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I. INTRODUC TION

Stress-strain relatlonships in materials are not inde-
pendent of time, as is tacitly assumed in classical elastic
theory. The exlistence of stress-straln-time relationshlips in
wood were recognized at least as early as 1833 by Franz Joseph
Ritter von Gerstner (51). Two common examples of Such rela-
tlonships are creep, the strain-time behavior under constant
Stress, and stress relaxation, the relatlonship between stress
and time under constant strain. There are, however, many
octher types of material behavior documented which are mani-
festations of an interaction between stress, strain and time.
The description of time-related mechanical behavior is usually
classiflied within a branch of physics called rheology, the
study of the deformation and flow of matter.

If a reliable description of the rheologlc propertles of
wood perpendicular to the grain can be established, several
common problems assoclated with wood and its use may be more
thoroughly dealt with. For example, for stresses and strains
perpendicular to the graln, most clamping problems must be
assoclated with time-related behavior. Difficulties encoun-
tered in maintaining clamping pressure at a desired magnltude
for extended periods of time are at least i1n part manifesta-
tions of stress relaxation. The age old problem of loosening

of tools on wooden handles has recently been suggested as a



time-related stress problem (48). When wood dries and begins
to shrink, rather severe andicoﬁplex stress systems are
imposed across the grain. Permanent deformatlons usually
occur, which cause the wood to have bullt-in stresses in the
dried condition. The occurrence and relief of these stresses
nust be subject to rheologic conslderations. Stress relaxa-
tion may play a role in the loosening of nalled Jjoints. As a
final example, the established mechanical properties of wood
are affected by the time-rate of testing.

This research has been conducted to devise methods for
describing some aspects of the perpendicular to the graln
time~related behavlior of wood. Unliaxlial stresses and stralmns
perpendicular to a2 longltudinal-radial plane were conslidered,
in tension and compression. A single temperature and relative
humidity were employed, ylelding an equilibrium molsture con-
tent of about 12 percent. Duration of each test was about 14
weeksS. It is hoped that the results of this study will lead
to reliable engineering criterle for predicting the stress-
strain-time behavior perpendicular to the grain, at least for
relativély low temperatures. No consideration is given here
to the role of anatomic structure in rheologic behavior. The
approach to analysis deals with macroscoplc parameters, and it

1s assumed that wood is a homogeneous continuum.



II. REVIEW OF LITERATURE

Throughout this review, interest is focused on rheologlc
Phenomena from a qualitative point of view. Species used in
experiments, or values of propertles obtailned are not éonsid-
ered pertinent. It is of interest to kmow the general nature
of time-related béhaviors which have been observed and de-
scribed In the literature and, where these behavliors have been
described mathematically, the form of such functions.

W. Weber (52), in 1841, wrote a paper discussing what he
called "elastische Nachwirkung". Todhunter and Pearson (50)
translated this term as "elastic after-strain". According %o
the latter authors, "... 1t differs from elastlic fore-strain
in that 1t requires a certaln duration of load; it differs
from set in that 1f the load be removed for a certain perliod
the after-strain disappears." Thus, as early as 1886, several
rheologic phenomena were named and falrly well defined. In
current literature, the elastlc after-straln 1s called creep.
Blastlc fore-strain 1s more commonly called instantaneous
elastic strain. Set, as defined by Todhunter and Pearson, is
now often called flow, or secondary creep. The modern concept
of Set 18 not defined in the same fashion. Rather it is taken
to mean the amount by which strain exceeds the elastic limit
straln, where time is not a consideration.

Von Gerstner (51) experimented with flexure in wooden
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.beams, and gave some indiéation that he recognized a creep
effect. In 1848, B. OChevandier and G. Wertheim (8) reported
the results of studles of beams 1n flexure, in which an in-
crease 1n deflection was observed with inereasing time, even
at relatively small loads. Numerous other experiments have
been documented where wood has exhlbited a pronounced time-
related behavior. The behavior has appeared in many different
experimental forms. Several such forms will be discussed in
the followlng sections. Most of the experiments were conducted
in bending, and essentlally all of them were conducted such

that the normal Stresses were parallel to the grain.
A. Strength-Time Relatlons

In early efforts to obtaln and tabulate the strength
propertlies of wood, 1t was recognized that such propertlies
depended, to a considerable extent, upon the time in which the
tests were performed. The bending propertles were thus evalu=~
ated on two bases, impact bending, where the entire duration
of test was a very small fraction of a second, and static
bending, where the tests were conducted at a constant deflec-
tion rate for a total time of about 4 minutes. TFrom scanning
the property tables of Markwardt and Wilson (36), 1t appears
that the proportlonal 1limit 1s roughly 100 percent higher in
impact bending, based on an equlvalent static load, than in

static bending for dry wood.



Brokaw and Foster (7) and Iiska (32) reported the effect
of loading at a constant rate t6 failure in a range of loading
times from about 1/2 second up to 750 Seconds. Experiments
were conducted in compression parallel to the graln and in
bending. Results of these works provide some rules of thumb
for adjusting values of propertles according to loading time.
Pigure la shows a representative relationship. Ultimate
strength was related to time by a function of the form

P=2a+blog T

where P 1s strength, T is time, and a and b are constanﬁé.
Wood {53) has reported the results of experiments in bending
under constant load for a duration of greater than five years.
Using these data, and those of Iiska reported above, he fitted

an expression of the form
(P - a)Tb =c

where ¢ 1s a constant. The graph of thlis expression, shown in
general in Figure 1b, has been published in a great many wood
design and property handbooks, and 1s used widely as a means
for establishing duration of load effects in design.

