.

Early publications of Tiemann (58,59) indicate that he was aware

of the general nature of perpendicular-to-grain stress and set during

drying at least 40 years ago. At that time Tiemann analyzed drying

stresses in wood by means of a prong technique similar to that now in

1
-Underlined numbers in parentheses refer to literature cited at the end

of this dissertation.
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common use for the determination of casehardening. A few years later,

Tiemann (60) analyzed drying stresses by means of hypothetical slices

taken across the width of a drying board. The general information on

drying stresses obtained by means of such analyses was very useful in

establishing drying schedules that were a long step forward in the search

for improved methods of kiln drying during and shortly after World War I.

This information was recognized as being very limited, however, and

additional studies were made in an attempt to disclose the fundamental

relationships underlying the development of stresses and set during the

drying of wood.

The first attempt to follow the development of stresses entirely

through the drying process by means of the measurement of thin transversely

oriented slices was apparently made by Peck at the U. S. Forest Products

Laboratory, working with 1-inch-thick quartersawed white pine boards.

Peck employed what is now commonly called the "slicing technique." It

consisted of marking off the cross section of a wafer cut from the board

into six slices of nearly uniform thickness oriented parallel to the radial

face of the board; next, measuring the length of these slices before and

after cutting from the wafer; and then drying to the ovendry condition to

determine differences in total shrinkage that would indicate set. The

wafers were carefully protected against moisture loss between measurements.

The change in length of the slice as it was cut free was taken as a

measure of the nature and magnitude of the stress present in the slice

just before it was cut--an increase in length indicating a compressive

stress and a decrease in length indicating a tensile stress. The amount
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of dimension change was assumed to be approximately proportional to the

stress. This procedure is basically the same as that currently used at the

Forest Products Laboratory in drying strain analyses by the slicing

technique. Subsequently, Peck applied this technique to an analysis of

drying stresses in 2-inch-thick magnolia and 2-inch-thick blackgum

sapwood (48), and developed a constant temperature drying schedule for

the blackgum based on the indications of the outer prongs of sections cut

from a drying board.

A later, more comprehensive study of this type on sweetgum heartwood

was made by Loughborough and Smith (63). The principles developed as a

result of these studies led to a new concept in drying schedules, as

described by Rietz . ( 49). A new set of kiln schedules for,American woods,

based on these principles, was published at the Forest Products Laboratory

by Torgeson (61). During the last few years, McMillen (39,40) has expanded

this work with more exhaustive and comprehensive studies on northern red oak.

This latter work has been concerned principally with the effects of relative

humidity and temperature during drying on the stresses and set developed

in the material being dried, as indicated by the slicing technique.

McMillen found that increasing severity of humidity conditions tended to

increase tension set in the outer layers of 2-inch northern red oak dried

at 110° F., but increasing temperatures up to 140° F. bad little effect on

this set development. Compression set in the interior of the drying boards

was increased at the higher temperatures. Somewhat similar studies on

Japanese beech boards have been carried out by Suzuki (57), who took into

account not only the immediate change in length of slices as they were

cut free but also the subsequent gradual change due to recoverable creep.
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The Perpendicular-to-Grain Mechanical 

Properties of Wood Under Drying Conditions 

Short-Time Effects of Temperature 
and Moisture Content

An awareness of the part played by perpendicular-to-grain drying

stresses in the development of drying defects has led to an interest in

the perpendicular-to-grain mechanical properties of wood under kiln-

drying conditions. However, even less work has been done in this field

than on the analysis of drying strains.

The first work on the effect of temperature and moisture content on

perpendicular-to-grain mechanical properties was done by Greenhill at the

Forest Products Laboratory in 1931, and published a few years later in

Australia (17). This study was made on American beech and was confined

to short-time tests in tension, with loading in the parallel-to-growth

rings (0°) direction only. The investigation included all combinations

of temperatures of 80°, 120°, 160° and 180° F., and moisture content levels

of 7, 14, and 20 percent, and green. Greenhill encountered considerable

experimental difficulties and on the basis of careful judgment he was

forced to adjust some of his results, particularly those at the higher

temperatures. Greenhill measured overall elongation because he did not

have a strain gage capable of withstaniing the conditions within his

testing chamber. Although he made an effort to correlate such strains

with those of preliminary tests under room conditions in which a strain

gage attached to the specimen was used, there is no assurance that this

correlation was valid for the other conditions of testing.

Report No. 2079	 -8-



Greenhill found that maximum load, proportional limit stress

modulus of elasticity were all substantially reduced as temperature was

increased, particularly above 100° F. Maximum load was reduced more

noticeably over the range of temperatures employed at high moisture

content than at low moisture content, but this effect was not evident

for proportional limit stress or modulus of elasticity. The finding of

Greenhil l regarded as most significant was the apparent maximum unit

deformation at failure in the vicinity of 120° F. at all moisture content

levels. From this it was concluded that the use of temperatures in the

neighborhood of 120° F. would be least likely to cause checking in kiln

drying of American beech. That this is a valid and practicable con-

clusion remains to be proven. Greenhill's pioneering work in develop-

ment of testing techniques and apparatus for that type of study probably

should be considered as important a contribution as his research results.

In revealing sources of experimental difficulty, be aided subsequent

investigators in the field in modifications of testing technique.

In his study of the causes of drying defects in green oak,

Kollmann (30) postulated that internal checking must occur when either

the shear stress in a longitudinal-radial plane or the tensile stress

perpendicular to such a plane exceeded certain limiting values. He then

set out to determine the effect of temperature On these strength proper-

ties as well as on volume of checks and occurrence of morphological

changes in the wood cells.

Kollmann employed high-frequency heating to obtain the desired

temperature in both tension and shear tests, in order to minimize moisture
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and temperature gradients in the material during testing. For his tension

tests he used necked-down specimens with a net section of 20 by 10 milli-

meters (approximately 0.8 by 0.4 inch), the direction of loading being

parallel to the annual rings. For his shear tests he used a notched

tensile type of specimen. Strain measurements of both phases of the

study are open to considerable doubt, however, since he did not use a

strain gage on the specimen but merely recorded head movement of the

testing machine. By assuming that such strain measurements were fairly

accurate representations of the actual strain of the necked-down portions

of his tension specimens, Kollmann concluded that strain at failure in

tension perpendicular to the grain may be considered to be independent of

temperature.

This is in contrast to the results of Greenhill (17) and of sub-

sequent investigators (4,14), which indicated a pronounced effect of

temperature on strain at failure at all levels of moisture content.

Kol1mann found that the perpendicular-to-grain tensile strength in the

parallel-to-ring direction decreased linearly with increasing temperature

from 0° to 100° C. The strength at 0° C. averaged about 80 kilograms per

square centimeter (1,135 p.s.i.) and that at 100° C. averaged about

15 kilograms per square centimeter (213 p.s.i.). As presented by Kollmann,

the relationship of shear strength in the longitudinal-radial plane to

temperature is sigmoid in shape, with the most rapid decrease in strength

taking place between temperatures of 20° and 80° C., and relatively little

change between 0° and 20° C. and between 80° and 100° C. Up to about
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25° C. (77° F.) the tensile strength was considerably higher than the

shear strength. From this Kollmann concluded that checks due to tensile

stress are unlikely at these low temperatures. Between 25° and 80° C.

the tensile strength and shear strength were about the same and were

affected to the same extent by temperature. Above 80° C. (176° F.)

the tensile strength decreased much more rapidly with increasing tempera-

ture than did shear strength. From this Kollmnnn concluded that 80° C.

is a critical temperature for oak in terms of tensile failures.

Barnard-Brown and Kingston (4) studied the effect of temperature

over the general range of 20° to 65° C. on the perpendicular-to-grain

strength and elastic properties (in the parallel-to-ring direction) of

green material from three Australian species. Tests at 30° C. were also

conducted in both the parallel-to-ring and perpendicular-to-ring directions

on green specimens from one tree. Necked-down specimens having a net

section 5/8-inch square were used in these studies. The authors state

that the results are not conclusive because of the small number of trees

tested from each species. Nevertheless, several significant and noteworthy

trends are evident from the results. (1) Modulus of elasticity and maximum

tensile strength in the parallel-to-ring direction were reduced with

increasing temperature in a generally linear manner for all three species.

(2) Strain at maximum load was increased linearly with increasing tempera-

ture for one species and increased according to a cubic relationship for

the other species. (3) Proportional limit stress was reduced in a generally

quadratic relationship to increasing temperature for all three species.
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(4) Modulus of elasticity, maxim= tensile strength, and proportional

limit stress were higher--and strain at maximum load lower--in the

perpendicular-to-ring direction than in the parallel-to-ring direction.

Ellwood (14) conducted an extensive investigation of the effects of

temperature and moisture content on the perpendicular-to-grain tensile and

compressive properties of American beech. This was the first work in this

field to consider compressive as well as tensile properties. Testing was

confined to the parallel-to-ring direction, and covered temperatures of

800 to 160° F. and moisture content levels from green to 6 percent.

Ellwood's results showed that tensile and compressive properties were

affected quite similarly, in most respects, by similar temperature and

moisture content conditions. Maximum tensile strength and compressive

stress at 2.5 percent strain decreased linearly with both increasing

temperature and increasing moisture content. The maximum temperature

effect, in. tension was found at 18 percent moisture content, and the mois-

ture, content effect increased at higher temperatures. The effect of

temperature on compressive stress at 2.5 percent strain was greater at .

low moisture content levels than the effect on tensile strength, but

better agreement was found between tensile strength and compressive stress

at maximum tensile strain. Modulus of elasticity and proportional limit

stress in both tension and compression decreased in a predominantly linear

manner with increasing temperature, and in a curvilinear manner (concavely

upward) with increasing moisture content. Maximum tensile strain increased
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in a predominantly linear manner with increasing temperature at all

moisture content levels, although the maximum strain at 6 percent moisture

content was substantially lower than that at other levels of moisture

content. All the strain increases were comparatively small. Ellwood

conducted a few exploratory creep tests of limited duration which indicated

a much higher creep rate under compressive loading than under tensile

loading, other conditions being the same. Creep rate was considerably

accelerated by increasing either temperature or moisture content.

Duration of stress apparently did not affect tensile strain at failure.

Ellwood attempted to apply his test results to an explanation of

drying behavior, although he recognized the limitations of basing such

application on short-time test results only.

It is interesting to note that Kollmann (30), Barnard-Brown and

Kingston (4), and Ellwood (14) all found a linear decrease in tensile

strength in green material in the parallel-to-ring direction with

increasing temperature. Kollmann (29) found a similar relationship to

temperature for compressive' strength parallel to the grain. Sulzberger

(55) also found a linear relationship to temperature for parallel-to-grain

compressive strength and for modulus of rupture, proportional limit stress,

and modulus of elasticity in static bending. Kitahara and Suematsu (27)

found that parallel-to-grain compressive strength and perpendicular-to-grain

modulus of elasticity and proportional limit stress in compression de-

creased linearly with increasing temperature over the range of 10° to

50° C. for several Japanese woods in both the air-dry and the ovendry

conditions.
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In the Wood Handbook (64) the results of several of these studies

are summarized. In general, the immediate effect of temperature on static

strength properties of dry wood (12 percent moisture content) within the

temperature range of 0° to 150° F. can be estimated as an increase or a

decrease in the strength at 70° of about 1/3 to 1/2 percent for each 1°

decrease or increase in temperature.

The relationship between strength and moisture content at room

temperature is generally assumed to follow the exponential formula

published by Wilson (66). Ellwood (14) found that maximum perpendicular-

to-grain tensile strength did not follow this exponential relationship

to moisture content, but showed a linear relationship at all temperatures

investigated. Likewise, Sulzberger (55) found a departure from the

exponential relationship in parallel-to-grain compressive strength, the

relationship varying with temperature of test.

Effects of Duration of Heating

Very little investigation has been made of the problem of

evaluating the effects of duration of heating on the mechanical proper-

ties of wood that are specifically associated with drying of the wood.

The most significant work in the field is that of MacLean (33,34,35,36)

on the effects of various temperatures and heating media on rate of dis-

integration and on strength properties as determined in static bending.

MacLean's results show that the relationship of strength to heating time

at constant temperature can be represented by a power function, while-

the relationship of strength to temperature at constant heating time is

represented by an exponential function. The effects of heating were shown
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to be somewhat more pronounced in hardwoods than in softwoods and

considerably greater when heating under wet conditions (as in steam or

water) than. when heating under dry conditions in'an oven. This would

suggest that, in drying a wood such as northern red oak, the effects of

duration of heating might very well be sufficient to exert a significant

influence on drying characteristics. This consideration assumes added

importance in view of the trend toward the practice of faster drying at

higher temperatures and the interest in drying systems in which tempera-

tures above the boiling point of water are employed.

Effects of Duration of Loading

Wood, like most structural materials, deforms instantaneously

under load in relation to the stress imposed, and continues to deform as

the load is maintained at a constant level. The instantaneous deformation

is largely elastic strain, conforming to Hooke s s Law; and the increase in

strain that occurs with time under constant load is commonly termed plastic

strain, or yield. It has been shown, however, that plastic strain in wood

is not entirely plastic in the true sense, but is at least partially

recoverable with time after removal of the load. Wood in drying is sub-

jected to self-imposed internal stresses that may continue for several

hours or several days; thus even if they are known under all drying condi-

tions of temperature and moisture content, the elastic properties of wood

do not supply sufficient basis for describing drying behavior and for

predicting the likelihood of drying defects. It is important that consider-

ation be given to the time-related rheological properties of wood.
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Much of the fundamental study of creep and its associated phenomenon,

stress relaxation, has had its origin in the relationship suggested in 1868

by Maxwell, which combined the behavior of elastic materials conforming to

Hooke's Law and viscous materials conforming to Newton's Law. Maxwell's

relationship does not account for elastic aftereffect, the gradual

recovery from creep after removal of load--an effect strongly exhibited by

wood. These elastic aftereffects were discovered by Weber around 1835;

subsequent observation of the phenomena led to the superposition

principle expressed by Boltzmann in 1874. That principle states that the

deformation at any instant of a body manifesting recoverable creep is due

nbt only to the load acting at that instant but to the entire previous

loading history of the body. Thus it appears that creep in wood should

consist of two concurrent phases that Leaderman (32) has called primary

and secondary creep.. Primary creep corresponds to these elastic after-

effects or delayed elasticity and is recoverable in time after removal

of load. Secondary creep is considered nonrecoverable and would correspond

to what is called "permanent set" in drying wood. This designation of

primary and secondary creep is different from the meaning of similar terms

applied by Nadal (42) to creep of metals that follow Maxwell's relationship

more exactly and are free from elastic aftereffects.

Leaderman states that, after creep of long duration where creep has

essentially reached completion, recovery after unloading as a functiOn,of

recovery time is the same as the recoverable creep as a function of creep

time; for the recovery and recoverable creep curves have basically the

same shape, and the magnitude of deformation remains proportional to the
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load. This relationship is complicated in wood by the fact that

irrecoverable creep is usually present and is difficult to distinguish

from recoverable creep. Leaderman introduced the concept of "mechanical

conditioning" to describe the change in properties after application of

stress due to irrecoverable creep. If it were possible to eliminate

irrecoverable creep of wood by a process of mechanical conditioning,

the study of fundamental rheological properties would be much simplified.

This mechanical conditioning of high polymers was analyzed by Grossman

and Kingston (25). They (24) conducted creep and recovery tests on wood

plates loaded in shear, following the statement of Barkas (3) that the

structure of wood converts up to 95 percent of an external hydrostatic

pressure into shear stresses. Grossman and Kingston found that

irrecoverable creep occurred approximately in proportion to the time of

loading. They also found that strain mechanisms with retardation times

of a few hours recovered more rapidly than they deformed. For longer

periods of several hours or a few days, the two rates were very nearly

the same, confirming the applicability of the principle of superposition.

In an earlier study (23) Grossman and Kingston investigated the creep

and relaxation of small wood beams in static bending. They found that the

relationship of the irrecoverable component to stress was nonlinear. After

a relaxation test the immediate and delayed recovery were proportional to

the residual stress at the end of relaxation but the magnitude of the

irrecoverable component depended on the average stress, which was somewhat

higher.
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Minami (41) studied the compressive creep and recovery characteris-

tics of two Japanese woods and derived from his results an expression for

amount of creep as an exponential function of stress and time. This same

function was also applicable to recovery from creep.

Norris and Kommers (44) studied the creep of yellow birch plywood

plates subjected to constant shear stress in the LT plane. They found that

creep at any given time was a parabolic function of load and the creep-

load curve was concave donward. They presented an expression relating

shear stress, shear strain, and time, but cautioned against application of

these results to tensile or compressive creep.

'Grossman and Kingston (22) studied the influence of stress on tensile

and compressive creep in an Australian species. After about 2 months under

constant stress, as the stress was greater the ratios of strain to stress

were higher; the increase was due mainly to irrecoverable creep.

Armstrong (2) conducted short-term creep tests on small-scale wooden

beams in static bending and found a linear relationship between initial

extreme fiber stress and period of recovery, which increased with increase

in initial stress.

Kitazawa (28) developed a relaxation formula for wood in compression

perpendicular to the grain. The formula involved the stress at 1 minute

after initial loading and the logarithm of the time under load. Grossman

(21) found that Kitazawa's formula did not apply to his data on relaxation

in static bending, and concluded that the stress at any time could be better

represented by the sum of exponential terms with various relaxation times.
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Ivanov (26) introduced the concept of a flow limit in wood, a

minimum stress at which secondary creep takes place. Data of other

investigations indicate that this flow limit is generally well below

the proportional limit stress as it is usually determined; but measure-

ments of the small strains involved at such low stresses are generally

not accurate enough to define such a limit of plastic flow.

In summarizing duration-of-load studies at the Forest Products

Laboratory, Wood (68) mentions this low stress level at which plastic

yield commences. He states that the relationship between yield and time

under constant loading is essentially the same for all types of loading

and all levels of stress so far examined. This statement is based on

very limited study,'however, and remains to be proven by further investiga-

tion.
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Scope of the Study

The tests conducted in this study were designed to investigate the

perpendicular-to-grain mechanical properties and behavior of northern red oak

with respect to temperature, moisture content, and time. Since these prop-

erties are primarily of interest from the standpoint of internal stresses

developed in wood during drying, the ranges of temperature, moisture content,

and time selected for study are common to ordinary kiln drying of the species.

Because the study was so broad in scope, it was not possible to investigate

any one phase intensively.

The program of testing was divided into three interrelated phases,

each concerned with a specific portion of the overall problem. The first

phase consisted of short-time mechanical tests in tension and compression at

four levels of moisture content and three levels of temperature. Tension

testing was conducted at three angles to the growth rings but compression

testing was limited to a single angle. Data based on these tests are given

in tables 1-5. The second phase of the study consisted of tests in tension

and compression to determine the effects of duration of heating at two levels

of temperature and moisture content (tables 6 and 7). The third phase con-

sisted of creep and stress relaxation tests in tension and compression at

two levels of temperature and moisture Content (tables 8-11).

Analysis of variance was made for all properties in tension and

compression as determined by the short-time static tests (tables 12-18). Com-

parisons of variances for the various components were made as described

under "Statistical Design" (pp. 31-32), and the value of mean square used as

a basis for calculation of the variance (F) ratio is indicated for each

component. Analysis of variance of the relaxation coefficient is given in

table 19; variance ratios in this table were computed on the basis of error

variance.
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Experimental Material and Sample Preparation 

The material used for this study was taken from four 5-foot logs,

one from each of four trees of northern red oak (Quercus rubra L.). The

species identification was confirmed by herbarium material collected when

the logs were cut. All the trees were from a nearly pure stand on a good

site in southern Wisconsin. The trees were about 110 years old and 82

to 100 feet high. Test material for this study was taken from the butt logs,

the number of rings per inch varying from 9 to 12 and the diameter averaging

16 to 18 inches inside the bark. These logs were part of a lot procured

in 1952 for use in the present study as well as in drying strain studies

reported by McMillen (39,40). The logs were end-coated and stored under

controlled conditions of 35° F. and 90 percent humidity at the Forest

Products Laboratory, until they were cut into planks in the fall of 1954.

Planks were cut from the logs as shown in figure 2. Five planks,

each 2 inches thick by 8 inches wide, were sawed from each log by means

of a circular saw. Three of the planks were oriented in such a way that

the growth rings were principally at 0° to the width direction. The fourth

plank was oriented so that the growth rings were principally at 90° to the

width direction and the fifth plank so that the growth rings were

principally at 45°. Care was taken to have the same growth ring or group

of rings at the center of each plank in order to minimize variability due

to differences in wood structure or specific gravity. The planks were

jointed and planed to final dimensions. Between all machining operations

the planks were protected by damp cloths to prevent drying from the exposed
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surfaces. A 6-inch length was cut from each end of each plank to eliminate

any material that may have been subjected to drying.

A wafer 1 inch in length along the grain was cut from each end of

each plank. The central 2 inches of width of each wafer were used for

determination of specific gravity (green volume, ovendry weight) and of

moisture content by the ovendrying method. Heterogeneity of within-log

variances of specific gravity was tested by means of a maximum F-ratio

test, as described by Bliss and Calhoun (6). On the basis of the test,

for the present study, it was concluded that the within-log variances were

homogeneous. An analysis of variance indicated no significant difference

between log means of specific gravity. The moisture content of all the

samples was between 75 and 90 percent, the usual green moisture content

of this species.

The green planks were then cut on a table saw into wafers 1/2 inch

along the grain. Cutting was started at the end of the plank corresponding

to the lower end of the log in each case and the wafers were numbered con-

secutively as they were removed. The wafers were wrapped tightly in poly-

ethylene bags and stored under controlled conditions of 35° F. and 90

percent humidity. When all the wafers had been cut, they were dipped in

a dilute solution of sodium pentachlorophenate for additional protection

against fungal deterioration.

Each test to be conducted was assigned a number and the wafers were

assigned to•the various tests by means of a table of random numbers. The

numbering of the tests and wafers was done by pairs so that two adjacent

wafers from each log would be assigned to each test, the odd-numbered wafer
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to be used for a tension specimen and the adjacent even-numbered wafer

for a compression specimen. The three 0° planks from each log were

pooled for this purpose, although the number identifying each wafer as

to log, plank, and location was retained.

Wafers assigned to green tests were left in storage at 35° F.

Those assigned to tests at 18 percent, 12 percent, or 6 percent moisture

content were placed on stickers in a small dry kiln and dried slowly to

the approximate moisture content of test at temperatures not exceeding

110° F. As the wafers attained their approximate test moisture content

they were removed from the dry kiln and placed on trays in a room controlled

at 80° F. and a relative humidity corresponding to the final desired

moisture content. After the wafers had been stored under these conditions

for at least 2 months, they were removed and a tension or a compression

specimen was prepared from each wafer. This conditioning in wafer form

prior to cutting of specimens prevented the warping that would have

developed if the specimens had been prepared from green wafers and dried

in specimen form; also it prevented the seasoning defects that might have

developed if the material had been dried in plank form.

The tension and compression specimens were cut as shown in figure 3.

The shape of the tension specimen is one that had proven in previous

exploratory tests to give good results, with failure generally occurring

in the net section. The standard ABTM specimen for testing in tension

perpendicular to the grain (1) could not be used because of stress-

concentration effects that make it basically unsuitable, and because
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no suitable provision could be made for taking load-deformation data. The

compression specimen was designed to correspond to the net section of the

tension specimen.

Tension specimens were first cut accurately to a width of 1 inch

and a length of 7-1/2 inches. In this operation approximately equal

amounts were cut from each edge in order to keep in the central portion

of the specimen the same growth rings that had originally been in the

center of the plank. The specimens were then cut to rough shape on a

band saw and machined to final dimensions on a shaper, using a jig designed

especially for the purpose. Compression specimens were first cut slightly

oversize on a table saw. As in cutting tension specimens, care was taken

to center the specimen around the growth rings that had originally been

in the center of the plank. The specimens were then jointed accurately

to a width of 1/2 inch and cut to a length of 2 inches; they were carefully

cut to length so that the ends were smooth and square. Prior to testing,

tension and compression specimens were stored in the controlled temperature

and humidity rooms in which the wafers from which they were cut had been

conditioned.
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Short-Time Tests in Tension and Compression 

Test Conditions

Perpendicular-to-grain tension tests at 0°, l.5°, and 90° to the

growth rings and compression tests at 0° to the growth rings were

conducted under each combination of the following temperature and

moisture content conditions.

Temperature: 80°, 130°, and 180° F.

Moisture content: Green, 18, 12, and 6 percent.

Two replicates from each of four logs were tested at each angle of

loading under each combination of temperature and moisture content condi-

tions, providing a total of eight tests at each test condition.

Experimental Equipment

Short-time tension and compression tests were conducted in a testing

chamber in which temperature and humidity could be controlled at the

desired level, and which was permanently mounted on a 100,000-pound capacity

Olsen mechanically driven universal testing machine. The testing apparatus

is shown in figures 4 and 5.

The apparatus consisted of four basic components, as indicated in

figure 4; (A) the testing chamber, (B) the testing machine, (C) the air-

conditioning unit, and (D) ducts for carrying the conditioned air to and

from the testing chamber.

The testing chamber was a double-walled, insulated copper box that

completely enclosed the head of the testing machine. The box was equipped

with observation windows on three sides and access doors on two sides.
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It was tightly made, and all openings were sealed as thoroughly as

possible against leakage of air and moisture.

The air-conditioning unit contained all the facilities for condition-

ing the air to the proper temperature and relative humidity, and for

circulating it through the system. Two sources of heat were available:

(E) a steam-heating coil, and (F) a battery of electrical resistance

heaters. The steam-heating coil was equipped with a reducing valve to

reduce steam pressure to a level just adequate for the temperature desired.

Thermostatic control was provided by a control bulb in the testing chamber

and an air-operated reverse-acting control valve on the steam line. The

battery of electric heaters was made up of six manually operated 1100-watt

heaters and one thermostatically controlled 550-watt heater, , each capable

of being set at full, one .7half, or one-gum-ter output. The control bulb

(G) for the thermostatically controlled heater was located in the entering-

air duct at the entrance to the chamber. Humidification was provided by a

steam spray (H), controlled by a direct-acting air-operated valve actuated

by a wood-element hygrostat inside the testing chamber. A thermostatically

controlled refrigeration unit (not shown) could be used either for de-

humidification when operating at low temperature and relative humidity,

or to control overshoot of temperature when operating at low or moderately

high temperatures. Air, conditioned to the proper temperature and relative

humidity, was circulated through the testing chamber by means of a variable-

speed blower (J). Hand-operated dampers (K) could be closed to shunt the

air through a by-pass duct rather than through the testing chamber, when

Report No. 2079	 -26-



specimens were being placed or removed. This equipment enabled dry-bulb

temperature to be controlled to ± 1.5° F. and wet bulb temperature to

± 2° F., as indicated by thermometers in the testing chamber near the

test specimen.

Load was measured during testing by means of a load cell (L), mounted

on a platform above the testing chamber. This load cell consisted of a

steel bar 1 inch wide, 5/8 inch deep, and 24 inches long, mounted on

standard static-bending supports over a 22-inch span. A knife edge

resting at the center of this bar was connected to a steel rod projecting

through the top of the testing chamber and connected to the grips holding

the specimen. Both tension and compression testing grips were designed

to apply a tensile load to the connecting rod, which resulted in a down-

ward deflection of the steel bar. An RR-4 Type A-1 strain gage was bonded

to the upper surface of the bar near the load point, and a similar gage was

bonded to the lower face directly below the upper gage. One gage was used

as the measuring gage and the other as the compensating gage, providing

automatic temperature compensation and increased sensitivity. The bar was

calibrated before use and periodically thereafter, enabling the strain

indicated in microinches on an SR-4 Strain Indicator to be converted to

pounds by means of this simple conversion factor: approximately 0.20

pound per microinch of indicated strain.

Strain,of specimens during test was measured by means of a pair of

clip gages between the "ears" of a modified Peters averaging extensometer.

The sensing elements of each clip consisted of two RR-4 Type AB-3 high-

temperature strain gages bonded to a 0.030-inch-thick strip of phosphor
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bronze by means of a phenolic resin adhesive supplied with the gages.

Brass legs rigidly fixed to each end of the phosphor bronze strip served

to connect the clip between a pair of ears of the extensometer, where

it was held in place by the spring action of the phosphor bronze strip.

The outer gages of the two clips were connected in series, as were the

two inner gages, one series being used for measuring and one for com-

pensating. This pair of clips was calibrated before use and periodically

during use by means of a Zeiss Comparator. The calibration curve was

linear, corresponding to about 0.00007 inch per microinch of indicated

strain on an SR-4 strain indicator. The phosphor bronze strips with the

attached gages and lead connections were given several thin coats of

Goodyear Pliobond adhesive to minimize the penetration of. moisture into

the electrical circuits.

Testing Procedure 

In the testing chamber the proper temperature and humidity condi-

tions of test were established. Specimens conditioned to the proper

moisture content at 80° Y. (or 35° F. in the case of green specimens)

were then placed in the chamber, as required to provide a half-hour

storage period under test conditions before testing. Estimates of rate

of heating based on the various temperature and moisture content condi-

tions employed in this study indicated that this conditioning period was

adequate for all -parts of the test specimens to reach a temperature within

2 degrees of testing conditions. Sample specimens with thermocouples on

the surface and at midthickness showed that test temperature was attained

throughout the specimens in less than 10 minutes.
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Tension specimens were removed from the chamber, measured, and

gripped between steel grips, using a specially designed jig to center

the specimens both vertically and horizontally in the grips. The

extensometer was attached over a 1-inch gage length at the center of the

net section. Specimens were returned to the chamber for testing as shown

in figure 6. The lower grips were connected to the movable head Of the

testing machine by means of a pin-connected joint that allowed free

rotation. The upper grips were connected to a universal joint at the

lower end of the connecting rod from the calibrated load bar, and the

clip gage was attached to the extensometer. When the conditions in the

chamber had stabilized and the specimen was again in equilibrium with

the chamber conditions, the test was begun.

Tension specimens were loaded to failure at a machine head speed

of 0.037 inch per minute with strain read at predetermined load incre-

ments to give at least 10 or 12 readings below the proportional limit.

These load increments varied from 10 to 50 microinches on the strain

indicator attached to the load cell (approXimately 2 to 10 pounds).

After the specimen failed, it was weighed, and moisture content was de-

termined by the oyendrying method. Specimens that failed outside the

net section were discarded. Load-deformation curves were plotted for all

specimens and from these curves values were taken for computation of

modulus of elasticity, proportional limit stress, and maxim= stress.

Testing procedure for compression specimens was similar to that

for tension specimens, except that the extensometer was placed to give
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a 1-1/8-inch gage length and the specimen was held in a stirrup-type jig

as shown in figure 7. Since the load cell was designed to operate in

tensile loading only, this jig was designed so that a compressive load

could be applied with the same machine movement used in tension. The

stirrups were rigidly attached to upper and lower connecting rods and

were completely free of each other. A 1/4-inch-diameter dowel pin was

loosely fitted between them so as to guide their movement in a parallel

direction but not restrain it in any manner. The upper end of the

specimen rested against a carefully machined bearing surface and the

lower end of the specimen rested against a plate with a spherical

mounting to take up slight irregularities in machining the ends of the

specimen. Compression specimens were loaded at a machine head speed of

0.012 inch per minute in order to give approximately the same rate of

loading in inches per inch of specimen length as in tension testing.

Since there is no real maximum load in compression perpendicular-to-grain,

compression tests were continued to 2.5 percent strain. This point was

generally higher than the maximum load in tension under similar condi-

tions; in most cases it was beyond that point in the load-deformation

relationship at which deformation begins to increase very rapidly with

mall increases of load. Specimens were removed from the chamber when

2.5 percent strain had been reached. Moisture content and specific

gravity based on volume at test were computed, volume being determined

by measurement. Load-deformation curves were plotted for all specimens

and from these were computed values of modulus of elasticity, proportional

limit stress, and stress at 2.5 percent strain.
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A slight modification was made in testing green specimens in both

tension and compression. In order to,avbid the electrical measurement

difficulties due to short-circuits in the strain gages at 100 percent

relative humidity, the chamber was set to maintain a wet-bulb temperature

equal to the desired test temperature with about a 50 wet-bulb depression.

A cloth wick was wrapped around the specimens before they were tested, as

shown in figure 8. This wick was given enough slack between the gage

points to avoid any restraint in tension testing. The wick was kept moist

at all times by means of a separate wick connected between it and the

water box for the wet-bulb thermometer inside the chamber. The specimen

then became--in effect--a wet-bulb, and was maintained at the wet-bulb

temperature of the chamber in a localized atmosphere of 100 percent relative

humidity, while the relative humidity of the chamber was approximately

90 percent.

Statistical Design

Tension and compression tests conducted in this phase of the study

were organized for statistical analysis according to a randomized block

factorial design, as described by Cochran and Cox (10). Tension testing

was set up asa4x3x3x4 factorial (4 logs x 3 angles to the growth

rings x 3 temperatures x 4 moisture content levels). Compression testing

was set up as a 4 x 3 x 4 factorial (4 logs x 3 temperatures x 4 moisture

content levels). This type of experimental design was selected because

it offers the advantages over other designs of (1) increased efficiency,
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since each observation supplies evidence on the response to two or more

factors; (2) a more comprehensive experiment, since it measures both the

direct effects of the factors and their interactions; and (3) providing

a broader base for inferences concerning any individual factor than if the

experiment were limited to a single combination of the remaining factors.

Main effects and most first-order interactions were broken down into

linear and quadratic components according to methods outlined by Yates

(70) and by Bliss and Calhoun (6), In determining linear and quadratic

components of the moisture content main effect, values based on green

specimens were separated from those based on specimens at 18, 12, and 6

percent moisture content. The breakdown of first-order interactions

involving the moisture content effect was confined to those data taken

on 18, 12, and 6 percent material. Main effect of the random variable

(log) and interactions involving this variable were tested for significance

by the F-test based on the mean square of the error term. Main effects of

the fixed variables (temperature, angle, and moisture content) and inter-

actions involving these variables only were tested for significance by the

F-test based on the next higher order interaction with the random variable,

as described by Bennett and Franklin (5). This procedure seems to offer

a more accurate basis for the variance ratio involving fixed variables,

particularly when the next higher order interaction with the random

variable is statistically significant.
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Shear Properties 

It is very difficult to determine accurate values of modulus of

rigidity experimentally by means of a shear test involving direct measure-

ment of stress and strain. It is also difficult to determine accurate

values of maximum shearing stress experimentally, since shear tests (for

example, the block-shear test) generally introduce stress concentrations

that render the accuracy of the- maximum stress values obtained extremely

doubtful. Relationships that have been developed on the basis of the

mathematical theory of elasticity as applied to orthotropic materials--

that is, materials having three mUtually perpendicular planes of elastic

symmetry--make possible the calculation of theoretical values of modulus

of rigidity and maximum shearing -stress; these values are . probably more

nearly descriptive of the shearing properties of the materials concerned

than are values based on actual tests in shear. On the basis of these

relationships, shearing properties in the plane of two orthotropic axes

can be calculated from the results of tension tests conducted parallel

to each of these axes and in one direction intermediate to the two axes.

Norris and McKinnon (45) present an equation based on fundamental

relationships developed by March (37), which relates modulus of rigidity

to the moduli of elasticity determined from tension tests conducted along

two orthotropic axes and in one intermediate direction, as follows:

1	 cos t-0 sin
4
	 1 ap

_2— ] sin2
0 co s20

Ex Ea	Ea043

(1)
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Where Ea = modulus of elasticity parallel to orthotropic axis a

E modulus of elasticity parallel to orthotropic axis p

Ex = modulus of elasticity at angle 0 to a

G = modulus of rigidity associated with strain in the ap planead

p = Poisson's ratio of contraction in the p direction to
ap	 extension in the a direction due to a tensile stress

in the a direction.

When Ea, EA) Ex , and }lap are known Gap can be computed by transposing

equation (1) to the form

cos2 01 	 1	 sin2o.2 µap
-Gco sin

2
0 cos

2
0 Ex 	sin2

0 Ea cos
2 

0 E	 Ea
 a

In the special case where angle is taken as 45°, equation (2) reduces

to the form

( 2 )

( 3 )

Since the present study involves perpendicular-to-grain tension tests at

0°, 90°, and 45° to the growth rings under various conditions of temperature

and moisture content, it is possible to calculate the value of modulus of

rigidity G in 0° to 90° (TR) plane under these conditions by substituting

in equation (3) the appropriate values of modulus of elasticity at 0°,

90°, and 45° for Ea, Ea, and Ex, respectively. This has been done, using

for	 the value 0.30 reported by Kollmann (31) as the g of oak.TR

Norris (43) presents an equation relating shear strength to tensile

strength in the direction of two orthotropic axes and one intermediate

direction, as follows:
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Where Fa = tensile strength parallel to orthotropic axis CC

Fo = tensile strength parallel to orthotropic axis

F = tensile strength at angle 6 to a
x

F = shear strength associated with strain in the c plane.
OP

Where Fa, F....2) and Fx are known) rap can be computed by transposing

equation (4) to the form

1 	 1 	 cos
24 	sin20 

-
2	 2	 2	 2	 2	 2	 2	 2

F	 sin 0 cos 0 FX	
' sin 0 F .	 cos 4 F

aP	 a	 P

(5)

In the special cage where angle 4 is taken as 45° 0 equation (5) reduces

to the form

(6)

The relationship shown in equation (6) makes possible the calculation of

maximum shear strength in the 0° to 90° (TR) plane by substituting the

experimentally determined values of maximum strength in tension perpendic-

ular to the grain at 0°) 90°) and 45° to the growth rings, for 	 Fa,

and. Fx, respectively.
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Results 

Results of tests in tension perpendicular to the grain at 06 , 45%

and 90° to the growth rings at all combinations of temperature and moisture

content investigated are shown in table 1. Results of tests in compression

perpendicular to the grain at 0° to the growth rings at all combinations

of temperature and moisture content investigated are shown in table 2.

Theoretical values of modulus of. rigidity and maximum shear strength

associated with the radial and tangential directions, calculated on . the

basis of tension tests at 0° , 45°, and 90° to the growth rings, are

presented in table 3. Modulus of rigidity values were calculated from

data on modulus of elasticity in tension at 0°, 45°, and 90° to the growth

rings by means of equation (3). Maximum shear strength values were

calculated from data on maximum stress in tension at 0°, 45°, and 90° to

the growth rings by means of equation (6).

Curves showing the relationship of modulus of elasticity in tension

and compression perpendicular to the grain to moisture content and tempera-

ture are shown in figure 9, 10, 11, 13, and 14. A composite graph show-

ing the relationship of modulus of elasticity in tension to temperature,

moisture content, and angle of loading is shown in figure 12. Curves

showing the relationship of proportional limit stress in tension and

compression perpendicular to the grain to moisture content and temperature

are shown in figures 15 through 18. Curves showing the relationship of

Report No. 2079	 -36-



maximum stress in tension perpendicular to the grain to moisture content,

temperature, and angle of loading are shown in figures 19 through 22.

Curves showing the relationship of maximum strain in tension to moisture

content and temperature are shown in figures 23 through 25. Curves

showing the relationship of compressive stress at 2 .5 percent strain

to moisture content and temperature are shown in figure 26. Curves

showing the relationship of calculated values of modulus of rigidity and

maximum shear strength in the TR plane to moisture content and temperature

are shown in figures 27 and 28, respectively.

Since control of temperature during testing was more precise and

accurate than control of moisture content, especially at the nominal 18

percent moisture content level, a family of curves for the three tempera-

ture levels was fitted mathematically to the test data for each property

at each angle of loading at the actual test moisture content values. It

was found that the data for each property at each angle of loading could

be fitted by a family of curves based on a general equation that assumed

a parabolic relationship to moisture content and a linear relationship to

temperature. This equation has the form:

Y = a + bT + eM + dM2 + eTM + f1M2
	

(7)

Where Y = the value of the property in question

T = temperature

luY = moisture content

and albl e l dle, and f are constants.
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In view of the differences in curvature of the moisture content

relationships of many properties, the parabolic form gave a better fit,

in general, than would the exponential relationship to moisture content

proposed by Wilson (66) and subsequently found to be applicable to most

mechanical properties. The assumption of a linear temperature effect for

all properties is not strictly accurate, as evidenced by the significant

(though small) quadratic component of the temperature effect for a few

properties. Since this study was designed to be extensive in nature

rather than intensive and to indicate trends rather than exact relation-

ships, the assumptions would seem tenable.

It is worth noting in this connection that values cited by Wilson

for many properties at moisture content levels of less than 8 percent showed

a definite tendency to fall below the lines indicating the exponential

relationship to moisture content. Wilson recognized this tendency and

omitted those values in computing values of intersection point. Likewise,

Wilson omitted data from specimens tested at the highest moisture content

below the green condition because of difficulty in obtaining uniformity,

of moisture distribution within and between specimens. Furthermore, the

primary purpose of Wilson's work was to provide a convenient and reasonably

accurate method of adjusting strength values for differences in moisture

content within the most connnon range below the fiber saturation point, rather

than to establish the fundamental relationship between properties and

moisture content. It should also be remembered that the data on which

Wilson based his computations were not obtained under controlled tempera-

ture conditions; since this testing took place over a rather extended
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period, it is possible that normal fluctuations in room temperature

had considerable effect on the results.

Sulzberger (56) found that quadratic equations gave an appreciably

better fit of his strength-moisture data on tests at 200 C. than did the

exponential relationship. This was particularly true at low moisture

content levels. Many of Sulzberger's (55) curves have the same basic

form as those reported in this study--convex upward at low temperatures

and concave upward at high temperatures, with a gradual transition through

a nearly linear relationship to moisture content at some intermediate

temperatures. Sulzberger's study included tests at more temperature and

moisture content levels than did this study and therefore provided con-

siderably more data on which to establish the relationship between various

static properties and moisture content.

The equations calculated for the various properties are listed in

table 4 and are plotted in the figures showing the relationship of the

property in question to moisture content and temperature, along with the

average test values. The average test values for green material were

also plotted in the "A" portion of each figure; the intersection point

was indicated by extending a horizontal line at the level of the average

for green material to the point of intersection with the fitted curve for

the corresponding temperature. A straight-line relationship of green

values to temperature was added to those based on fitted curves in the

"B" portion of each figure.
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The effect of temperature on perpendicular-to-grain properties

in tension, compression, and shear was calculated from the slopes of the

lines in the "B" portions of figures 9 through 28, and is shown in

table 5. These values express the reduction per degree Y., with

increasing temperature within the range 80° to 180° F. as a percentage

of the values at 80° F. for each moisture content level investigated.

Discussion of Results

General

The equipment used for measurement of deformation and load through-

out this phase of the study performed satisfactorily, although increased

sensitivity of both the clip gages and the load cell would have been

advantageous. Temperature in the test chamber was well controlled,

especially at the 130° and 180° levels. The 80° temperature level was

so close to the usual room conditions that considerable care and adjust-

ment were required to prevent fluctuations of more than 2° F. The moisture

content control during testing was generally reliable except at the 18

percent moisture content level. Although the conditioning apparatus for

the test chamber was originally designed to be operated as a reheat system,

which would continually reheat and recirculate saturated air to produce

steady humidity conditions, it could not be operated successfully as such.

This probably contributed to the variability of moisture content.

The test results reveal that tensile properties under 0° loading

are generally quite similar to those under 45° loading, while tensile

properties at 90° loading are generally different from those at both

0° and 45° loading. This appeared to be the case for all tensile properties
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except maximum strain, which was about the same at all angles of loading.

The reason for this similarity of properties under 0° and 45° loading

probably lies principally in the fact that deformation and final failure

at these two angles of loading appear to be associated with the large

rays that are chn.racteristic of red oak. Loading at 90° to the growth

rings was parallel to the large rays, so that the load was probably

supported mainly by the vessels and thick-walled fibers. Specimens

loaded in tension at 90° to the growth rings characteristically failed

in a zone of large springwood vessels, which are normally the weakest

portion of the wood at this direction of loading.

The points of intersection of the curves fitted to the data for

6, 12, and 18 percent moisture content with the horizontal lines drawn

at the level of the green values are generally below the 25 percent value

that would ordinarily be applied to this species (64). Stamm (67) has

indicated that the fiber saturation point of wood would be expected to

decrease linearly about 0.1 percent for each 1° C, increase in temperature

above 25° C. The intersection point as ordinarily determined on the basis

of strength tests is lower than the fiber saturation point, but is un-

doubtedly related to the fiber saturation point and would be expected to

show this same tendency. Ellwood (14) observed a decrease in the inter-

section point with increasing temperature for most perpendicular-to-grain

mechanical properties of beech. Data of the present study show a decrease

in the intersection point with increasing temperature for some (but not all)

perpendicular-to-grain properties of red oak.
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The inconsistency in the observed values of the intersection

point is probably due to one or more of several likely sources of error.

It is quite apparent, for instance, that any error in the value for green

material will have a marked effect on the intersection point corresponding

to that temperature. This is particularly noticeable in the curves

based on data taken at 1800 , where the approach to the intersection

point is almost asymptotic in some instances. Since values for green

material could not be included in the mathematical fitting of the curves,

the horizontal lines indicating the level of these green values are

subject to considerably more error than the lines fitted to the values

for material at moisture content levels below the fiber saturation point.

The "A" portions of several of the figures show that the values for

green material deviated from the linear temperature relationship that

was indicated by the statistical analysis of the values for drier

material and assumed in fitting curves to the latter values. If the

values for green material were extended to the intersection point at a

level corresponding to the linear relationship indicated in the "B"

portions of the curves, some of the inconsistency in the intersection

points would be removed.

Sulzberger's (55) curves, indicating the relationship between

maximum crushing strength and moisture content at low temperatures (room

temperature and lower), have a flattened sigmoid form; the curves are

convex upward at moisture content levels below about 16 percent, changing

to concave upward at higher levels of moisture content near the intersection
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point. Continuing the simple parabolic curvature to the intersection

point (as was done in this study) tends to lower the apparent inter.-

section point when the curve is convex upward. The data of this study

are too limited, however, to justify a reverse curvature like that

indicated by Sulzberger.

In view of the inconsistency in the intersection points observed

in this study, it is apparent that the curves must be interpreted with

considerable caution, particularly in drawing conclusions relative to

their intersection points. The data gathered in this study were not

intended to establish exact relationships and do not justify drawing

such conclusions.

The mean specific gravity of the material tested in the present

study was 0.55 based on green volume and ovendry weight, a value that

compares closely to the value of 0.56 listed in the Wood Handbook (64)

as the average specific gravity for a large number of specimens of

this same species.

Modulus of Elasticity

The analyses of variance of the data on modulus of elasticity in

tension and in compression perpendicular to the grain (tables 12 and 13)

show that for both types of loading this property was strongly affected by

moisture content and temperature independently, and by interaction of the

two. The modulus of elasticity was decreased by increasing either moisture

content or temperature. In addition, the analysis of the tension data
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shows that the perpendicular-to-grain modulus of elasticity increased

as the angle of loading (with respect to the growth rings) increased

from 0° to 90°. This increase takes place almost entirely between 45°

and 90°, with practically no difference between results obtained at 0°

and 45° loading. (See figs. 9, 10, and 11 and the data of table 1.)

There was very little difference between the four logs with respect to

this property in either tension or compression; this is shown by the fact

that the log effect is not significant in either case.

It is generally assumed in elasticity theory that modulus of

elasticity is the same in tension and compression along the same ortho-

tropic axis. This assumption is basic to the calculation of elastic

bending properties of beams, for example. However, comparison of the

analyses of variance of modulus of elasticity at 0° to the growth rings -

in tension and compression indicates that differences may exist in the

relationship of this property to moisture content. The analysis of

2
variance of the tension data indicates a very significant– linear

component and a small but significant quadratic component of the moisture

content effect. On the other hand, the analysis of variance of the

compression data indicates that the linear effect of moisture content

is very significant but that the quadratic effect is not quite significant.

The plotted compression data in figure 13A show a slight but consistent

curvature at each temperature level, and the sum of squares of the error

2
–The term "very significant" denotes statistical significance at the

1 percent or 0.1 percent level of probability. The term "significant"
denotes statistical significance at the 5 percent level of probability.
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about the line is reduced by fitting a family of curves rather than

a family of straight lines.

In order to compare modulus of elasticity at 0° to the growth rings

in tension and in compression, data based on both types of test were plotted

in figure 14, and were fitted by an equation based on the combined data.

It is evident that the data are very similar, for both the tension and

the compression data are fitted practically as well by the equation based

on combined data as by the equation based on data from the particular type

of test involved. This indicates that there is probably no real difference

between the modulus of elasticity based on tension tests and that based

on compression tests, other conditions being the same. A statistical

analysis of the difference between modulus of elasticity in tension and

that in compression at 0° to the growth rings confirmed this observation.

In applying these results to the interpretation of drying strain

data, the use of the modulus of elasticity relationship based on combined

data would apparently be justified. It is not necessarily true that com-

pression data would be as closely comparable to tension data at angles of

loading with respect to the growth rings of other than 0°. In compression

testing by the method employed in this study, the ends of the specimen

cannot move laterally; shearing deformation is thus restrained and the ap-

parent modulus of elasticity tends to increase. It seems likely, however,

that compression data based on a test which allowed the shearing deforma-

tion to take place would yield modulus of elasticity results similar to

those observed in this study under tensile loading at 45° and at 90° to

the growth rings.
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In studying the perpendicular-to-grain properties of American

beech, Ellwood (14) found some slight differences between the modulus

of elasticity values at 0° to the growth rings based on tension tests

and those based on compression tests. His results indicated a curvi-

linear relationship to temperature under tensile loading and a linear

relationship to temperature under compressive loading, with a curvi-

linear relationship to moisture content under both types of loading.

The nonlinear component of the tension relationship to temperature was

quite small, however, and could be disregarded without introducing any

substantial error. Ellwood's data were very similar under both tensile

and compressive loading, and he attached no significance to any dif-

ferences he found between modulus of elasticity in tension and that in

compression.

The effect of temperature on modulus of elasticity in both tension

and compression was predominantly linear. The reduction of modulus of

elasticity with increasing temperature, expressed as a percentage of the

value for 80°, was appreciably less at 6 percent moisture content than

at 12 percent moisture content or higher, as is shown by the values of

table 5. This reduction was also appreciably less under 90° loading than

under 0° or 45° loading in tension testing at all moisture content levels.

The temperature effect was slightly less under 45° loading than under 0°

loading at the lower levels of moisture content, although such was not

the case for material in the green condition or at 18 percent moisture

content. The values of table 5 indicate that the percentagewise
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temperature effect was somewhat greater than that reported by Ellwood

for beech. Ellwood's values of modulus of elasticity for beech are

higher than those of the present study for oak ) providing a larger

base for the computation of percentages; however, the actual reduction

of modulus of elasticity in the present study was greater up to 160° F.

--the upper temperature limit of Ellwood's study--than that reported by

Ellwood. This is particularly true at the lower levels of moisture

content.

The three-dimensional graph of figure 12 shows quite clearly the

relationship between angle of loading and temperature for tensile modulus

of elasticity at several levels of moisture content. This figure

illustrates the rapid increase in modulus of elasticity as angle of

loading was increased from 45° to 90° to the growth rings at all tempera-

ture levels. This effect tended to decrease as temperature was increased

and was also markedly less pronounced in green material than in material

at 6 percent moisture content.

Proportional Limit Stress in Tension

Proportional limit stress in tension perpendicular to the grain was

reduced by increasing temperature or moisture content, and increased by

increasing the angle of loading with respect to the growth rings. The

increase in proportional limit stress in tension with angle of loading was

not as great, in general, as that of modulus of elasticity. The data on

proportional limit stress are characterized by somewhat more scatter than

those on modulus of elasticity or maximum load in tension. This is to be
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expected, since the value of proportional limit stress is largely

dependent on the judgment of the person analyzing the individual load-

deformation curves.

The analysis-of-variance table for proportional limit stress in

tension (table 14) indicates very significant linear effects of both

temperature and moisture content and very significant linear and quadratic

effects of angle of loading. The source of material had little or no

effect on this property. Although the quadratic component of the main

effect of moisture content was not significant, both linear and quadratic

components of the moisture content effect showed very significant inter-

actions with the linear temperature component. This interaction of the

moisture content and temperature effect was characteristic of all prop-

erties studied; it reflects the greater weakening of the wood due to

increased temperatures in the presence of a greater amount of moisture

below the fiber saturation point.

The trends in the relationship of proportional limit stress in

tension to moisture content are generally similar to those observed by

Ellwood (14). The relationship to temperature is slightly different, in

that Ellwood reports a significant quadratic component; but the fact that

the coefficients of the quadratic terms in Ellwood's regression equations

for this property are all small, and the curvature of the regression lines

rather slight, indicates that although the departure from linearity is

statistically significant, it must not be large.
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The values of percentage reduction in proportional limit stress

in tension listed in table 5 indicate that the percentagewise temperature

effect increased with increasing moisture content at all angles of loading.

In general, the temperature effect decreased with increasing angle of

loading. This is not apparent at all levels of moisture content, however;

it was most pronounced at the 6 percent moisture content level. The

temperature effect on proportional limit stress in tension was greater

at all levels of moisture content than that reported by Ellwood for beech.

Proportional Limit Stress in Compression

The results of this study indicate that proportional limit stress

in compression perpendicular to the grain at 0 0 to the growth rings was

very nearly the same as that in tension at the same angle of loading at

intermediate moisture content levels; it was higher at 6 percent moisture

content and in the green condition. Since the assumption in elasticity

theory that presupposes equality of modulus of elasticity in tension

and compression does not extend to include strength properties, the

proportional limit stress in compression is treated separately in this

discussion.

The analysis-of-variance table for this property (table 15) in-

dicates that the main effects of both temperature and moisture content

consisted primarily of large and very significant linear components,

though in both cases small but significant quadratic components were also

present. The source of material had a very significant effect on this

property, in contrast to the comparable property in tension on which

differences between logs bad no significant effect.
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The proportional limit stress in compression was reduced slightly

less per 1 percent increase in moisture content and appreciably more

per degree increase in temperature than was observed by Ellwood for

beech. The percentage decrease in proportional limit stress with

increasing temperature was likewise considerably higher than that

reported by Ellwood.

The relationship of proportional limit stress in compression to

both temperature and moisture content was very similar to that observed

in tension at the same angle of loading. The compression values are

slightly higher than the tension values at 6 percent moisture content

under all temperature conditions and at 80° F. under all moisture content

conditions, though the fitted curves coincide very closely at moisture

content levels of 12 percent and 18 percent. The percentage of temperature

effect was practically the same in compression as in tension except in

green material, where the tension data show a substantially greater

temperature effect.

Maximum Stress in Tension

Maximum stress in tension was reduced by increasing either moisture

content or temperature within the range of 6 to 18 percent moisture content

and 80° to 180° F. It was also considerably higher at 90° to the growth

rings than at either 0° or 45° to the growth rings.

The analysis of variance of this property (table 16) indicates a

strong linear relationship to moisture content. The data at 80° and 180° F.,

indicated a definite curvature; the 80° data formed a distribution that was
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concave downward and the 180° data formed a distribution that was concave

upward, to suggest that these two opposing types of curvature might be

compensating to give a linear overall effect. Separate statistical

analyses were therefore carried out on the data at each temperature level.

These analyses indicated a pronounced departure from linearity at 80° and

180° F., but not at 130°, and led to the conclusion that this opposing

curvature should be taken into consideration when fitting curves to the

data. The fact that the relationship to moisture content varied at the

different temperatures is indicated by the large and very significant

components of the moisture content-temperature interaction, particularly

the interactions involving the linear and quadratic moisture components

and the linear temperature component.

The relationship of maximum stress in tension perpendicular to the

grain to moisture content at 80°, and to some extent at 130°, is at

variance with the exponential relationship that is generally considered

to apply to most strength properties under room temperature conditions.

Ellwood (14) observed a linear relationship to moisture content for maximum

stress in tension perpendicular to the grain of beech. Sulzberger (55)

found that the maximum crushing strength of several Australian species

was related to moisture content in a manner quite similar to that observed

in the present study, as discussed above (pp. 42, 43).

The effect of temperature on maximum stress in tension was predom-

inantly linear, both in its main effect and in its interactions with

moisture content and with angle of loading. The values in table 5 show

that the percentage of temperature effect increased with increasing
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moisture content, and at the same moisture content level decreased with

increasing angle of loading. The curves of figures 19, 20 / and 21 show

that the lines expressing the relationship of this property to temperature

are nearly parallel for material at 12 and 18 percent moisture content

and in the green condition. These lines are all steeper than those

showing the comparable relationship for material at 6 percent moisture

content. Sulzberger (55) found that the temperature effect on parallel-

to-grain crushing strength expressed as a percentage of the value for

20° C. increased with increasing moisture content up to a level of about

20 percent moisture content. Sulzberger also found the relationship of

maximum crushing strength to temperature to be linear at all levels of

moisture content with the lines expressing this relationship steeper

at 8, 12, and 20 percent moisture content than at 0 percent moisture

content. Ellwood (14) observed a similar linear effect for beech over

the temperature range 80° to 160° F. at several levels of moisture content.

Kollmann (30) established a linear relationship to temperature for maximum

tensile strength perpendicular to the grain of oak (Quercus pedunculata 

Ehrh.) between 0° and 100° C. Kollmann (29) also found a linear relation-

ship of parallel-to-grain crushing strength to temperature in ovendry

material over the range from -190° C. to +160° C. These observations are

all somewhat different from those of Greenhill (17), who found a curvi-

linear and slightly sigmoid relationship to temperature for maximum

perpendicular-to-grain tensile stress of beech at several moisture content

levels over the temperature range from 60° to 180° F.
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The effect of angle of loading with respect to the growth rings was

generally curvilinear, most of the increase taking place as the angle was

changed from 45° to 90°. Figure 22 and the data of table 1 indicate that

this effect was less pronounced at 180° than at 80° for material at the

higher levels of moisture content, but about the same at all levels of

temperature for material at 6 percent moisture content. Gaber (16) found

a similar relationship to angle of loading for perpendicular-to-grain

crushing limit of several hardwoods at about 13 percent moisture content.

Gaber's results also indicated that softwoods may show a considerably

different relationship to angle of loading than hardwoods.

Values of maximum tensile stress perpendicular to the grain obtained

in the present study at 80° F. under 0° loading are lower for green material

and higher for material at 12 percent moisture content than values based

on the standard ASTM test for maximum strength in tension perpendicular to

the grain (64). The ASTM test is based on loading at both 0° and 90° to

the growth rings. Results of the present study at 80° F. for 90° loading

are higher for both green and 12 percent material than the standard ASTM

values for the species. These comparisons indicate that the shape of the

tension specimen used in the present study eliminates much of the stress

concentration that tends to lower the apparent tensile strength in the

ASTM test.

Maximum Strain in Tension

Maximum strain in tension perpendicular to the grain was related to

both moisture content and temperature and was very nearly the same at all
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angles of loading. The analysis-of-variance table for this property

(table 17) shows that both the linear and the quadratic components of the

main effect of moisture content were very significant, while only the

linear component of the temperature effect was significant. In addition' to

these main effects, the interaction between the quadratic moisture content

component and the linear temperature component was very significant. In

view of the extreme variability of maximum strain data, it is somewhat

remarkable that so few interactions were significant.

It is generally expected that maximum strain in tension will in-

crease as either temperature or moisture content is increased. The data

of table 1 and the curves of figures 23, 24, and 25 show that the effect

of moisture content on maximum tensile strain was strongly dependent on

temperature. At 80° F. the maximum strain at all angles of loading in-

creased almost linearly with increasing moisture content up to the inter-

section point. At both 130° and 180° F., however, the maximum strain

appeared to reach a peak value at a moisture content below the inter-

section point and thereafter to recede to a lower value of maximum strain

for green material. The maximum temperature effect seemed to take place

(in terms of actual values) between 12 and 16 percent moisture content,

with a relatively smaller effect for green material. The percentagewise

temperature effect (shown in table 5) tended to reduce with increasing

temperature at all angles of loading. It should be emphasized that these

data on maximum tensile strain were characterized by a high degree of

scatter, and the relationships shown should be considered as trends rather

than as exact values. The type of curve shown in the figures appeared to

give the best fit of the data at all angles of loading.
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There is nothing in the present data to corroborate Greenhill's

(17) observation of a peak maximum tensile strain at 120° F. for beech.

Data of the present study indicate a general linear increase in maximum

tensile strain with increasing temperature over the entire range of 80°

to 180° F. In this respect, the results agree more closely with those of

Ellwood (14), who observed a general linear strain-temperature relation-

ship for beech over the range 80° to 160° F. The results of the present

study also agree in general with Ellwood's observation of a lower maximum

strait at 6 percent moisture content under all temperature conditions up

to 160° F. than at moisture content levels of 12 percent or higher, though

the demarcation between maximum strain at 6 percent moisture content and

that at higher levels of moisture content was not as sharp as was that

observed by Ellwood. Kollmann (30) concluded on the basis of his studies

of water-saturated oak in tension perpendicular to the grain that maximum

tensile strain could be considered to be practically independent of

temperature over the range of 0° to 100° C. Results of the present study

indicate a very small temperature effect on maximum strain in green material,

particularly at 0° to the growth rings (the angle of loading employed by

Kollmann); these results reasonably agree with Kollmann's findings in this

respect. It appears, however, that Kollmann's conclusion regarding the

negligible effect of temperature on maximum tensile strain must be

restricted to green (or water-saturated) material, and possibly also to

tests conducted at 0° to the growth rings.
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Compressive Stress at 2.5 Percent Strain

As discussed previously, the compressive stress at 2.5 percent

strain was evaluated in lieu of a maximum stress, since there is no real

maximum stress in compression perpendicular to the grain. The analysis-of-

variance table for this property (table 18) shows that both linear and

quadratic components of the effect of moisture content on stress at 2.5

percent strain were very significant. The temperature effect was charac-

terized by a very significant linear component. In addition, several com-

ponents of the moisture content-temperature interaction were very significant.

The relationship of stress at 2.5 percent strain to moisture content

(shown in figure 26) appears to conform reasonably well to the generally

assumed exponential relationship, although a better fit of the data is

obtained by the parabolic relationship assumed in this investigation.

Ellwood (14) observed that the relationship of stress at 2.5 percent strain

to moisture content for beech was linear, a marked departure from the ex-

ponential relationship. However, Ellwood's linear stress-temperature

relationships agreed with those of the present study, although at all

levels of moisture content the'temperature effects observed by Ellwood

were generally less in . terms of both percentage and absolute reduction

than those observed in the present study. The temperature effect observed

in the present study was less, percentagewise, at 6 percent moisture content

than at any of the higher levels of moisture content; and was about the same

at 12 and 18 percent moisture content as in green material. The slopes of
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the lines expressing the stress-temperature relationship are about the

same at 6 percent as at 12 percent moisture content, but are less steep

for material at 18 percent moisture content and for green material. In

the present study the effect of temperature on compressive stress at

2.5 percent strain was very closely comparable to that observed for

other strength properties.

Shearing Properties

No statistical analyses of data on modulus of rigidity or maximum

shearing strength in the TR plane was made, since the values presented

were not based directly on test data, but were calculated on the basis

of tension test results. As would be expected, the trends observed in

the relationship of these shearing properties to moisture content and

temperature are similar to those observed for the properties in tension

upon which they are based: a curvilinear relationship to moisture content

and a linear relationship to temperature. These relationships are shown

in figures 27 and 28.

The values of modulus of rigidity listed in table 3 are generally

about one-third of the modulus of elasticity in tension observed under

comparable conditions of temperature and moisture content at either 0° or

45° to the growth rings, and about one-sixth of the modulus of elasticity

values observed at 90° to the growth rings. The values of maximum shearing

strength listed in table 3 are generally somewhat greater than one-half

of the comparable values of maximum stress in tension under 0° and 45°

loading, and from one-quarter to slightly greater than one-third of the

comparable values of maximum stress in tension under 90° loading.
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Only one other investigator, Kollmann (30), appears to have in-

vestigated shearing characteristics in connection with a study of

perpendicular-to-grain mechanical properties. Kollmann conducted shear

tests employing a notched tensile shear specimen designed to produce

shearing stress along a radial-longitudinal plane. It has been observed

in comparative tests of plywood (46) that neither the block shear test

nor the notched tensile shear test give accurate indications of shear

strength.

The curves of figure 28 indicate that shear strength associated

with strain in the RT plane at 80° F. tends to level off and possibly

decrease slightly as moisture content is decreased below 8 percent. This

tendency has also been observed in ASTM block shear tests of several species

at low levels of moisture content (66). No similar tendency was observed

in the present study at either 130° or 180° F.

Both modulus of rigidity and maximum shear strength showed a lower

percentagewise effect of temperature at 6 percent moisture content than at

any higher level of moisture content. The percentagewise effect on modulus

of rigidity did not change appreciably above 12 percent moisture content,

but the effect on maximum shear strength increased with increasing moisture

content over the entire range observed.
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Tests to Determine Effects of Duration of Heating

This phase of the study was designed to provide some indication of

the effect of duration of exposure to temperatures within the ordinary

kiln-drying range on the short-time perpendicular-to-grain tensile and

compressive properties of red oak. With a view toward application of the

data to problems of kiln drying, the exposure times were planned to cover

exposure periods likely to be encountered in ordinary drying schedules for

a refractory wood of the type under investigation. Of considerable interest

also in this phase of the study was the technique of maintaining specimens

at nearly constant moisture content during the exposure period at moisture

content levels intermediate between ovendry and saturation. In the

extensive investigations of effects of duration of heating conducted by

MacLean (34,37,36) the test material was heated in steam, in water, in a

hot press, or in an oven, without regard to control of moisture content.

Tests and Test Conditions 

Tension and compression specimens of the type shown in figure 2,

identical to those used in the initial phase of the study, were subjected

to various periods of exposure at 130° F. and 180° F. at 12 percent moisture

content or in the green condition. Exposure periods were designed to give

six uniformly spaced intervals on a logarithmic time scale, the maximum

exposure period being 30 days.

In order to obtain suitably matched specimens, material from logs

1 and 4 only was used in this phase of the study. Material from logs 2

and 3 was reserved for subsequent creep and relaxation testing. The
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grouping of logs was based on the fact that material from logs 1 and 4

appeared to be relatively similar in mechanical properties, as observed

in the basic short-time tests in tension and compression; this similarity

was apparent also in material from logs 2 and 3.

Specimen material consisted of 2 tension and 2 compression speci-

mens from each of the 2 logs for each of the 6 exposure times at each of

the 4 combinations of temperature and moisture content--a total of 96

tension specimens and 96 compression specimens.

Testing Procedure 

Specimens either conditioned to 12 percent moisture content at 80°

or kept green in the cold room at 35° F. were exposed in the chamber of the

test machine, in which were maintained conditions of 12 percent equilibrium

moisture content at either 130° or 180° F. Specimens at 12 percent moisture

content were exposed directly to the conditions of the test chamber. Green

specimens were placed in a desiccator, the bottom of which was filled with

distilled water and the top of which was fitted with a glass tube drawn out

to a fine tip with a very small opening. The purpose of the opening was

to maintain atmospheric pressure within the desiccator. This desiccator

was placed in the test chamber to maintain the green test specimens in an

atmosphere of essentially 100 percent relative humidity at the exposure

temperature. It was found that a cloth wick extending from the water up

to the level of the test specimens aided in providing more nearly 100

percent humidity in the vicinity of the specimens.
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As each pair of tension specimens and each pair of compression

specimens from each log completed their preassigned exposure time, they

were removed from the test. chamber. One specimen of each pair was then

placed into a humidity room for reconditioning.before testing at 80° F.;

the other specimen of the pair was wrapped in a plastic bag to await

testing at the elevated temperature. Specimens at 12 percent moisture

content were reconditioned in a controlled atmosphere of 80° F. and

65 percent relative humidity for at least 1 month. Green specimens were

stored in plastic bags in the cold room at 35° F. Specimens that were

not to be reconditioned were tested immediately in the testing chamber,

according to the procedures used in the basic short-time tests. Re-

conditioned specimens were tested in the same test chamber at 80° F.

after the exposure of all specimens had been completed. Again, the

testing procedures were the same as those used in the basic short-time

tests in tension and compression.

Presentation of Results

Results of tests in tension perpendicular to the grain on specimens

exposed for various lengths of time to 130° or 180° F. either at 12 percent

moisture content or in the green condition are presented in table 6.

Results of tests in compression perpendicular to the grain on specimens

subjected to the same exposure conditions are presented in table 7.

Data on modulus of elasticity, proportional limit stress, stress at maxi-

mum load, and maximum strain in tension perpendicular to the grain are
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plotted against the logarithm of exposure time in figures 29, 30, 31,

and 32, respectively. Data on modulus of elasticity, stress at proportional

limit, and stress at 2.5 percent strain in compression perpendicular to

the grain are plotted against the logarithm of exposure time in figures

33, 34, and 35, respectively.

A linear relationship between percentage values of the various

properties and the logarithm of heating time has the disadvantage of

implying that the value of a property would be reduced to zero at some

finite heating time; this assumption is not justifiable on a theoretical

basis. The semilogarithmic plot presents the data much more clearly than

would a logarithmic plot in this instance, however, and is not objectionable

on a theoretical basis if the relationships indicated are not extrapolated

beyond the 30-day limit of this investigation.

No overall analyses of variance were attempted, since it was apparent

from the data that most Of the effects relating to duration of heating would

be involved in interactions. Rather, the analysis was directed toward

establishing the significance of the regression of the various properties

with the logarithm of exposure time under the various conditions of test.

Several analyses of variance of the slopes of regression lines for the

various test conditions were carried out for each property in order to

determine which slopes, if any, could be combined to make best use of the

experimental design for evaluating the duration of heating effects. Test

condition groups for each property for which a significant negative re-

gression was thus established are so designated in tables 6 and 7, and
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the regression coefficient is presented for each significant regression.

Statistically significant slopes are shown in the figures presenting

duration of heating data as solid lines. Where no significant slope

was indicated by the analysis, a horizontal dashed line is drawn at a

level corresponding to the group mean.

Discussion of Results 

In spite of the fact that the data were generally too limited to

indicate clearly more than the most pronounced effects of duration of

heating, several instances of significant reduction in the values of

perpendicular-to-grain mechanical properties with duration of heating

were noted. In general, where a significant reduction in the value of a

property was indicated, the relationship of the percentage of the control

value to the logarithm of exposure time was quite well described by a

straight line. This indicates an exponential relationship of the various

properties to exposure time under constant conditions of temperature and

moisture content. It has been observed by MacLean (34,35,36) that similar

relationships for many parallel-to-grain mechanical properties are best

represented by power functions, rather than exponential functions;

MacLean's data have generally been fitted by straight lines relating

the logarithm of the percentage of the control value to the logarithm

of heating time.

It is evident from the values in tables 6 and 7 and the curves in

figures 29 through 35 that the effects of duration of heating were much

more pronounced at 180° than at 130°, and tended to be more pronounced
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in green material than in material at 12 percent moisture content. Both

of these tendencies would be expected on the basis of MacLean's results,

which showed an exponential relationship of strength to temperature at

constant heating periods; these results also showed a more pronounced

effect at all temperatures when heated in water than when heated in an

oven. These tendencies also agree with Stamm's (53) conclusions relative

to thermal degradation of wood. Stamm concluded that thermal degradation

is greater under steaming than under dry heating conditions, and that

activation energies of degradation reactions are about half as large

under steaming conditions as under dry heating conditions at the same

temperature.

Only in maximum stress and maximum strain in tension perpendicular

to the grain were significant permanent effects of heating observed at 130°

F. The effect on maximum strain of heating at 130° is extremely doubtful

(even though statistically significant) since no such effect could be

established for 180° heating. Significant permanent effects were observed

for most properties after heating at 180°, particularly in the case of

green material. It is generally considered that temperatures above 150° F.

will have a permanent effect on strength (64). In this respect, the data

of the present study indicate that some perpendicular-to-grain properties

may be more sensitive to permanent heating effects than are the parallel-

to-grain mechanical properties previously investigated. This is especially

apparent for green material heated at 180° F., which showed somewhat

greater reduction in strength than was reported by MacLean for the same

duration of heating in water at 200° F. Such comparisons are necessarily
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somewhat uncertain, however, because of the differences in test conditions,

species, and types of test involved.

Heating for 30 days at 130° F. did not have any significant effect

on modulus of elasticity in either tension or compression in material

either conditioned at 12 percent moisture content or kept in the green

condition. However, a significant reduction of modulus of elasticity

in tension with increased heating time was established for 180° heating

at both moisture levels; the effect of heating was much more pronounced

in green material than in material at 12 percent moisture content. The

comparable compression data were too scattered to permit establishment

of significant regression lines for the material heated at 180°, except

for green material that was tested at 80° F. The slope of the line

expressing the reduction in modulus of elasticity of this latter group

with time of heating was very nearly the same as that for the comparable

tension data. This fact, coupled with the general trends of the other

180° compression data, indicates that the reduction of modulus of

elasticity in compression was probably very similar to that in tension,

and could be expressed with reasonable accuracy by the same regression

coefficients.

No significant effect of heating at 130° on proportional limit

stress in either tension or compression was observed. Data on proportional

limit stress in tension show a significant permanent reduction for green

material heated at 180°, but the other data taken at this temperature

were too scattered to establish significant regression lines. These
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other data do show indications of a slight reduction, however, which

would very likely be established by a larger number of tests than were

conducted in the present study. The permanent reduction in proportional

limit stress in tension at 180° for green material was about the same

as that for modulus of elasticity under the same conditions. This latter

relationship also held true in compression at 180° for green material;

the regression lines for proportional limit stress in compression at

12 percent moisture content have about the same slope as those for

modulus of elasticity in tension under comparable conditions.

Maximum stress in tension perpendicular to the grain was apparently

somewhat more sensitive to duration of heating effects than were the other

properties investigated. Significant reduction in maximum stress was

observed at 130° for reconditioned material at both 12 percent moisture

content and in the green condition; the percentage reduction was about

the same at both levels of moisture content. Marked reduction in this

property was observed at both moisture content levels under 180° heating,

both in the material tested at 180° and in that reconditioned and tested

-at 80°. The percentage reduction was greater for green material than

for material at 12 percent moisture content, as would be expected. In

all cases, the regression coefficient for this property is higher than

that for other tensile or compressive properties investigated under

comparable test conditions, except for the single instance of a steeper

significant regression of tensile strain at maximum load under 130°

heating. This marked reduction in perpendicular-to-grain tensile strength

with duration of heating is likely to have a very great influence on the
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development of drying defects, particularly in the case of thick stock in

which the core is likely to be at a moisture content above the fiber

saturation point for a long period under kiln-drying conditions.

Data on tensile strain at maximum load were too scattered, in

general, to establish significant regression lines. The only group for

which the data showed a small enough variance--consistent with the slope--

to establish a significant regression line was the 12 percent moisture

content material heated and tested at 130° F. Several other groups show

evidence of a slight downward trend with increasing heating time, although

extreme variability rendered the regressions not statistically significant.

The overall indication is that the immediate effect of heating was to

increase the strain at maximum load and that this strain was then reduced

slightly by continued heating at the same temperature. As was observed

in the basic portion of the study, the immediate effect of temperature

was appreciably less for green material than for material at 12 percent

moisture content, and was less for material at 12 percent content heated to

130° than for material at the same moisture content heated to 180°.

Compression stress at 2.5 percent strain, though not really com-

parable to maximum stress in tension, was affected in a somewhat similar

manner by duration of heating. However, it was apparently less sensitive

to permanent effects of heating than maximum stress in tension. No

significant effects were observed at 130°, but significant regression lines

were established for all groups at 180°. These regression lines indicate

a greater permanent effect of heating for the reconditioned green material
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than for reconditioned material at 12 percent moisture content, though

the percentagewise effect on material tested at 180° was about the same

at both levels of moisture content.

The overall impression given by these data is that the

perpendicular-to-grain mechanical properties of wood are subject to

heating effects under the conditions of temperature, moisture content,

and heating time involved in normal kiln drying. The reduction in

strength indicated on the basis of the present test results appears to

be great enough to contribute significantly to the development of drying

defects, and is somewhat greater than that previously indicated by the

work of MacLean (34,35,36), Stamm (53), and Comben (11), which was based

on parallel-to-grain properties. It is interesting to note, however,

that work done in Australia (12) did indicate a significant effect of

temperature and duration of heating on the strength and modulus of

elasticity in tension perpendicular to the grain of four species. The

magnitude of the strength reduction indicated by the results of the present

study can be fully appreciated only when it is remembered that the time

scale of the regression lines is logarithmic. This means that 1/3 of the

observed reduction took place within the first 3 days, and well over 1/2

of the observed reduction took place within the first week, of heating.

Figure 31 indicates, for example, that maximum tensile strength perpendicu-

lar to the grain in a direction parallel to the growth rings would be

reduced from the value obtained by merely heating to 180° before testing

(as in the first phase of this investigation) to about 80 percent of this
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value after heating at 180° for a week at 12 percent moisture content,

or for just 3 days in the green condition. This fact, coupled with the

reduction in effective strength due to creep under load, could have

serious implications with regard to the development of drying defects.

Another interesting conclusion to be derived from these data is that

most of the reduction in strength that is caused by duration of heating is

permanent, not recoverable by reconditioning to the same moisture content

at room temperature. Furthermore, in most instances where a significant

regression could be established for both material tested at exposure

conditions and that reconditioned and tested at 80°, the ratio of the

value of the property at exposure conditions to that for material recon-

ditioned and tested at 80° after the same duration of heating was

approximately constant at a value very nearly equal to the ratio for the

control material (zero time). If substantiated by additional experimenta-

tion, this fact would prove useful for the determination of perpendicular-

to-grain mechanical properties under drying conditions; it would also

prove useful for the application of data on parallel-to-grain heating

effects (such as that presented by MacLean) to conditions where structural

timbers are heated for long periods of time while in service. A knowledge

of the immediate effect of heating, coupled with existing data on the

strength reduction observed in material reconditioned after various periods

of heating, would make possible the consideration of permanent heating

effects in the design of such structures.
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Creep and Recovery Tests 

This phase of the investigation was designed to explore one portion

of the perpendicular-to-grain rheological properties of red oak in tension

and compression, as related to temperature, moisture content, and level of

stress. As in other phases of the study, tests and test conditions were

planned to provide data that would be applicable to a fundamental under-

standing of problems associated with kiln drying. The usual duration of

test was approximately 3 days (72 hours), a much shorter time than those

of several months or years that are commonly used in creep or stress

relaxation tests of wooden members for structural applications. The

short duration of test was selected because drying strain studies (39,40)

have indicated that any one portion of the cross section of a drying board

is rarely subjected to stresses in the same direction of even approximately

a constant order of magnitude for longer than 3 days under normal drying

conditions. Actually, of course, the stresses to which any one portion

of a drying board are subjected are never constant and are in a continual

state of flux. For that reason, any analysis based on constant stress

(as in creep) or constant strain (as in stress relaxation) is only an

approximation at best. It is highly probable, however, that such data

based on steady stress or strain conditions can be applied to the solution

of drying problems involving unsteady conditions. Moreover, such an

approach is probably the only practical one, since controlled testing

under unsteady conditions would be virtually impossible either to execute

or interpret.
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Tests and Test Conditions

The investigation was designed to include creep and recovery tests

in tension and compressiomperpendicular to the grain at two levels of

temperature, 80° and 180° F.; two levels of moisture content, 12 percent

and green; and six levels of constant stress under each condition, with

one specimen from each of two logs to be tested at each stress level.

The stress levels selected were 4o, 50, 6o, 70, 80, and 90 percent of

maximum load in tension, as determined by the short-time static tests of

the first phase of the investigation. Experimental difficulties and

rapid failure of specimens--particularly in testing at 180° F.--prevented

the collection of good data for many specimens, however; and it was not

possible to obtain a complete set of data for the entire range of test

conditions.

Specimens were assigned to test conditions on the basis of the

random assignment carried out at the beginning of the investigation for

all tests of all phases. Tension and compression specimens were identical

in size and shape to those used in other phases of the work. Specimens

for tests at a nominal moisture content of 12 percent were conditioned for

several months in a room that was controlled at 80° F. and 65 percent

humidity. Specimens for tests in the green condition were stored in plastic

bags in a room controlled at 35° F. and 90 percent humidity,

The testing equipment for creep and recovery tests in tension and

compression is shown in figure 36. Each unit consisted of a tall sawhorse
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from the top of which was suspended a system for holding the specimen

and applying to it a steady load. The system of holding the specimens

was similar to that used in the basic mechanical tests, except that the

design of the compression jig was changed slightly to reduce weight and

improve stability. The specimen-holding system was attached to the saw-

horse by means of a bolt eye fitting over a clevis, allowing rotation

in any direction to compensate for specimen and loading eccentricity.

To the bottom of the specimen-holding system was attached a redwood box

for holding weights. This, too, was attached by means of a universal

joint to take up loading eccentricity. In the unloaded condition, the

weight box was supported by two wood blocks 6 inches square in cross

section. Load was applied by turning the hand screw at the top of the

sawhorse, which raised the loading system off the blocks and transferred

the load to the specimen. To one of the blocks was attached a lever-

actuated microswitch connected to an hour meter. The microswitch turned

on the hour meter when the box was raised off the blocks and stopped

the hour meter when the box returned to its resting position on the blocks,

thus providing an accurate measure of time under load.

Strain was measured by means of clip gages similar to those used

in the short-time tests. Legs cut from a section of stainless steel angle

iron were substituted for the brass legs, however. These legs were

somewhat shorter than those of the clip gages used in the earlier phase

of the study and were designed to permit use of a longer phosphor bronze

backing strip. The strain was measured over a l-1/4-inch gage length at

the center of the net section, between brass knife edges that were mounted
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in pairs on opposite sides of the specimen and screwed together to give

a rigid attachment to the specimen. The slightly different clip gage

design and greater gage length approximately doubled the sensitivity of

the strain measurements. One microinch of indicated strain on an SR-4

strain indicator corresponded to a specimen strain of about 0.000034

inch per inch, as compared to 0.00007 inch per inch for the clip gages

used earlier in the investigation.

Four of these units were constructed, two for tension testing and

two for compression testing. For creep and recovery tests at 80° F.

the equipment was set up in the 80°-65 percent humidity room used for

conditioning the 12 percent specimens. For tests at 180° F. the four

units were placed in a'small drying chamber that could be controlled at

the desired testing conditions. For these latter tests the strain gages

were connected to an BR-4 strain indicator outside of the chamber, making

possible remote strain readings without disturbing test conditions. The

hour meters were also located outside the test chamber. The short hand

screw for applying and removing load was replaced by a long screw that

extended through the roof of the drying chamber to permit loading and

unloading without opening the chamber.

Testing Procedure 

The specimens for creep and recovery testing were measured and

weighed before being placed in the test apparatus. Green specimens, which

had been stored at 35° F., were allowed to come to room temperature in a
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plastic bag before measuring in order to eliminate effects of thermal

expansion. The knife edges were then located on the specimen by means

of a gage block designed .for the purpose and were secured in place by

tightening the thumbscrews finger tight. Specimens were gripped in the

same manner as for the short-time tests. When the specimens had been

placed in the testing apparatus, the clip gages were attached to the

knife edges. Green specimens tested at 80° F. were kept green by

enclosing the specimen and grips in a plastic covering that was secured

at the top and bottom and in which was placed a water-saturated cloth

to maintain a high relative humidity within the enclosure. Green speci.-

mens tested at 180° F. were kept green by means of a wick wrapped around

the specimen and attached to a water supply, an arrangement similar to

that for short-time tests of green material. The chamber was then

controlled at a wet-bulb temperature of 180° with about a 5° wet-bulb

depression, instead of at 180° dry bulb with a 90 wet-bulb depression

as for the specimens at 12 percent moisture content. Sufficient lead

shot was placed in the load box to produce the desired stress on the

specimen, the tare weight of the box and all hardware supported by the

specimen being included in this load. For tests in the drying chamber

at 180° V. it was then necessary to allow about an hour for the proper

test conditions to be reestablished and stabilized.

The strain gages were read before load was applied. Load was then

transmitted to the specimens by turning the hand screw at the top of each

sawhorse. An electric light bulb connected to the time clock circuit was

Report No. 2079	 -74-



lighted when the microswitch under the load box switched on, indicating

that the load box was free of the supporting blocks. A strain reading

was made and a stop watch was started when the light turned on. Strain

readings were taken at 3, 6, 12, 18, and 30 minutes, and thereafter at

gradually increasing intervals of, time for a 3-day period. Some of the

180° specimens at high stress levels deformed and failed so rapidly that

readings were also taken at 1, 2, and 9 minutes. At the end of the 3-day

loading period, specimens that had not failed were unloaded by returning

the hand screw at the top of the sawhorse to its original position.

Recovery readings were taken in the same manner as the creep readings,

starting at the time when the electric light bulb connected to the micro-

switch was turned off, indicating that the load box had returned to

position on the supporting blocks. A few extra turns of the screw were

then made to allow sufficient slack for free recovery of the specimens.

At the end of the 3-day recovery period, specimens were removed from the

apparatus and reweighed to detect possible weight loss during test.

The central 2 inches of tension specimens and the entire compression

specimens were then weighed and ovendried for determination of moisture

content. Specific gravity in the ovendry condition was determined by

water immersion after dipping in a paraffin carbon tetrachloride solution.

Results

Curves showing the relationship of creep and recovery to time for

tension and compression perpendicular to the grain at 0° to the growth

rings are presented in figures 37 through 40. These curves are an average
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of the two curves obtained for each stress , level at each combination of

temperature and moisture content conditions from the specimens from each

of two logs. When creep and recovery data from these curves were plotted

against time on logarithmic paper, the resulting curves were nearly linear,

suggesting that the relationship of creep and recovery to time might be

described by a power function of the form

Y = ax

Since, for the present purpose, y represents strain in creep or recovery,

it may be expressed as the difference between total strain, e, and the

strain developed immediately upon application or removal of Ioad,e0.,

The creep or recovery would then be e - e o . For stresses, less than the

proportional limit stress, e c, represents elastic strain. In the present

application the independent variable, x, in the general equation above

represents time. This variable can then be called t. The result of this

transformation is a general equation

e - e0 = mt
n

or, in terms of total strain in either creep or recovery,

e = e0 + mtn
	

(8)

where m and n are parameters that are constant for any one curve. Since it

is difficult, however / to determine the exact moment when load is fully

applied to or removed from the specimen in this type of test, it is useful

to consider ec, itself as another parameter that may be calculated from the

data for any particular condition of loading as a function of stress.
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The first step in the calculation of parameters was the plotting

of creep and recovery against time on logarithmic paper. For this pur-

pose an estimate of ec, was made by setting e0 equal to half of the total

strain at 1 hour, as suggested by Boller (7) for reinforced plastic lami-

nates. This proved to be a close enough approximation to give straight

lines on the logarithmic plot. Straight lines were drawn through the

data points and extended to t = 100 hours. Separate values of e 0 and

resulting straight lines were determined for creep and for recovery.

Values of creep or recovery strain were then taken from the line at points

corresponding to 1, 10, and 100 hours (t 1, t2 , and t3 ) and designated as

e1, e2, and e3, respectively. From the three simultaneous equations

e1 = eo + mt1
n	 (9)

e2 = e0 + mt2
n

e 3 = e0 + mt3
n

can be derived the relationships

,
e1 - e2

 = m (ti
n
 - t2n)

e3 = m (t2n - tan)

From this it is apparent that

el - e-	 e2 e3
e 

tin - t2n t2n - tan
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and el e2 
tln t2n

e2 -e3 t2n - tn3

Since the values of tl , t2 , and. t3 are chosen such that

t2 = rt1

and t3 = r2
t1)

then 
e1- e2

	t n rnt n
1	 1	 1 - rn	1 1 - rn	1

	

e2- e3	rntin r2ntin rn r2n	 n	 rn rn

e2 - e3
rn = 	

e1 - e2

e2 - e3
log el - e2

log r

Since r = 10, log r = 1, and

n = log
e2 - e3

e
1
 - e

2
(10)

The value of m can then be calculated from the expression derived

by subtracting the first of the simultaneous equations (9) from the second

which is

- 
e2 - e1 	 e2 e1 m 
t2

n - tl
n 

t2
n - 1

n-

(a)
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Once the values for n and m have been calculated for any condition of

loading it is then a simple matter to calculate e 0 from the first of

the three simultaneous equations as

e0 = el - mtin = el -m
	 (12)

In this final calculation of e0 , it is necessary to add to the result
e —l

the amount	 that was originally subtracted from all values of e

as an estimate of e o .

Values of the parameters n, m 0 and ec, were calculated by means of

equations (10), (11), and (12) for all conditions of loading for which

sufficient data were available. These are presented, along with specific

gravity and moisture content data, in tables 8 and 9. Also included in

table 8 are values of time to failure for tensile creep specimens that

failed before the 3-day period of loading was completed. Where values

of n for the various stress, levels at a single temperature and moisture

content condition did not show any trend with respect to stress, they

were averaged to give a value of II that was used in place of individual

values of n for calculations of m and e o values for the individual stress

levels. The value of fl for such groups is indicated in tables 8 and 9.

Since n represents the slope of the line on a logarithmic plot, such

groups were also characterized by approximately parallel lines for the

various stress levels within the group.

Differentiation of the general equation for creep or recovery with

respect to time results in an expression

d (e e0) mntn - 1
dt

(13)
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that can be used to calculate creep rate or recovery rate at any time, t,

for any condition of loading for which values of the parameters e o , m, and

n are known. Values of the creep rate and of recovery rate calculated for

various conditions and times of tensile and compressive loading are

presented in table 10. A representative plot of the relationship of

creep rate to stress level at 10 hours is shown in figure 41.

Discussion of Results 

Tables 8 and 9, which present the results of the testing in creep

and recovery from creep, show several gaps in the data. These were due

largely to failures of the strain measuring equipment, although erratic

behavior of test specimens under the more severe temperature and moisture

content conditions also contributed to this difficulty. The clip gages

used for strain measurement gave considerable trouble, particularly at

1800 , both from breakage of the fine lead wires during loading or un-

loading of specimens and from short circuits that developed as a result

of penetration of moisture during the course of a test. Improvement of

the strain-measuring system would undoubtedly contribute much to the

greater success of future testing of this type.

In spite of these difficulties, however, many reliable data were

obtained and several significant factors contributing to the perpendicular-

to-grain creep behavior of red oak were discernible.

Figures 37 through 40 show that creep and recovery in both tension

and compression perpendicular to the grain were increased by both increasing
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moisture content and increasing temperature. The effect of raising the

temperature from 80° to 180° F. at the same moisture content was con-

siderably greater than the effect of raising moisture content from 12

percent to the green condition at the same temperature. Moreover, the

combined effect of high temperature and high moisture content was much

greater than that for the individual temperature and moisture content

effects added together, particularly in the tension creep tests; this

fact indicated a strong interaction of temperature and moisture content

at 180° Y. in the green condition. Creep tests in shear conducted in

Australia (24) also indicated this strong interaction of temperature and

moisture content on creep properties. Those same tests indicated an

apparent independence of the recoverable component of creep on tempera-

tures between 0° and 50° C. and moisture content between 5 and 18 percent,

although no confirmation of this has appeared in the literature. The.

present results cannot confirm this result because tests were conducted

at but one temperature and moisture content level within the stated range

of apparent independence.

The curves of figures 37 through 40 indicate that both total creep

and irrecoverable creep at 80° F. were less in compression than in tension

at the same levels of stress at both levels of moisture content. This

difference is also clearly evident in the values of both creep rate and

recovery rate for tests at 80° presented in table 10. The difference is

not apparent for tests at 180°, however, either in creep-rate and recovery-

rate values or in total creep and recovery. The apparent difference cannot
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be attributed to differences in moisture content or specific gravity of

the test material because the values listed in tables 8 and 9 are very

similar for tension and compression specimens tested at 80°. The rather

large value of Poisson's ratio, gm, suggests that there may have been

a difference from this cause, since the cross-sectional area of the speci-

men would be increased during compression testing and decreased during

tension testing. It is also possible that there may be a real difference

between the manner in which cell wall components behave in tensile creep

and their behavior in compressive creep.

It is hardly conceivable, however, that these effects alone could

account for the large observed difference between tensile and compressive

creep, though they may have been contributing factors. It is possible that

a large part of the difference might have resulted from restraint imposed

by binding of guide-pins of the compression jigs, a likely occurrence if

the jigs were not perfectly alined. The fact that the values of e s:3 in

table 9 for compression tests at 80° are generally lower than those in

table 8 based on tension tests at 80° lends some weight to this suggestion,

since eo represents strain taking place immediately upon application of

load, and would represent (at least for the lower stress levels) largely

elastic strain. The results of the short-time mechanical tests of this

investigation showed little difference between modulus of elasticity in

tension and in compression under the same conditions of temperature and

moisture content.

At the same time, the form of the stress-strain curves in tension

and in compression were much the same up to the point at which tensile
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failure took place, with any slight difference favoring a greater strain

in compression than in tension at the same stress level., Under normal

conditions,. therefore, ec, in compression would not be expected to be less

than that in tension at the same level of stress. The fact that e 0 was

lower in compression indicates that some such restraint might very con-

ceivably have affected the results. In testing at 180°, all contacting

metal surfaces of the compression jigs were thoroughly greased to minimize

corrosion; this treatment undoubtedly reduced the restraining action

of the compression jig and gave compression test results closely comparable

to the results of tension creep tests.

The parameters e
o
 and m for creep in tension and compression are

generally characterized by a greater than linear increase with increasing

stress (tables 8 and 9). However, the comparable parameters for recovery

are characterized by a generally linear increase with increasing stress.

Since eo
 represents the strain developed immediately upon application or

removal of load, this observed relationship to stress is entirely to be

expected. The loads applied to the creep specimens were (for the most

part) sufficient to produce stresses above the proportional limit stress

of the material; therefore the immediate strain would be more than pro-

portional to the applied stress. But recovery from creep upon the removal

of load is elastic in nature and as such would be proportional to stress.

The parameter n, in contrast to the other two calculated parameters,

does not appear to be related to stress, except for the compression creep

tests at 80° that were discussed previously as showing a possible influence
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of external restraint. For all groups of creep and recovery tests other

than these, the parameter n was averaged within the group to give a value

of n characteristic of the group. No comparable value of n could be found

in the published literature for purpose of comparison. However, Boller (7)

found a single value of n characteristic of several stress levels of

reinforced plastic laminates, as did Worley and Findley (69). Earlier

work done at the Forest Products Laboratory also indicated an apparent

independence of n on stress for creep of wood in tension and compression.

If it is assumed that n is generally independent of stress--as

seems reasonable on the basis of the present results--it then follows

that at any time, t, for any given set of temperature and moisture content

conditions within the range covered by this investigation, the amount of

creep must increase more than proportionately with stress, and the amount

of recovery must be proportional to the stress from which the material is

recovering. This conclusion is based on the previous observations as to

the relationship of m to stress and on the characterization of creep or

recovery by the function mtn.

While n appears to be generally independent of stress, it is not

independent of either temperature or moisture content. The values of creep

parameters listed in table 8 indicate that E for green material is about

1-1/2 to 1-3/4 times that for material at a nominal 12 percent moisture

content, and that n for material at 180° F. is about 1-1/3 to 1-1/2 times

that for material at 80° at the same moisture content. Some of the variation

in ratios of xi for the different conditions may be due to the fact that the

nominal 12 percent moisture content material at 180° was appreciably drier

than that at 80°. The data of tables 8 and 9 show that nominal 12 percent•

moisture content creep specimens were actually about 11 percent at 80°
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and about 7 percent at 180°. The moisture content values indicated for

the 180° material are probably slightly low because of drying of the hot

wood between the time of removal from the test chamber and time of weigh-

ing, in spite of the precautions taken to prevent such drying; moreover,

it is apparent that the specimens tested at 180° were also somewhat drier

during test than those tested at 80°. That condition no doubt resulted

in some reduction in creep below what would be expected at the higher

moisture content. Consequently, the drier condition resulted in values

of n for 180° tests that are somewhat low with respect to those calculated

from 80° test data at the nominal 12 percent moisture content level.

Comparisons of values of creep rate- and recovery rate listed in

table 10 are most conveniently based on equivalent stress levels as per-

centages of maximum load, since there is little overlapping of actual

stresses between the various groups. It should be remembered that such

comparisons indicate effects of temperature and moisture content that are

considerably less than would be indicated by comparisons of creep rate

or recovery rate based on application of the same stress under different

test conditions. For example, the creep rate indicated for 180° material

in tension at 12 percent moisture content at the 40 percent stress level

(4o percent of static tensile strength) is about twice that for 80° green

material at the 40 percent stress level; while the creep rate for 180°

material at 12 percent moisture content under a stress equivalent to that

of the 80° green material at the 40 percent stress level is over four times

as great as that for the latter material. The ratios of creep rate for
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tensile creep at 180° F. to that for tensile creep at 80° F. at the

same percentage stress level show a general decrease with increasing

stress level and an increase with time at each stress level. The

decrease with increasing stress level probably reflects the greater

interval of actual stress between stress levels at 80°, while the

increase with increasing time indicates that creep slows down less

rapidly at 180° than at 80°. For material at a nominal 12 percent

moisture content the ratio at the 40 percent stress level increases from

3.9 at 2 hours to 11.7 at 50 hours. At the 80 percent stress level the

ratio increased from 2.2 at 2 hours to 2.7 at 50 hours. The comparable

ratios for green material are much higher, increasing at the 110 percent

stress level from 6.4 at 2 hours to 9.9 at 50 hours, despite the fact

that there is a much greater disparity between the actual stresses

applied for the green material than for the material at 12 percent mois-

ture content. Comparisons of creep rates in compression are subect to

the limitations regarding the behavior of compression specimens at 80°

that were discussed previously. Compression creep and recovery rates

at 180°, however, are generally as great as or slightly greater than

those for comparable stress levels in tension. There is little evidence

to substantiate for red oak the greatly increased creep rates observed

for beech in very limited testing by Ellwood (111).

As indicated in figure 111 for tensile creep, creep rate not only

increases with increasing temperature and with increasing moisture content,
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but also increases more than linearly with increasing stress at all condi-

tions of temperature and moisture content investigated.

Work done in Australia by Grossman and Kingston (24)/has been

designed to test the applicability of Boltzmann's superposition principle

to wood. This principle states that the deformation at any instant of a

body manifesting recoverable creep is due not only to the load acting at

that instant but also to the entire previous loading history of the body.

The assumptions of this principle are (a) that the magnitude of recover-

able creep at any time is proportional to the load, and (b) that the

total deformation due to a complex loading history is a simple summation

of the deformations due to the separate loading effects. In this regard,

the removal of load would correspond to application of negative load equal

in magnitude to the load removed. Grossman and Kingston's superposition

tests in shear indicated the applicability of the superposition principle

for creep times of several hours or more. The chief difficulty in apply-

ing this useful principle to wood is the problem of distinguishing between

recoverable and irrecoverable creep. Leaderman (32) indicated that the

effect of irrecoverable creep could be removed in many high polymers by

a process of mechanical conditioning, referring to a change in properties

after application of stress. Grossman and Kingston (25) considered this

mechanical conditioning effect in greater detail for high polymers in

general, and derived a function describing mechanical conditioning that

assumed proportionality of irrecoverable creep at any time to stress.
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This analysis indicated, among other things, that the irrecoverable creep

function can be found most easily from the difference between a creep

curve and a recovery curve after a long loading time. This concept was

expressed earlier in a slightly different manner by Leaderman (32), who

indicated that, for bodies manifesting only recoverable creep, contraction

due to removal of load--as a function of recovery time--is the same as

extension as a function of creep time following long-duration creep in

which creep has essentially reached completion. A similar method of

separating recoverable from irrecoverable creep was developed in an

analytical approach to the theory of creep deformation by Pao and

Marin (47).

It seems likely that the superposition principle could be applied

in this manner to determine the time rate of development of irrecoverable

creep as a function of stress under various conditions of temperature

and moisture content. This information would be very useful in the

solution of many drying problems, since the development of irrecoverable

creep (or set) is an important factor in many of these problems. This

application would consist of superimposing a recovery curve on the curve

for the creep that preceded it, considering the recovery as application

of a negative stress producing only recoverable creep. While it is

obvious from the curves of figures 37 through 40 that creep had not

reached completion at the time of unloading, many of the recovery curves

do begin to approach an imaginary horizontal asymptote. This latter

observation indicates that in many instances in the present investigation,
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the recoverable creep was approaching a point that might be called

essential completion, at least as a reasonable approximation. Ir-

recoverable creep could then be estimated as shown in figure 42, which

shows a hypothetical creep curve for wood, followed by unloading, and a

recovery curve. The total strain at any time, t, on the creep curve

consists of three separate components: the elastic strain developed

immediately upon application of load, the recoverable creep, and the

irrecoverable creep. At time t after removal of load, the total recovery

is represented by the strain er, which includes both immediate and delayed

recovery and corresponds to the immediate strain and recoverable creep

at time t on the creep curve.

Superimposing recovery curve ABC with a negative sign on creep

curve 00'B has the effects, therefore, of subtracting portion 009), which

represents only elastic strain and recoverable creep, and of isolating

the irrecoverable creep. At time t this latter portion would be represented

by e.. The time rate of increase of ei from the point t 0 to any

point t = tx would then give a reasonable estimate of the time rate of

development of irrecoverable creep. To illustrate, values of irrecover-

able creep were thus determined from the tensile creep and recovery curves

for the 12 percent moisture content material tested at 80° and 180° F.

These were the groups from which the most reliable and complete data

were obtained. The relationship of this irrecoverable creep to stress

at several intervals of time after loading is shown in figure 43. These

curves indicate that irrecoverable creep increases several times as
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rapidly at 180° as at 80° at the same moisture content, though the

curves have the same basic form; and that irrecoverable creep proceeds

rapidly for the first few hours of loading, the rate gradually diminishing

with time. The curves also point out the fact that irrecoverable creep

increases more than proportionately with stress, leading to the conclusion

that most of the nonproportionality of the creep curates must be due to

irrecoverable creep. Grossman and Kingston (22) observed that tensile and

compressive creep of several Australian species increased more than linearly

with stress and that the greater part of this nonlinearity was due to ir-

recoverable creep. They also observed (23) that irrecoverable creep strain

in wood in bending increased more than linearly with stress, while delayed

recoverable creep in bending appeared to be proportional to stress.

From these observations relative to the application of Boltzmann's

superposition principle to estimate rate of development of irrecoverable

creep, it follows that this rate can also be estimated for the various

conditions of loading by subtracting the value of recovery rate (listed in

table 10) from the corresponding value of creep rate. Comparisons on this

basis indicate, for example, that rate of development of irrecoverable

creep at the point t = 2 hours at the 40 percent stress level for tensile

creep at 12 percent moisture content was nearly 15 times greater at 180°

than at 800 ; while for green material this rate was nearly 19 times as

great at 180° than at 80°. Likewise, the rate of irrecoverable creep at

800 was about 4 times as great for green material as for material at 12

percent moisture content; while that at 180° was about 5 times as great for

material in the green condition as for material at 12 percent moisture

content.
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Stress Relaxation Tests

This final phase of the investigation explored the perpendicular-

to-grain rheological properties of red oak in tension and compression as

indicated by relaxation of stress under constant strain. The fundamental

assumptions and intended applications are generally the same as described

in the introduction to the section dealing with creep and recovery tests.

As in the earlier section it was not possible to carry out an intensive

investigation of stress relaxation properties, and the work performed

must be considered exploratory in nature, pointing the way to possible

intensive work in the future.

Tests and Test Conditions 

This phase of the investigation was designed to include stress

relaxation tests in tension and compression perpendicular to the grain

at the same temperature and moisture content conditions as the creep and

recovery tests, and started at the same levels of initial stress that were

applied as constant loads in the earlier tests. The fact that the tests

had to be conducted in a testing machine under rather closely controlled

temperature and humidity conditions necessitated a slight change in plans.

Since the conditioning chamber of the machine used for the short-time .

tests could not be controlled closely enough as to temperature and humidity

at 80° F. for relatively long-time testing, and since this machine allowed

testing of but one specimen at a time, it was decided to carry out the low-

temperature tests in the two loading units of a fatigue machine that was

installed in a room controlled at 75° F. and 64 percent humidity. It is
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recognized that the relaxation rate would be lower at 75° F. than at

80° F., but the possibility of better control of test conditions and of

running tests two at a time rather than singly seemed to outweigh this

slight disadvantage. The machine used was a 5,000-pound capacity Krause

direct-stress testing machine, the two sides of which could be operated

independently for carrying out stress relaxation tests. Load was

determined by measuring the distance between the midpoint of a rigid

dial bar and a flexible arm attached to the grips of the machine. Loads

applied to specimens at 12 percent moisture content were measured in this

manner by noting the indications of a dial rigidly attached to the dial

bar with its'stem contacting the arm of the machine (fig. 44). Loads

applied to green specimens were about 60 percent as great as those applied

to specimens at 12 percent moisture content. In order to measure these

smaller loads with a greater degree of sensitivity, a Tuckerman extens-

ometer, shown in figure 44, was used to measure the distance between the

dial bar and the arms of the machine.

Before testing was begun, both the dial and the Tuckerman extens-

ometer were calibrated by applying known weights to the testing head of the

machine. Strain was measured between the grips of the machine by means

of the dial arrangement shown in figure 45 for a tension specimen and in

figure 46 for a compression specimen. Although for ordinary testing work

it is generally not good practice to determine strain by measuring the

head movement, in this application the only object was to maintain a

constant strain at a level equal to that resulting from the application
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of the initial stress. Thus the specimen does not change in length during

the course of the test, and the error due to measuring head movement

rather than movement of the net section of the specimen itself is

relatively slight. The slight change in strain distribution in the

specimen during test due to nonuniformity of stress level along the length

would not be expected to have any appreciable effect on the results.

Stress relaxation tests at 180° F. were conducted in the machine

used for the short-time tests (fig. 4). Load was measured by the same

load cell arrangement used in the earlier tests and strain was measured

across a 1-1/4-inch gage length, as described for creep and recovery tests.

Testing Procedure 

Specimens for stress relaxation tests were prepared for testing

in essentially the same manner as were creep specimens. Specimens for

testing at 75° F. at 12 percent moisture content were conditioned for at

least a week in the humidity room in which the machine was located, since

the equilibrium moisture content corresponding to the conditions maintained

in this room was slightly lower than that of the room in which the speci-

mens were stored. Each green specimen to be tested at 75° F. was allowed

to come to room temperature in a plastic bag before measuring, and was

then transferred to a thin rubber bag containing a small amount of distilled

water to maintain the green condition during test without interfering with

the normal strain behavior.

Specimens were then placed in the testing machine as shown in

figures 45 and 46; the machine was set at zero load, and the strain-indicating
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dial was set at zero. Load was applied manually by means of a crank

that raised or lowered the upper head of the machine until the desired

load in tension or compression was attained. The strain dial was read

at the instant the desired load was reached and the head of the machine

was thereafter adjusted manually as necessary to keep the strain at this

same value. The amount of load required to maintain this strain was

noted at 3, 6, 12, 18, and 30 minutes, and thereafter at gradually in-

creasing intervals for about 3 days. At the end of the relaxation

period, specimens were unloaded and removed from the machine; their

moisture content and specific gravity were then determined in the same

manner as for creep and recovery specimens.

The procedure in conducting stress relaxation tests at 180° F. was

similar to that for short-time tests in tension and compression, except that

specimens were loaded to a predetermined stress level and held at a strain

equal to that attained under the initial application of this stress. Speci-

mens were weighed and measured before testing and were conditioned for about

1 hour in thT cabinet of the testing machine before the test was begun, in

order to minimize errors due to thermal expansion and change in moisture

content during the course of the test. Because of the rapid relaxation and

many experimental difficulties associated with testing under these conditions,

many of the relaxation tests at 180° were discontinued after 1 day at con-

stant strain. The data obtained under these conditions were not as consistent

or as reliable as those obtained in comparable tests at 75° P. When each
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test was completed, the specimen was removed from the testing machine

and its moisture content and specific gravity were determined in the

same manner as were creep and recovery specimens.

Test Results

The observed stress at constant strain as a function of time is

shown in figure 47 for tests conducted at 75° F. and in figure 48 for

tests conducted at 180° F. Table 11 presents the physical characteris-

tics of the test material and indicates the stress relaxation characteris-

tics by means of the exponent b and the relaxation coefficient m; the

meaning of these parameters is discussed below. Experimental difficulties

and clip gage breakdowns invalidated much of the data based on tests at

180° F., whereas the complete series of tests at 75° yielded good data;

therefore, values based on the tests at the lower temperature are more

reliable and more complete. For these reasons, each value from tests at

75° is an average based on two tests while values from tests at 180° are

largely based on one test. In'testing at 180° it was rarely possible to

maintain adequate control of testing conditions in the chamber of the

test machine for more than 1 day and frequently the limit was about 10

hours, since these tests were particularly sensitive to slight variations

in atmospheric conditions.

The relationship commonly used to describe relaxation characteris-

tics of wood is that proposed by Kitazawa (28). That equation expresses

the relationship between stress and time as

f = f1 (1 - m log t)
	

(14)
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Where f = stress at time t

fl = stress at unit time

m = constant designated as the relaxation coefficient.

The data of this investigation could be fitted reasonably well by an

expression of this type; such a fitting would be indicated by a linear

relationship between stress and the logarithm of relaxation time (hours).

While Kitazawa's relationship is a very useful one in practical applica-

tion, it is theoretically unsound in two ways. First, it implies that

stress goes to infinity at zero time; second, it implies that stress

relaxes to zero at a finite time. Boyd (8) found that stress relaxation

in copper could be described by an expression of the form

f = fo [1 - m log (pt + 1) ]
	

(15)

Where f = stress at time t

fo = the initial stress

m and p = constants.

Boyd's equation overcomes the first objection to Kitazawa's relationship

by shifting the vertical axis slightly to allow the initial stress to be

represented at a finite value of t. The second objection to Kitazawa's

relationship is of no practical importance, since the time at which stress

would reach zero is generally from several thousand to a million years.

With a suitable time scale, the data of the present investigation

indicated a linear relationship between the logarithm of stress and
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the logarithm of relaxation time, suggesting an expression of the

general form

f =at
b

Where f = stress

t = relaxation time

a and b = constants.

It was then established that a good fit of the data could be obtained

by setting a equal to the initial stress f o , and t equal to t + 1.

These substitutions yield an expression for stress relaxation of the

form

f = f (t + 1)
b	 (16)

Where f = stress at time t

fo = initial stress

t = relaxation time (minutes)

b = constant indicating the slope of the straight line on a
logarithmic plot.

This expression could be fitted to the data equally as well as Kitazawa's

relationship, and it overcomes both objections to the latter by going to

a known stress (fo ) at zero time and approaching zero stress asymptotically

with increasing time. In addition it is of the same general form as

equation (8), which was used to express the relationship between strain

and time indicated by the creep data of this investigation. There is un-

doubtedly a relationship between creep and stress relaxation; and it seems

likely that subsequent analyses based on the findings of this investigation
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will be facilitated by using expressions of the same basic form for

both types of behavior.

To fit equation (16) to the data of the present investigation,

the stress values obtained by test were plotted against time in minutes

plus one minute on a logarithmic plot. Straight lines were fitted to

the plotted points and the parameter b for each line was then calculated

as the slope of the line. Values of b thus calculated are listed for

each test condition in table 11.

In order to provide stress relaxation coefficients comparable

to those obtained in previous studies of stress relaxation in wood,

values of the parameter m were calculated on the basis of Kitazawa's

equation. From equation (14) it follows that the value of m can be

calculated by substituting the proper values in the expression

1 - f
m = 	

log t

To apply this type of analysis to the present data, the stress values

for each test were plotted against time on a logarithmic scale, and a

straight line was drawn through the data points. Values of f were then

picked off at 0.1 hour and at 100 hours for the 75° tests, and at 0.1

hour and 10 hours for the 180° tests. The value of m was then calculated

as
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11 - 00

f.l
m = 

	

	 	 for 75° tests
3

1 - 10

.1m = 	 	 for 180° tests	 (18)

2

Values derived from the linear plots on semilogarithmic paper were used

to calculate m by means of equation (17) or (18). These values are

presented in table 11 for all conditions of loading for which adequate

data were available. Average and standard deviation values for each

group are also presented where applicable.

Individual values of m calculated from the data of each test at

75° were analyzed statistically by means of an analysis of variance.

Data based on tests at 180° were too incomplete to lend themselves

readily to such analysis. The analysis-of-variance table is presented

in the appendix.

Discussion of Results 

As was true of the creep tests described in the previous section,

there are several gaps in the data for tests at 180° F. These were largely

due to failures of the strain-measuring equipment and to failure of the

conditioning chamber of the testing machine to maintain the high degree

of uniformity of test conditions over the long periods of time required

for this type of testing. Adding to the difficulty was the fact that

test specimens could not be thoroughly conditioned at the test conditions

(17)
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before testing was begun, since this would have resulted in serious

thermal degradation, as described in the section dealing with duration

of heating 'effects. Nevertheless, the data do give information on

relaxation properties at the higher temperatures that will be very

useful in understanding problems involving perpendicular-to-grain

rheological behavior of wood.

The curves of figures 47 and 48 show that stress relaxation follows

the same general relationship to time that has been observed previously

for wood by Kitazawa (28) and by Grossman (21), and for other materials

such as copper (8) and textile fibers (32).

The analysis of variance of the relaxation coefficient for the

tests at 75° F. indicates that there was no significant difference between

the two logs. There were, however, very significant differences between

values derived from compression testing and those derived from tension

testing. The average value of m derived from compression tests at 12

percent moisture content is about 64 percent of the value derived from

tension tests at the same moisture content, while the value from compression

tests of green material is about 78 percent of the value from tension

tests of green material. Moisture content had a very pronounced effect

on the relaxation coefficient; the ratio of the average value at 12

percent moisture content to that based on green material was about 0.77

for tension tests and about 0.63 for compression tests.

An outstanding fact to be observed from the analysis of variance is

the very significant linear component of the stress level effect, indicating
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that the relaxation coefficient increases linearly with increasing stress.

A supplementary analysis of the slopes of the regression lines for the

individual groups indicated that the combined slope is a better estimate

of the regression than the individual slopes; this combined slope amounts

to 4.15 x 10
4 per 1 percent change in stress level. Kitazawa (28)

observed that the relaxation coefficient did not vary with stress below

about 1/4 to 1/3 of the proportional limit stress, which indicates that

the upper limit of initial stress from which normal relaxation results

is in that range. Presumably, this normal relaxation is a manifestation

of recoverable creep only, and does not involve permanent plastic

deformation (irrecoverable creep). In view of the fact that all stress

levels in the present investigation were well above the limit observed

by Kitazawa, it is not surprising that m increases with increasing stress

levels. Grossman (21) also observed that Kitazawa's formula involving

a constant m did not hold over a wide range of stress, and he suggested

that the force could be better represented by the sum of exponential

terms with various relaxation times.

Although the parameter b was not analyzed by means of an overall

analysis of variance, statistical analysis based on ranking procedures

indicates that b, like m, is significantly lower in compression than in

tension at 75° for both green and dry material, and is significantly lower

for material at 12 percent moisture content than for green material in

both tension and compression. The values of b listed in table 11 also

indicate an increase in b with increasing initial stress for all groups

tested at 75° except that group tested in tension at 12 percent moisture

content.
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The observed difference in b and m between tension and compression

tests indicates that there may be a real difference in rheological

characteristics determined by the two types of test. A comparable effect

observed in creep tests was thought to be at least partially attributable

to restraints imposed by the compression jig; in the 75° relaxation tests,

however, no such restraint was possible. This suggests the possibility

(as mentioned in the discussion of creep test results) that there is a

basic difference in the behavior of the cell wall components under the

two types of loading, at least as regards plastic flow. Microscopic

investigation at high magnification during loading might shed some light

on this possibility. The relatively high values of Poisson's ratio, /ITR)

suggest the further possibility that the actual increase in cross-sectional

area of the specimen resulting from compression in the tangential direction

and the decrease in cross-sectional area resulting from tension.might

result in measurable differences in the rheological characteristics.

The values of b and m presented in table 11 indicate that relaxation

takes place much more rapidly at 180° F. than at 75° F. at the same level

of moisture content in both tension and compression. These values do not,

however, indicate the marked temperature-moisture content interaction that

was characteristic of creep test results. Neither do the values based on

tests at 180° indicate a marked increase of b or m with increasing stress,

as would be expected from the previous observations as to the large amount

of irrecoverable creep taking place under these conditions. The average

value of m derived from tension relaxation tests at 180° on the dry

material is about 3 times that of the comparable value from tests at 75°.
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In compression tests at the same moisture content--for which the Inata

are more variable and incomplete than in tension testing--the average

value of m is more than 5 times as great for tests at 180° as for tests

at 75°. In both tension and compression testing at 180° the actual

moisture content of test specimens at the nominal 12 percent level was

lower than that of comparable specimens tested at 75°; this probably

reduced the difference between values of m at the two temperatures to a

point below what would be expected if the specimens were at exactly the

same level of moisture content. Values of m for green material do not

indicate as great an effect of temperature as do the values based on dry

material, but the scatter and incompleteness of the data on green speci-

mens at 180° lend considerable uncertainty to any conclusion as to the

actual effect of these conditions on the relaxation characteristics.

Boyd (8) observed a marked effect of temperature on relaxation of copper,

in which the relaxation increased quite rapidly above 80° C.

Since stress relaxation is but one form of the general creep

phenomenon, there must be a relationship between data derived from creep

tests and data derived from stress relaxation tests under the same condi-

tions. This relationship is a relatively simple one for the case of a

body manifesting a small amount of creep with respect to its instantaneous

elastic deformation; but it becomes quite complex when the amount of

creep is large with respect to the instantaneous deformation, particularly

when irrecoverable as well as recoverable creep is involved. Fundamental

mathematical relationships underlying creep and relaxation and their
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interrelationship are presented in a series of papers by Gross (18,19),

and by Gross and Pelzer (20). No attempt has been made in the present

investigation to develop any specific relationship between creep data

and stress relaxation data, since such analysis is beyond the scope of

this work.
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Conclusions

The perpendicular-to-grain mechanical properties of northern red

oak (Quercus rubra L.) within the temperature range 80° to 180° F. and the

moisture content range 6 percent to green are significantly affected by

temperature and moisture content, both independently and in combination.

The temperature effect on most properties tends to increase percentagewise

with increasing moisture content. The relationship to moisture content

is generally curvilinear and that to temperature is generally linear.

The relationship of all properties to temperature and moisture content

within the range investigated can be described by an expression of the

general form

Y = a + bT + cM + dM2 + eTM + fTM2

Where Y = the property in question

T = temperature in °F.

M = moisture content expressed as a percent of ovendry weight

a, b, c, d, e, and f = constants for each property.

The properties characteristic of tensile loading at 0° to the growth

rings are generally similar to those characteristic of loading at 45°

to the growth rings. Properties characteristic of loading at 90° to

the growth rings show generally similar trends with respect to temperature

and moisture content but differ markedly in magnitude from those character-

istic of 0° or 45° loading. The observed intersection points for both

tensile and compressive properties are generally below the 25 percent
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moisture content value ordinarily applied to properties of this species,

and show a tendency to decrease with increasing temperature. However,

some of the intersection points are so low as to raise considerable doubt

as to their accuracy.

Modulus of elasticity in both tension and compression decreases

with increasing moisture content up to the intersection point and with

increasing temperature. The relationship to both temperature and

moisture content for loading at 0° to the growth rings is generally

similar in tension and compression. The modulus of elasticity for tensile

loading at 45° to the growth rings is very nearly the same as that for

0° loading. For loading at 90° to the growth rings, however, the modulus

of elasticity is about twice as great as that for 0° or 45° loading, and

is affected markedly less by increasing temperature at low levels of

moisture content.

Proportional limit stress in tension perpendicular to the grain is

decreased by increasing temperature and moisture content; it is increased by

increasing the angle of loading with respect to the growth rings, although

the increase with angle of loading is generally less than for modulus of

elasticity.

Proportional limit stress in compression at intermediate moisture

content levels is very nearly the same as that in tension, but is slightly

higher at 6 percent moisture content and appreciably higher in the green

condition. The effect of temperature on proportional limit stress in

compression is about the same as that on the comparable property in
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tension, except for green material where the temperature effect in.

compression is less than that in tension.

Maximum stress in tension is decreased by increasing temperature

and moisture content and is considerably greater under 90° loading than

under either 0° or 45° loading. The ratio of the maximum tensile stress

under 90° to that under 0° or 45° loading varies from about 1.4 at 6

percent moisture content to about 2 for green material. The percentage-

wise reduction of this property with increasing temperature increases

with increasing moisture content and decreases with increasing angle of

loading.

Maximum strain in tension perpendicular to the grain appears to

be strongly affected by both temperature and moisture content but not

significantly affected by angle of loading, although there is a tendency

for this property to be somewhat lower under 90° loading than under 0°

or 45° loading at moisture content levels below the intersection point.

Maximum tensile strain at 130° and 180° F. appears to reach a maximum

in the vicinity of 12 to 16 percent moisture content and to recede with

further increase in moisture content up to the fiber saturation point;

above this level the maximum strain appears to be almost independent

of temperature. At 80° F. maximum strain increases almost linearly with

increasing moisture content up to the fiber saturation point.

Compressive stress at 2.5 percent strain--which was evaluated in

lieu of a maximum stress in compression perpendicular to the grain--de-

creases with increasing temperature and increasing moisture content;

Report No. 2079	 -107-



the moisture content relationship conforms fairly well to the generally

assumed exponential form. The effect of temperature on this property

appears to be less at 6 percent moisture content than at any of the

higher levels of moisture content, and about the same at 12 and 18

percent moisture content as in green material.

Modulus of rigidity and maximum shearing strength associated with

strain in the TR plane (as determined by calculations based on tension

data) decrease with increasing moisture content and increasing temperature

over the range investigated, and the effect of moisture content increases

markedly with increasing temperature. Modulus of rigidity is about

1/3 the modulus of elasticity, and maximum shearing stress is about 1/2

the maximum tensile stress under comparable conditions of temperature and

moisture content at 0° to the growth rings.

Perpendicular-to-grain mechanical properties of red oak appear to

be somewhat more sensitive to duration of heating effects than are the

parallel-to-grain properties previously investigated with a view toward

structural applications. Except for maximum tensile stress, these duration

of heating effects are insignificant at 130° F. for both green material

and material at 12 percent moisture content but are significant for many

properties at 180° F., particularly in green material. Significant duration

of heating effects can be characterized by a linear relationship between

percent of control value and the logarithm of exposure time.

Of the properties investigated, maximum stress in tension appears

to be most affected, followed in order by compressive stress at 2.5 percent
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strain, modulus of elasticity, proportional limit stress in compression,

and proportional limit stress in tension, and maximum strain in tension.

All properties except maximum strain in tension appear to be permanently

reduced in value by heating for periods of 30 days or less at 180° in the

green condition; and maximum tensile stress, compressive stress at 2.5

percent strain, and tensile modulus of elasticity appear to be permanently

reduced in value by heating at 180° at 12 percent moisture content. Most

of the reduction in strength due to thermal degradation is permanent, not

recoverable by reconditioning to room temperature. The ratio of strength

at exposure conditions to that for material reconditioned after the same

exposure tends to remain nearly constant over the exposure time investigated

at a value about equal to the ratio for the control material.

Creep in tension and compression perpendicular to the grain follows

a pattern similar to that observed parallel to the grain in wood, and can be

characterized by a general expression of the form

e - eo = mt
n

Where e = total strain

eo = instantaneous strain

t = creep time

m and n = constants.

For any one set of temperature and moisture conditions, m increases more

than linearly with stress, and n is generally independent of stress but

is dependent on temperature and moisture content.
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Recoverable creep appears to increase linearly and irrecoverable

creep more than linearly with increasing stress under the same conditions

of temperature and moisture content.

Creep in tension and compression perpendicular to the grain is

increased by increasing temperature and by increasing moisture content;

the effect of heating from 80° to 180° F. at the same moisture content

is much greater than that of raising moisture content from 12 percent

to green at the same temperature. A large part of the increase in creep

with increasing temperature and moisture content is apparently due to

irrecoverable creep.

Relaxation of stress at constant strain is increased by increasing

temperature and by increasing moisture content. Perpendicular-to-grain

stress relaxation from initial stresses between the proportional limit

stress and the maximum stress in tension can be characterized by a linear

relationship of stress to the logarithm of relaxation time.

The commonly applied stress relaxation formula

f =f (1 - m log t)
1

Where f = stress at any time t

f
1
 = stress at unit time

m = a constant

can be applied to stress relaxation under the conditions of this investi-

gation. The parameter m, however, is not independent of stress; at 75° F.

it increases linearly with increasing stress.
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The stress relaxation characteristics can be represented somewhat

more satisfactorily by a hyperbolic relationship of the form

f = fo (t + 1)

Where f = stress at time t

fo = the initial stress

t = relaxation time in minutes

b = a constant.

This expression is sounder from a theoretical standpoint than is the

commonly applied formula and has the added advantage of being similar

in form to the strain-time function applied to the creep data of this

investigation. The parameter b varies with test conditions in a manner

similar to that of the relaxation coefficient m. In both instances the

increase in the parameter with increasing initial stress is probably

attributable largely to irrecoverable creep.

An apparent difference between perpendicular-to-grain rheological

properties indicated in tension testing and those indicated in compression

testing was observed in both creep and stress relaxation tests at room

temperature, but was not observed in similar tests at 180° F. In each

case creep was less in compression than in tension. This may be due to

a fundamental difference in the rheological behavior of the individual

cell wall components under the two types of loading, although the data

of the present investigation do not allow the establishment of any sub-

stantial conclusions relative to this observation.
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Some Applications of the Results

The results of this investigation provide considerable fundamental

information on the perpendicular-to-grain strength, elastic, and rheological

properties of northern red oak under normal kiln-drying conditions. The

first and most direct application of this information will be, of course,

to gain a better understanding of the drying behavior of the particular

species concerned, a major part of which will consist of correlating these

results with information on drying stresses gathered by McMillen (39)40).

The results of this investigation should also be applicable--at least in

a general way--to a better understanding of the drying behavior of other

refractory hardwoods. Investigations similar to this will be conducted

on at least one softwood and on at least one nonrefractory hardwood;

on the basis of past experience, it is known that both the drying behavior

and the mechanical properties of these broad groups differ in some of

their fundamental aspects from the same behavior and properties of

northern red oak.

It is also likely that the results of this work may find general

application to problems involving the effects of temperature, moisture

content, and duration of heating and loading in structural members.

One outstanding example of this would be the structural elements of

cooling towers, which are subjected to continuous heating by hot water

in normal use and have been observed to fail at stresses considerably

below the usual design stresses after periods of a few months.
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The application of these results to a fundamental understanding of

the drying behavior of northern red oak and similar species will be a

rather comprehensive piece of work in itself, as currently envisioned,

and should follow as a logical extension of the present investigation.

A few implications of the present results in terms of that problem are

immediately apparent and bear mentioning at this time.

The key operation in the slicing technique of drying strain analysis

is the measurement of instantaneous elastic strain resulting from the

unloading of each slice by freeing it from restraints imposed by the

adjacent wood. The observed instantaneous strain is related to stress

by means of the modulus of elasticity; the stress is equal to the product

of the observed elastic recovery strain and the modulus of elasticity of

the wood comprising the slice under the conditions of temperature and

moisture content at which the instantaneous recovery takes place. Since

the modulus of elasticity decreases markedly with increasing temperature

and moisture content, it is readily apparent that the same amount of

recovery strain at 180° as at 80° will indicate considerably less stress

at the higher temperature. Likewise, the same amount of recovery strain

for green material as for material at 6 percent moisture content will

indicate considerably less stress for the green material. The same

amount of recovery strain observed in a slice cut across the width of a

quartersawed red oak board as in a slice cut across the width of a flat-

sawed board under the same conditions of temperature and moisture content

would indicate about twice as great a stress in the quartersawed board,
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since the modulus of elasticity is about twice as great for 90° loading

as for 0° loading. It is assumed in these applications that modulus of

elasticity in recovery from load is the same as that in loading, which

has been shown to be approximately (though not strictly) the case. It

is generally observed that the stress-strain relationship in a cycle of

loading and unloading forms a hysteresis loop, so that the apparent

modulus of elasticity in unloading would be slightly greater than that

in loading (9). It is extremely unlikely, however, that the error resulting

from this effect would be sufficient to have any marked influence on drying

stress determinations.

Some of McMillen's data (40) on the effect of temperature on drying

stress development will serve as an example of this application. These

data indicate a maximum instantaneous recovery strain in the outside slices

of 0.0031 inch per inch at 80° F., 0.0040 inch per inch at 110° F., and

0.0046 inch per inch at 140° F. In each case the average moisture content

of the slices was above the intersection point indicated in the present

study. The modulus of elasticity values for green material indicated in

figure 14B are 62,000 p.s.i. at 80°, 45,000 p.s.i. at 110°, and 29,000

p.s.i. at 140°. The stresses calculated from these observed recovery

strains would then be 205 p.s.i. at 80°, 180 p.s.i. at 110°, and 133 p.s.i.

at 140°, indicating that the maximum average tensile stress attained early

in the drying process in the outside slices decreases with increasing

temperature; this is true in spite of the fact that the observed recovery

strains, when considered alone, would indicate the reverse.
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The stresses thus calculated are all well below the maximum tensile

stress indicated for these temperatures in figure 19. These are average

stresses for the outside slices , however, and the tensile stress would

undoubtedly be considerably greater near the surface in each case; this

is because the first few layers of cells near the surface of the board

approach the equilibrium moisture content of the drying atmosphere and

undergo the greatest amount of shrinkage. It is apparent, therefore, that

a means of estimating stress at the surface of the board early in drying

must be developed, since the tensile failure known as surface checking is

related to the stress at that point in the drying board.

It is probable that the difference between average stress of the

outside slices and tensile stress at the surface will be found to increase

as the steepness of the moisture gradient increases. Since McMillen's

data indicate that steepness of the moisture gradient at the time of

maximum tensile recovery increases with increasing temperature, it may

very well be that surface tensile stress at 140° approaches the maximum

tensile stress more closely than at 80° or 110°, even though the average

stress of the outside slices is lower at the higher temperature. It

should be remembered in this regard that the maximum tensile stress at

140° would be about 40 percent less than that at 80°, as indicated by

figure 19 and by the values given in table 5.

Properties other than modulus of elasticity and maximum tensile

stress will also have a bearing on the tensile stress attained at the

surface of a drying board. Since drying stresses are developed as a result
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of self-imposed restraints of shrinkage in adjacent portions of the wood,

the modulus of rigidity associated with strain in the TR plane must be

a determining factor in their development. The relationships shown

in figure 29 indicate that modulus of rigidity is about 43 percent less

at 140° than at 80° under the moisture content conditions likely to be

established in the outer layers of the wood early in drying; from this

it is apparent that adjacent layers of the wood can move much more readily

with respect to each other at the higher temperature, thus reducing the

amount of stress resulting from any specified shearing deformation.

The fact that both recoverable and irrecoverable creep occur more

rapidly as temperature is increased would serve to decrease the amount of

stress developed at increased temperatures by permitting stress relaxation.

This same creep would lead to tensile failure at stress levels well below

the maximum tensile stress as determined by short-time tension tests.

Also, the irrecoverable plastic deformation of the surface layers of the

wood early in drying results in increased tensile stress in the interior

of the wood as it attempts to shrink against the restraint of the outer

layers.

It does not appear that duration of heating effects will have

any appreciable effect on the likelihood of tensile failure at the surface

of a drying board early in the drying process, since currently available

data indicate that the time at which the greatest tensile stress is developed

in the outer layers of the wood decreases with increasing temperature.

Duration of heating effects will have an important bearing on likelihood

of tensile failure in the interior of the wood, however. Results of the
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present study indicate that the temperatures employed in normal kiln drying

of northern red oak can reduce perpendicular-to-grain tensile strength

considerably during the course of a kiln-drying run. Duration of heating

effects will also have considerable bearing on the evaluation of drying

stresses, particularly during the final part of the drying run at

relatively high temperatures. The decrease in modulus of elasticity

with duration of heating will decrease the magnitude of stress represented

by an observed recovery strain.

Thus it becomes apparent that the perpendicular-to-grain properties

investigated have a bearing on all phases of the development, effects,

and evaluation of drying stresses. The present study has not been complete

enough to make possible the precise evaluation of the effects of all aspects

of normal drying behavior. Much of the work has been only exploratory,

since each phase of the present work could profitably be the subject of

a rather comprehensive investigation. The results of this research,

together with the results of its application to an understanding of drying

behavior, should indicate more effective approaches to similar future

investigations.
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Table 1.--Results of tests in tension perpendicular to grain of 
northern red oak at three angles to the growth rings 
under various conditions of temperature and moisture 
content (averages based on eight tests).

Angle :Tempera-:Moisture content:▪ Modulus of:Proportional limit: Maximum load

	

of : tore : 	 :elasticity: 	 :»	

	

loading:	 :Nominal: Actual :	 : Strain : Stress : Strain :Stress

	

Degrees:	 °F. :Percent: Percent: 1,000	 : Inches :• P.s.i. : Inches :P.s.i.

	

: p.s.i. :per inch:	 :per inch:

o	 :	 80 :	 6 :	 5.4 : 123.4	 : 0.0054 :	 675	 : 0.0100 : 1,062

	

:	 :	 12 : 11.3 : 112.8	 : .0044 :	 499	 : .0152 : 1,018

	

:	 18 : 19.6 :	 65.3	 : .0051 :	 305	 : .0246 :	 752.

	

: Green: 88.3 :	 63.8	 : .0056 :	 355	 : .0185 :	 678

	

130 :	 6 :	 5.5 	 A	9-.7	 •

	

. .0043:	 386	 : .0200 : 1,042
.0068 :

	

12 : 11.4 :	 49.5	 •. 317 : .0349:	 795

	

18 : 20.6 :	 19.4	 • .0119 :	 210	 : .0297 :	 437

	

: Green : 85.0 :	 31.5	 : .0033 :	 99	 : .0230 :	 297

	

180 :	 6 •. 5.7 :	 45.0	 : .0060 :	 274	 •. .0356 :	 770

	

12 : 11.9 :	 17.1	 : .0065 :	 100	 •. .0353 :	 336

	

:	 18 : 23.3 :	 9.8	 : .0079 :	 68	 •. .0290 :	 178

	

:	 : Green : 85.4 : _10.0	 : .0044 :	 45	 •. .0213 :	 157

45	 •. 80 :	 6 :	 5.6 : 123.7	 : .0069 :	 806	 •. .0094 : 1,060
4

	

12 : 11.5 : 111.4	 : .0044 :	 37	 •. .0159 : 1,058

	

18 : 19.9 :	 69.5	 : .0052 :	 344	 •. .0188 :	 748

	

: Green : 86.0 :	 61.1	 : .0059 :	 354	 •. .0208 :	 681

•• 130 :	 6 :	 5.9	 89.5	 .0065 :	 534	 •• .0181 :	 974
•	12 : 11.5 :	 59.0	 .0064 :	 340	 •• .0306 :	 792

	

18 : 19.0 :	 34.3	 : .0056 :	 141	 • .0346 :	 474

	

: Green : 83.4 :	 35.4	 : .0043 :	 121	 .0239 :	 307
•

	180 :	 6 :	 5.6 :	 52.4	 : .0066 :	 330	 . .0310 :	 810

	

12 : 12.6 :	 21.2	 : .0086 :	 130	 : .0484 :	 425

• 18 : 21.4 .	 13.1	 : .0065 :	 60	 : .0356 :	 225

	

: Green : 81.9 .	 8.4	 : .0094 :	 59	 : .0321 :	 144

90	:	 8o :	 6 :	 5.7	 248.5	 : .0036 :	 849	 : .0064: 1,404

	

:	 :	 12 : 11.6	 180.8	 : .0052 :	 900	 : .0095 : 1,403

	

:	 18 : 19.9 ! 134.4	 : .0038 :	 480	 : .0139 : 1,198

	

Green : 84.4	 110.5	 : .0056 :	 616	 : .0139 : 1,116

130 •. 6 :	 5.9 : 171.0	 : .0046 :	 763	 : .0092 : 1,308

	

:	 .. 12 : 11.8 : 105.7	 : .0044 :	 430	 : .0231 : 1,15?

	

:	 .	 18 : 20.1 :	 50.6	 : .0075 :	 378	 : .0248 :	 796

	

: Green : 84.9 :	 66.8	 : .0042 :	 247	 : .0227 :	 586

	

18o :	 6 :	 6.1 : 133.2	 : .0035 :	 458	 : .0169 : 1,123

	

12 : 13.4 :	 31.8	 : .0086 :	 225	 : .0393 :	 639

	

18 : 20.5 :	 46.o	 : .0044 :	 141	 : .0246 :	 483

	

Green : 83.8	 22.8	 : .0044 :	 86	 : .0241 :	 322
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Table 2.--Results of tests in compression perpendicular to grain 
of northern red oak at 0 0 to the growth rings under
various conditions of temperature and moisture content
(averages based on eight tests).

•

Temperature: Moisture content: Modulus :Proportional limit : Stress at
: 	 :	 of	 : 	 :2.5 percent
:Nominal : Actual :elasticity: Strain : Stress : 	 strain
:	 : 	 : :	 :	 :
:Percent : Percent: 1,000	 : Inches : P.s.i.	 P.s.i.
:	 .	 : p.s.i. :per inch :	 :

	

8o	 :	 6	 :	 5.4 : 123.7	 : 0.0067 :	 806	 :	 1,504

	

12	 : 10.1 : 100.8 	: .0058 :	 574	 :	 1,130
:	 18	 : 19.6 :	 65.4	 : .0060	 383	 :	 765
: Green : 94.4 :	 64.8	 : .0075 :	 46o	 :	 716

	

130	 :	 6	 :	 5.3 ;	 85.1	 : .0053 :	 434	 :	 1,121
:	 12	 : 10.3 :	 52,9	 : .0046 :	 263	 :	 602
:	 18	 : 17.8 :	 29.6	 : .0082 :	 223	 :	 457
: Green : 94.9 :	 34.9	 : .0064 :	 198	 :	 404

	

180	 :	 6	 :	 5.4 :	 41.8	 : .0087 :	 344	 :	 714
:	 12	 : 11.3 :	 22.3	 : .0051 :	 117	 :	 286
:	 18	 : 18.5 :	 9.7	 : .0102 :	 96	 :	 177
: Green : 91.6 :	 9.7	 : .0110 :	 99	 :	 163

6r.
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Table 3.--Theoretical values of modulus of rigidity and maximum
shear strength calculated on the basis of perpendicular-
to-grain tension tests at 0°, 96°, and 45° to the growth
rings.

•

Temperature : Moisture content : Modulus of : Maximum shear
	 : rigidity :	 strength

: Assumed : Actual :	 GIB FS=	  - 	
°F.	 : Percent : Percent : 1,000 p.s.i. :	 P.s.i.

80
:

:

130

:
:

leo
:

:

6 5.6 39.87
12 : 11.5 : 37.27
18 19.8 • 22.74

Green : 86.2 • 19.94

6 : 5.8 •. 28.74
12 : 11.6 :' 19.90
18 : : 13.12

Green :
19.z
84. : 11.72

6 : 5.8 : 16.68
12 : 12.6 ; 7.47
18 : 21.7 : 4.12

Green : 83.7 : 2.55

• 595
598

• 416
379

:	 538
:	 1111.2
:	 268
:	 172

:	 458
:.	 253
:	 135
:	 79
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•

.28

.23

.19

Table 5.--Effect of temperature on perpendicular-to-grain properties 
of northern red oak within the range 80° to 180° F. at 
various levels of moisture content. Reduction expressed
as percentage of 80° value per °F. (based on mathematically
fitted curves shown in figures 9 through 26).

Property
•

:Angle to;
: growth :
: rings :

: Degrees:

Reduction

6	 : 12	 : 18	 : Green
percent : percent : percent :
moisture: moisture: moisture:
content : content : content :

Percent : Percent : Percent :Percent

Modulus of elasticity

Stress at proportional limit:

•

Tension

	

0
	

0.63	 :	 0.88 :

	

45	 .6o
	 :	 .81 :

	

90
	

:	 .46	 .77

	

.62	 .78 :

	

.6o	 .63 :

	

.45	 •	 76 •

0.85	 0.86
.88 :	 .86
.8o :	 .78

.85 :	 .97
86 :	 .92
8o •	 .91

0

90

••

Stress at maximum load	 •. 0
45	 •.	 .

• 90.

Strain at maximum load
	

O : -2.79
45	 : -2.56
90	 : -1.78

Compression

65 :
57 :
48 :

-1.43 :
: -1.89 :
: -2.96 :

.82 :	 .82
7o :	 .86
.61 :	 .76

-.49 : 
1

-1.28 : -.54
-1.54 : -.65

Modulus of elasticity
Stress at proportional limit:
Stress at 2.5 percent strain:
Modulus of elasticity

(combined tension and
compression)

.67	 .81 :	 .86 :	 .86
o .63	 .83 :	 .83 :	 .83
o .53	 .75 :	 .79 :	 .79

0	 .65 	 86 •	 86 •	 .86

Shear 

Modulus of rigidity (Gm) :.

Maximum strength (Fr) •

.57	 .81 :	 .88 :	 .87

.25 	 54 •	 61 •	 .83  

-P, negative reduction indicates an increase with increasing temperature.
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Table 7.--Results of tests in compression perpendicular to the grain after 
various durations of exposure to 130" F. and 1b0" F. at 12
percent moisture content and in the green condition (0 hour.. 
values are based on four tests; other values are based on 
two tests. Control values are underlined).

Exposure	 : Tested at exposure conditions : Reconditioned and tested

	

time	 at 80° F.
:modulus of:Stress at: Stress at : 	
:elasticity: propor- :2.5 percent:Modulus of:Stress at: Stress at

: tional : strain	 :elasticity: propor- :2.5 percent

	

limit :	 tional : strain
limit 

Hours	 : 1,000	 :  P.s.i. :	 P.s.i. : 1,000	 : P.s.i. •	 P.s.i.
p.s.i.	 p.s.i.

130° Material at 12 Percent Moisture Content

	

0	 :	 46.8	 :	 290	 :	 588	 95.1 :	 593	 :	 1,085

	

112	 39.0 :	 181 :	 457	 113.9 : WO :	 1,223

	

75	 :	 59.8	 :	 178	 :	 562	 :	 116.1 :	 416	 :	 1,253

	

132	 :	 51.9	 :	 450	 :	 707	 124.9 :	 539	 :	 1,307

	

232	 :	 58.7	 :	 264	 :	 664	 173.6 :	 306	 :	 1,202

	

408	 •.	 67.o	 :	 370	 :	 783	 :	 114.1 :	 700	 :	 1,261

	

720	 :	 73 .8 	:	 287	 :	 682	 :	 106.9 :	 737	 1,390
Significance 1 :	 .
of regression-: 	 NS	 :	 NS	 :	 NS	 :	 NS	 :	 NS	 :	 NS

Regression	 ••
coefficient

2
- •

	

	 •	 •

130° Green Material

	

0	 •.	 32.9	 :	 177	 :	 374	 59.4	 492742

	

42	 •	 29.5	 :	 162	 :	 338	 68.2 :	 247	 :	 618.

	

75	 •.	 32.6	 :	 151	 :	 336	 :	 70.3 : 	248	 :	 621

	

132	 :	 28.2	 :	 207	 380	 :	 79.5 : 	322	 :	 642

	

232	 :	 44.4	 :	 170	 444	 :	 104.8 :	 274	 :	 683

	

408	 :	 29.9	 :	 178	 404	 :	 71.0 :	 248	 584

	

720	 :	 29.6	 :	 170	 382	 :	 105.6 :	 232	 618
Significance 1:	 •
of regression-: NS	 : NS	 NS	 : NS	 NS	 : NS

Regression 2 •
coefficient- •• 	

(Sheet 1 of 2)
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301	 95.1 :	 593
234	 :	 102.3 :	 IfiNT
197	 :	 118.8 :	 581
249	 :	 117.0 :	 719
260	 :	 91.4 :	 629
206	 :	 114.3 :	 586
82	 :	 114.5 :	 398

VS	 NS	 NS

1,085
1,219

: 1,277
1,248

: 1,174
1,163
1,137

VS

Table 7.--Results of tests in compression perpendicular to the grain after 
various durations of exposure to 130° F. and 180° F. at 12 
percent moisture content and in the green condition -(0 hour 
values are based on four tests; other values are based on 
two tests, Control values are underlined).--continued 

Exposure	 Tested at exposure conditions : Reconditioned and tested
time	 at 80° F.

:Modulus of:Stress at: Stress at : 	
:elasticity: propor- 2.5 percent:Modulus of:Stress at: Stress at

tional	 strain :elasticity: propor- :2.5 percent
: limit	 :
	

tional : strain
• : limit    

Hours	 : 1,000	 :  P.s.i.
p.s.i.	 :	 •

P.s.i.	 1,000	 : P.s.i.	 P.s.i.
p.s.i.

180° Material at 12 Percent Moisture Content

	

o	 :	 22.9 	:	 132

	

42	 :	 33.2	 :	 84

	

75	 :	 23.5	 :	 68	 :

	

132	 :	 31.4	 :	 76	 :

	

232	 :	 29.o	 :	 79	 :

	

408	 :	 19.2	 :	 68

	

72o	 :	 17.0	 :	 69	 :
Significance:	 :
of regression-: NS	 : VS	 :

Regression 2
coefficient- • • 7.04	 •	 6.78	 6.78

180° Green Material

	

0	 10.6 	:	 100	 1709.4 :	 492	 :	 742

	

42	 10.8	 :	 54	 :	 149	 :	 44.1 :	 200	 :	 51:4"

	

75	 17.4	 :	 47	 :	 157	 :	 50.4 :	 26o	 :	 559

	

132	 7.5	 :	 4o	 :	 114	 :	 45.4 :	 170	 :	 483

	

232	 6.9	 :	 36	 :	 96	 29.8 :	 2C9	 :	 430

	

408	 13.4	 :	 24	 1	 88	 26.2 :	 118	 :	 322

	

720	 5.4	 :	 20	 :	 42	 24.1 :	 108	 :	 217
Significance 1 :	 :	 :	 :
of regression-: NS	 : VS	 :	 VS	 VS	 ; VS	 : VS

Regression 2 :
coefficient- • 	 - 7.04	 :	 6.78	 39.50 : 40.38	 : 40.95

1
-NS = not statistically significant; S = significant at 5 percent level of

probability; VS = significant at 1 percent level of probability.
2
-Reduction in property with time of exposure (percent of control per log day).
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•

:Gr. v. Others:
: Others - 1 :
: Others - q :

1	 •

1
q

Table 12.--Tension perpendicular to grain,  modulus of elasticity

1 •	 •
Effect- : Component :Degrees: Sum of

: of : squares
:freedom:

.	 •
: Mean :Variance :Signifi-:Basis of

square :ratio (F): cancel :compari--
:	 1	 •	 : son

•

3
	

31.9809
1
	

717.0445
1 : 1842.5556
1 :	 32.6150
1 : 3290.9688
1 41.6563
1 : 1428.4463
1 : 387.2696

M

T

A
A

TAM
LxT
LxA
MxT
MxT
MxT
MxT
MxT
MxA
MxA
MxA
MxA
MxA
TxA
TxA
TxA
TxA
Txk

LxMxT
LxMxA
LxTxA
MxTxA

•

•

•

•

	10.6603 :	 2.589 :	 NQS :	 R
• • 152.013 :	 VS :	 LM
• • 390.620 :	 VS : LM
	 	 6.914 :	 S : LM
	  365.265 :	 VS : LT
: . 	 	 4.623 :	 NS :	 LT
• • 795.349 :	 VS : LA
• : 215.629 :	 VS : LA

9 :	 42.4529 :	 4.7170 :	 1.146 :	 NS :	 R
6 :	 54.0585 :	 9.0098 :	 2.188 :	 S :	 R
6 •	 10.7761 • 1.7960 • 	 NS :	 R

	

6 : 217.6843 : 36.2807 :	 5.439 :	 vs : LMT
1 •	 • 27.9504 :	 4.19 :	 NS : LMT
1 •	 • 91.8012 : 13.76 :	 VS :	 LMT
1	 • 32.8050 :	 4.92 :	 S :	 LMT
1 •	 •	 1.4670 :	 0.22 :	 NS :	 LMT
6	 400.0677 : 66.6780 : 8.234 :	 VS : LMA
1 •	 • 147.7584 : 18.25 :	 VS : LMA
1 •	  45.8403 :	 5.66 :	 s :	 LMA
1 •	 • 86.7903 : 10.72 :	 VS :	 LMA
1 . , 	  16.6389 :	 2.05 :	 NS :	 LMA

	

4 : 195.1457 : 48.7864: 15.590 :	 VS :	 LTA
• 124.0314 : 39.63 : 	 VS :	 LTA
• 7.9926 :	 2.55 :	 NS :	 LTA
• 55.0551: 17.59 :	 vs :	 LTA
• 8.0667 :	 2.58 :	 NS :	 LTA

	

18 : 120.0598 :	 6.6700 :	 1.620 :

	

18 : 145.7680 :	 8.0982 :	 1.967 :
12 •	 37.5523 •	 3.1294 •
12 •	 62.0733 •	 5.1728 •	

:	 Total
:Others - 1-1 :
:Others - q-1
:Others - 1-q
:Others q-q
: Total :
:Others - 1-1 :
:Others - q-1
:Others - 1-q
:Others - q-q
:	 Total	 :
▪ 1-1	 1 •

q-1	 1
1-q	 1
q-q	 1

S R
S :	 R

	

NS :	 R
NS : LMTA

	

LxMxTxA •	
	

▪ 	 36 : 189.5177 :	 5.2644 : 1.278 :	 NS :	 R

	

Residual 	 	 • 144 • 592.9367 •	 4.1176 •	 •	 •

Total	 •	 • 287 • 9840.6300 •	 •	 •

	

Correc- :	 :	 .	 :	 :	 :

	

tion •	 •	 1 • 1526.7417 •	 •	 •

L = logs; M = moisture content; T = temperature; A = angle of loading.

2NS = not statistically significant; S = significant at 5 percent level of
probability; VS = significant at 1 or 0.1 percent level of probability;
NQS = approaching significance at the 5 percent level of probability.
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Table 13--Compression  perpendicular to grain, modulus of elasticity

IEffect- : Component :Degrees: Sum of : Mean :Variance :Signifi-:Basis of
:	 :	 of : squares : square :ratio (F): co,ce2 :compari-
. :freedom:	

: --	
: son. :	 .	 .

:	 : :	 :	 :

L	 • 
M :Gr. v. Others:
M : Others - 1 :
M : Others - q
T	 1

LxM • 
LxT 	
MxT :	 Total	 :
MxT :Others - 1-1 :
MxT :Others - q-1
MxT :Others - 1-q
MxT :Others - q-q :

3 :	 3.0503 : 1.0168 : 	 1.04 :	 NS	 :	 R
1 :	 93.0475 : 	 	 79.76 : VS	 : LM
1 : 283.2408 •	 • 242.79 : VS : LM
1 :	 0.0278 	 	 0.02 : NS : LM
1 : 733.7327 •	 • 1003.88 : 	 VS	 : LT
1 :	 3.6576 •	 •	 5.00 :	 NS	 : LT

9 :	 10.4993 : 1.1666 : 	 1.19 :	 ES :	 R
6 :	 4.3856 : 0.7309 :	 0.74 :	 NS	 :	 R
6 :	 29.0472 : 4.8412 :	 6.24 :	 vS	 : LMT
1 •	 • 13.6503 :	 17.60 :	 vs	 : LMT
1 •	 • 2.7000 :	 3.48 :	 NS : LMT
1 •	 • 2.7675 :	 3.57 :	 NS	 : LMT
1 •	 • 1.2933 :	 1.67 :	 NS	 : LMT

LxMxT •	 •	 18 : 13.9636 : 0.7758 :

Residual:	 •	 48	 47.0950 : 0.9811 •

Total	 • 	 95 : 1221.7474 : 	 •

0.79 :	 NS  

Correc-
tion •	 •	 1 ;	 11.0026 :• 	 •	 •	 •

1L = logs; M = moisture content; T = temperature.
2
-NS = not statistically significant; VS = significant at 1 or 0.1 percent level

of probability.
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• 15930.67 •
: 38743.36 • 

: 283.56
: 71379.19 1
: 495.06 • 

: 16539.19 •
•. 2835.56 •

• 157.08
• 382.01
• 2.80 :
• 580.32 :

4.02 :
• 87.05

14.92
1.12 1
1.36 :
2.10 :
4.90

10.85 :

NS
VS
VS
NS
VS
NS
VS
VS
NS
NS

VS
VS
VS
NS
NS
NS

S
NS
NS
NS

VS
NS
NS
NS

LM
LM
LM
LT
LT
LA
LA

R

LMT
LMT
LMT
LMT
LMT
LMA
LMA
LMA
LMA
LMA
LTA
LTA
LTA
LTA
LTA

8.41 t

(0)..e8
2.61 :

• 6▪	.79
0.29 :
3.40
3.73 :
4.24

12.79
0.35
3.77
0.04

1.14
1.26
1.48
3.74

NS
NS
NS
VS

R
:	 R

R
LMTA

•• 737: 7977 1: 311 (2)3. 20 :
:	 1139.97 : 190.00 :
:	 3033.70: 505.62
• • 1120.67 /
• 868.05 .

14.22
• 50.07

:

.	 1792.62 : 298.77
• 777.00
• .	 32.67

• 389.67
• 426.45

2277.25: 569.31
	 • 1718.45
• :	 47.46
s 	 • 506.46

4.88

t	 1858.85 : 103.27
:	 2060.44 : 114.47
:	 1612.03 : 134.34
:	 5110.97 : 425.91

:	 4103.31 : 113.98 :	 1.26 :	 NS	 :	 R

	

13037.00 :	 90.53 	 . 

• 183948.88 •

:	 6903.12 •

Table 14--Tension perpendicular to grain, stress at proportional limit 

Effect• ; Component ;Degrees:
: of :
:freedom:

Sum of
squares

Mean
square

:	 :	 :
:Variance :Signifi-:Basis of
:ratio (r):	 2 tcompari-
t	

t canoe- : son

L	 :	 4 3
M	 :Gr. v. Cthers: 1
M	 t Others - 1	 : 1
M	 : Others - q	 : 1
T	 .	 1	 .. 1
T	 :	 q	 .. 1
A	 :	 1	 : 1
A	 ..	 q	 : 1

LxM	 : 	 2 9
LxT	 •	 6
TAA	 •	 : 6
MxT	 :	 Total	 t 6
MxT	 : Others -1-1: 1
MxT	 :Others - q-1 : 1
MxT	 :Others - 1-q : 1
MxT	 :Others - q-q : 1
MxA	 :	 Total	 : 6
MxA	 :Others - 1-1 : 1
MxA	 :Others - q-1 : 1
MxA	 :Others - 1-q : 1
MxA	 :Others - q-q : 1
TxA	 :	 Total	 : 4
TxA	 :	 1-1	 : 1
TxA	 :	 q-1	 : 1
TxA	 :	 1 -q 1
TxA	 :	 9.-q 1

LxMxT •	 • 18
LxMxA • • 18
LxTxA •	  : 12
MxTxA •	 . 12

LxMxTxA •	  : 36

Residual:	 • 144

Total	 .	   : 287

Correc- :
tion	 •	 • 1

"L = logs; M = moisture content; T = temperature; A
2-NS = not statistically significant; S = significant

probability; VS = significant at 1 or 0.1 percent
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Table 15--Compression perpendicular to grain, stress at proportional limit 

Sum of :
squares :

1:
Effect- : Component :Degrees:

: of	 :
:freedom:

: rrr 	 	... 	

Mean :Variance . :Signifi-:Basis of

	

square :ratio (F):	 2cane? :compari-

	

•	 : son
	 : . 	

L	 : . 	 •	 3 :	 876.58 : 292.19 :	 4.77 :	 VS	 :	 R
M	 :Gr. v. Others:	 1 :	 2077.98 •	 • 17.24 :	 VS	 : LM
M	 : Others - 1 :	 1 1 10410.58 	  86.35 : VS	 : LM
M	 : Others - q :	 1 :	 637.14 	 	 5.28 :	 S	 : LM
T	 :	 1	 :	 1 : 24605.84 	 • 131.74 :	 VS	 : LT
T	 :	 q	 :	 1 :	 1375.49 •	 •	 7.36 :	 S	 : LT

Lxm	 •	 •	 9 :	 1085.04 : 120.56 : 	 1.97 :	 NS
LxT	 • -	 •	 6 :	 1120.60 : 186.77 :	 3.05 :	 S
MxT	 :	 Total	 :	 6 :	 1258.28 : 209.71 :	 4.00 :	 S
MxT	 : Others - 1-1:	 1 •	 • 615.13 : 11.73 : VS
MxT : Others - q-1: 	 1 	  182.33 :	 3.48 : NS
MxT : Others - 1-q:	 1 •	  411.27 : 7.84 :	 S
MxT : Others - q-q:	 1 	 	 0.56 : 0.01 : NS

:	 R
: LMT
: LMT
: LMT
:
: LMT

	

LxMxT •	 • 18 :	 944.35 : 52.46 : 0.86 : NB	 R

	

Residual . 	:	 48 :	 2938.68 :	 61.22 : . 	

Total	 •	 -.	 95 : 47330.56 •	 .	 .	 .. 	

	

Correc- :	 :	 :	 :	 :	 :

	

tion •	 •	 1	 1045.44 •	 •	 •	 •

4 = logs; M = moisture content; T . temperature.
2
-NS = not statistically significant; S significant at 5 percent level of

probability; VS = significant at 1 or 0.1 percent level of probability.
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Table 16.--Tension perpendicular to grain, maximum stress 

• •	 :	 ..	 .	 .

	Effect-	 Component :Degrees: Sum of : Mean :Variance :Signifi-:Basis of
:

	

	 of : squares : square :ratio (F)::-cance2compari
:	 .	 •	 :	 son:freedom:	 .	 .	 :

• 3 :	 3775.32 : 1258.44 :	 15.06 :
1 : 68035.75 •	 : 705.85 :
1 : 80750.69 •	 • 834.20 :
1 :	 230.98 • 	 2.39 :

:	 1 : 143937.76 •	 : 544.68 :
1 :	 19.87 •	  •	 0.08 :

:	 1 : 53633.76 •	  • 150.32 :
.▪ 	 1 : 14894.17 • 	•	 41.74 :
• 9 :	 871.16 :	 96.80 :	 1.16 :
• 6 :	 1585.59 :	 264.26 :	 3.16 :

6 :	 2140.79 :	 356.80 :	 4.27 :
3 :	 1726.51 :	 575.50 :	 6.89 :
3 :	 414.28 :	 138.09 :	 1.65 :
6 : 17239.31 : 2873.22 :	 31.24 :

• 6501.03 :	 70.69 :1 • 
1 	 • 2595.27 :	 28.22 :

* 773.55 :	 8.41 :1	 .	 , 	
1 • 	 :	 654.51 :	 7.12 :
6 :	 491.51 :	 81.92 :	 1.01 :
1 •	 •	 150.00 :	 1.85 :
1 • 	 :	 1.04 :	 0.01 :
1 	 :	 6.72 :	 0.08 :
1 •	  •	 118.52 :	 1.46 :
4 :	 2211.91 :	 552.98 :	 3.01 :
1 •	 • 1170.06 :	 6.36 :
1 •	 •	 62.58 :	 0.34 :
1 •	 •	 921.93 :	 5.01 :
1 •	 •	 57.33 :	 0.31 :

L
M	 :Gr. v. Others:
M	 : Others - 1 :
M	 : Others - q
T
T

1

A	 1
A

LxM 	
LxT 	
LxA 	
LxA
LxA
MxT : Tot •
MxT :Others - 1-1 :
MxT :Others - q-1 :
MxT :Others - 1-q :
MxT :Others - q-q
MxA Total :
MxA :Others - 1-1 :
MxA :Others - q-1
MxA :Others - 1-q
MxA :Others q-q
TxA •	 Total :
TxA • 1--1

1
:

q-1TxA •
TxA • 1-q
TxA • q-q

LxA1

VS : R
VS LM
VS : LM
NS : LM
VS : LT
NS : LT
VS : LA
VS : LA
NS
	

R
VS
	

R
VS
	

R
VS
	

R
NS
	

R
VS : LMT
VS : LMT
VS
	

LMT
VS : LMT
S : LMT

NS
	

LMA
NS LMA
NS : LMA
NS : LMA
NS
	

LMA
NS : LTA
S : LTA

NS : LTA
S : LTA

NS : LTA

	

LxMtT •	 :	 18 :	 1655.47 :	 91.97 :	 1.10 :	 NS	 :	 R

	

LxMxA •	 •	 18 :	 1462.11 :	 81.23 :	 0.97 :	 NS	 :	 R
LxTxA 	 	 12 :	 2207.70 :	 183.98 :	 2.20 :	 S	 :	 R
MxTxA 	 	 12 :	 1319.24 :	 109.94 :	 1.06 :	 NS : LMTA

	LxMxTxA • 	 •	 36	 3747.48 :	 104.10 :	 1.25 :	 NS	 R

	

Residual . 	• 144 • 12029.50 •	 83.54 •	 •

Total	 	 • 287 1 412240.25 •

	

Correc- :	 :	 :

	

tion • 	 1 • 170284 75 •	 •	 •	 •

1L = logs; M = moisture content; T = temperature; A = angle of loading.

-NS = not statistically significant; S = significant at 5 percent level of
probability; VS = significant at 1 or 0.1 percent level of probability.
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•

:Gr. v. Others:
: Others - 1 :
: Others q

1	 •

q	 ••
1	 •

q

Total :
:Others - 1-1 :
:Others - q-1 :
:Others - 1-q
:Others - q-q :

Total
:Others - 1-1 :
:Others - q-1
:Others - 1-q :
:Others q-q

Total :
• 1-1	 :
• q-1	 :
• 1-q
• q-q

	•	 36	 2827.03 :	 78.53 :	 1.08 :	 s	 •	

••

•

LxMxTxA : .

Residual.

Total 	

	

144 : 10452.50 :	 72.59 •	

	

287 : 49668.08 : . 	  •

Table 17.--Tension perpendicular to grain, maximum strain

:	 .

	

.	 .	 ..	 .	 .
Effect- : Component :Degrees: Sum of : Mean :Variance :Signifi-:Basis of

	

of : squares : square :ratio (F):	 2 :compari-

	

:freedom:	 •.	 .	 cane-. : son
. : :	 :	 : 	 : - 	  :	

L
M
M

T
T
A
A

LxM
LxT
Da
MxT
MxT
MxT
MxT
MxT
Mxk
MxA
MxA
MxA
MxA
TxA
TxA
TxA
TxA
TxA

LXMxT
LxMxA
LxTxA
MXTxA

3 :	 511.70 : 170.57 :	 2.35 :	 NS	 :	 R
1 :	 24.33 •	 •	 0.24 :	 NS	 : LM
1 :	 2686.69 •	 • 26.42 :	 VS	 : LM
1 :	 1833.56 	  18.03 : VS	 : LM
1 : 14145.33 •	  106.62 : VS	 : LT
1 :	 101.67 •	  	 0.77 :	 NS 	: LT
1 :	 1190.02 •	  	 3.08 :	 NS	 : LA
1 :	 1213.36 •	  	 3.14 :	 NS	 : LA

	

9 :	 915.30 : 101.70 :	 1.40 :
	

NS

	6 :	 796.00	 132.67 :	 1.83 :	 NS
	6 :	 2316.38 : 386.06 :	 5.32 :	 VS
	6 :	 2865.62 : 477.60 :	 5.78 :	 VS
	1 •	 • 472.59 :	 5.72 :

	
S

1 	 • 1270.92 : 15.39 :	 vs
1 	 • 493.50 :	 5.97 •	 S

	1 •	 •	 7.23 :	 0.09 :	 NS
	6 :	 1157.58 : 192.93 :	 1.65 :	 NS
	1 •	 • 104.17	 0.89 :	 NS
	1 •	 • 162.00 :	 1.38 :	 NS

1 	 •	 37.56 :	 0.37 :	 NS
	1 •	 	 17.80 :	 0.15 :	 NS

	4 :	 560.23 : 140.06 :	 2.05 :
	

NS
	1 •	 • 138.20 :	 2.02 :

	
NS

	1 •	 	 83.44 :	 1.22 :
	

NS
	1 •	  302.82 :	 4.43 :

	
NS

	1 •	 	 35.77 :	 0.52 :	 NS

	•	 18 :	 1486.71 :	 82.60 :	 1.14 :	 RS
	•	 18 :	 2106.99 : 117.06 :	 1.61 :	 s
	•	 12 :	 820.77 :	 68.40 :	 0.94 :	 NS

	•	 12 :	 1656.31 : 138.02 : 	 1.76 :	 S

R
• R
:	 R
: LMT
: LMT
: LMT
: LMT
: LMT
: LMA
: LMA
: LMA
: LMA
: LMA
:
• LTA
: LTA
: LTA
: LTA

:	 R
:	 R
:	 R
: LMTA

	Correc- :	 •.	 •

	tion •	 •	 1 : 161927.92 •	 •	 •

-L = logs; M = moisture content; T = temperature; A = angle of loading.

ENS = not statistically significant; S = significant at 5 percent 3,evel of
probability; VS = significant at 1 or 0.1 percent level of probability.
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Table 18.--Compression perpendicular to grain, stress at 2.5 percent strain 

1
Effect- : Component :Degrees: Sum of •

of : squares :
:freedom:	 ••

Mean :Variance :Signifi-:Basis of
square :ratio (F): canceE :compari-

:	 : son

L	 °	 	 3	 :	 1089.54. 363.18 :	 14.64 •	 S	 :	 R
M	 :Gr. v. Others:	 1 : 19045.01 •	  488.96 : VS	 : LM
M	 : Others - 1 : 1 • 50181.33 	  1288.35 : VS : LM
M	 : Others - q :	 1 :	 1950.69 •	  	 50.08 : VS : LM

T	 :	 1	 :	 1	 : 75831.39 •	   1178.24 : VS	 • LT
T	 :	 0	 :	 1	 :	 312.63 •	 •	 4.86 :	 NS	 : LT

LxM	 •	 .	 9	 :	 350.56 •	 38.95 :
LxT	 •	 6	 :	 386.15 :	 64.36 :
MxT : Total	 •

	

.	 6	 :	 2767.41 : 461.24 :

	

MxT :Others - 1-1 : 	 1 :	 820.14 -	 •
	MxT :Others - q-1 :	 1	 :	 504.17 •	

MxT	 :Others - 1-q :	 1	 :	 15.03 •	
MxT	 :Others - q-q :	 1	 460.05 •	 •

	LxMxT •	 • 18	 :	 806.25 :	 44.79 :	 1.80 :	 NS	 :	 R

	

Residual .	• 48	 1191.00 •	 24.81 •	 •	 •

Total	 • 	 95	 : 153911.96 •

Correc-
tion : .	 •	 1	 28222.04 •	

= logs; M = moisture content; T = temperature; A = angle of loading.

ENS = not statistically significant; S = significant at 5 percent level of
probability; VS = significant at 1 or 0.1 percent level of probability.

•

	1.57:	 NS	 :	 R

	

2.59 :	 S	 :	 R
10.30: VS LMT
18.31 : VS : LMT
11.26 : VS : LMT

	

0.34 : NS	 : LMT

	

10.27 : VS	 LMT
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Table 19.--Analysis of variance of the relaxation  coefficient, m y at 75° F. 

Effect1-
:	 ..	 .
:Degrees: Sum of : Mean : Variance : Significance/

of : squares : square :ratio (F).?:
:freedom:	 •.	 .	 .
: - 	 --; 	 •	 :	 : - 	 .-

L	 :	 1	 :	 204.2 :	 204.2 :	 1.18 :	 NS
T	 :	 1	 : 11439.2 : 11439.2 :	 66.12 :	 S
M	 :	 1	 : 12838.0 : 12838.0 :	 74.21 :	 s

Si	:	 1	 :	 1547.7 : 1547.7 :	 8.95 :	 S
Sq.	:	 1	 :	 37.1 :	 37.1 :	 0.21 :	 NS
Sec	 :	 3	 :	 244.0 :	 81.3 :	 0.47 :	 NS

LxT	 :	 1	 :	 713.0 :	 713.0 :	 4.12 :	 NS
LXM	 :	 1	 :	 305.1 :	 305.1 :	 1.76 :	 NS
Lx01	 :	 1 :	 84.1 :	 84.1 :	 0.49 :	 NB,
J.J3(1	 :	 1	 :	 17.4 :	 17.4 :	 0.10 :	 NS
lasse	:	 3	 :	 610.2 :	 203.4 :	 1.18 :	 Ns
TxM	 :	 1	 :	 165.1 :	 165.1 :	 0.95 :	 NS
Tx81	 :	 1	 :	 54.7 •	 54.7 :	 0.32 :	 NS
TXSq. 	:	 1	 :	 118.3 :	 118.3 :	 0.68 •	 NS
TxSac	 :	 3	 :	 448.7 :	 149.6 :	 0.86 :	 NS
MxS1 	 •	 1	 :	 125.4 :	 125.4 :	 0.72 ;	 NS
MY'Sq•. 1	 :	 0.9 :	 0.9 :	 0.01 :	 NS
MXS Eje	 •. 3	 :	 335.2 :	 111.7 :	 0.65 :	 NS

Polled error	 : 21	 :	 3632.2 :	 173.0 •	 •

Total	 : 47	 : 32820.5 • 

Correction factor :	 1 : 441408.5 •	 •

2A11 variance ratios based on pooled error with 21 degrees of freedom.
3
-NS = not statistically significant; S = significant at 1 percent level of

probability.

1
-L = logs; T = type of test; M = moisture content; S = stress level;

Si = linear; Sq = quadratic; Sec = scatter.
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Figure 5. --End view of cabinet in which short-time tension and corn-
pression tests were conducted.
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Figure 6. --Apparatus for short-time tension tests at moisture content
levels below the fiber saturation point.
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Figure 7. --Apparatus for short-time compression tests at moisture
content levels below the fiber saturation point.
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Figure 8. --Apparatus for short-time tension tests of green specimens.
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Figure 36. --Apparatus for creep and recovery tests in tension and com-

pression perpendicular to the grain.
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Figure 44. --Dial bar with dial and Tuckerman extensometer for measuring
load on relaxation specimen in a fatigue machine.
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Figure 45. --Arrangement of specimen in grips of fatigue machine for
stress relaxation test in tension perpendicular to the grain.
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Figure 46.--Arrangement of specimen in grips of fatigue machine for
stress relaxation test in compression perpendicular to the grain.
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Figure 47. --Stress relaxation in tension and compression perpendicular
to the grain at 75° F.
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