The studies dlscussed above represent efforts to corre-
late strength with time, leading to useful predicters for
design purposes. The functlons employed are somewhat arbl-

trary; a number of mathematical forms could be made to fit the
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ULTIMATE STRESS,P

TIME TO ULTIMATE STRESS, T

Flgure la. The effect of rate of load application on the

ultimate compressive strength for Douglas fir.
Due to Idsks (32)

ULTIMATE STRESS, P

DURATION OF MAXIMUM LOAD

Flgure 1b. Relation of working stress to duration of load.
Due to Wood (53)



same data. It 1s of interest to note that, in every case, as
the time reqﬁired for fallure increases, strength decreases,

sharply at first and then more slowly.
B. Rate of Lioading

If wood is tested at a constant strain rate, the result-
ing stress-strailn dlagram depends on the magnitude of the
Strain rate. Figure 2 shows a typlcal result from work re-
ported by Iiska (32). Higher loading rates led to a higher
proportional limit and higher strength, but no measurable in-
crease in modulus of elasticlity. Other investligators have
endeavored to describe the rate of loadling effect mathemati-
cally (28, 58). OClearly, this behavior indicates that the
effects of time must be incorporated with conventional elastic

concepts for a more adequate description of the material.
C. Hysteresis

Conslider a specimen of wood loaded at a constant rate of
load to a stress above the elastic limlt but less than the
ultimate strength of the material, and then unloaded at the
same rate. Classical elastic-plastic theory admits a stress-
Strain dlagram as shown in Figure 3a, where the area between
loading and unloading curves is considered to be the energy
lost in plastic deformation. The strain above the proportional

limit is not recovered, and is called set. Kollman (27) has



TEST COMPLETED
IN 1.98 SECONDS

\TEST COMPLETED
IN 552 SECONDS

LOAD

DEFLECTION

Figure 2. Typical load-deflection curves for two matched
]()ou las fir flexure speclimens. Due to ILiska
32



STRESS

ol set |L_ STRAIN

Figure 3a. A stress-straln dlagram according to
classical elastlic-plastic theory

LR

STRESS

STRAIN

Filgure 3b. Stress-straln dlagrams for beech stressed
across the grain. Due to Kollman (27)
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reported the results of experiments with wood stressed per-
pendicular to the graln, where the stress-straln diagram
deviates markedly from the classical theory. In Flgure 3b,

1t can be seen from one of Rollman's diagrams that strain
continues to lncrease fo; a time after the load has begun to
drop, and that it 1s decreasing rapidly at the time of com-
plete unloading. Xollman indicated that considerable recov-
ery of strain occurred i1f sultable time was allowed after the
test., There exists, then, an “"elastic hysteresis" which must
depend on the rate of loading and unloading, and therefore, on

time.
D. Creep and Stress Relaxatlon

When an experiment is to be performed to obtain relatlion-
ships between three varlables, perhaps the most common experi-
mental method used i1s to hold one of the varlables constant
and observe the joint behavior of the remalning two. 1If a
constant stress is imposed on a wood specilmen, and straln-time
data are collected, the creep curve shown in Figure 4a may be
plotted. Clouser (10) has pointed out that, in tension or
bending, if the stress 1s high enough, then the creep curve
may pass through a point of inflection, curve up rapidly, and
reach a point of complete fallure. Such behavior will not be
studied here. If, at some time t;, the constant stress is

removed, and data collection continued, then the creep recovery
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creep - creep recovery

—

STRAIN, ¢

—-]-—-

Time, 1

Figure 4a. Oreep and creep recovery in red oak in tension
perpendicular to the grain. Due to Youngs (59)

2

strain = const.

STRESS, o

TIME, t

Flgure 4b. Stress relaxation in red oak in tension
perpendicular to the grain. Due to Youngs (59)
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behavior is obtained. Leaéerman (30) has documented develop-
ment of mathematical théories on creep and related phenomena
in filamentous materials dating from the 19th century. Nadai
(39, 40) has presented some of the theories used for metals.
It is apparent from Pigure 4a that the creep recovery is
approaching a horizontal asymptote, and that all of the creep
Sstraln will not be recovered. This irrecoverable portion of
the straln 1s usually called flow. It is inconcelvable that a
specimen could continuously develop irrecoverable strain with-
out failure. PFor this reason, a preclse description of flow

behavior 1s of paramount importance.

n a2 weed Speclimen, and

I

Fy

?

stress~time data are taken, the stress is seen to decay as
shown in Figure 4b. Apparently, with wood, it does not decay

to zero, but approaches an asymptote.

Many experiments have been conducted with wood to obtain
some knowledge of the creep and relaxation behavior. In the
following reviews, these works will be organized according to

the state of stress used in the experiments.

1. Axial stress

Khukhryanskil (20) presented relaxation curves for wood
in compression parallel to the grain which show the stress
decaying to some finlte asymptote. His curves indicate that

the stress remains approximately proportional to strain for
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all times, 1f the inlitial stress does not exceed the static
proportional 1limit., He obtained creep recovery data from
matched specimens, and here strain was proportional to creep
stress for low stresses, but a large deviation from propor-
tionality was observed at a stress equal to about the static
proportional limit. It is suggested that anatomical changes
must ocecur to cause the non-linearity, and that creep recovery
can be used to identify the proportional limit. Minami (37)
observed creep in tension parallel to the grain at 15 to 20
percent of the estimated ultimate strength, and what appeared
to be a non-recoverable strain at 50 percent of ultimate.
Dietz (13) experimented with Douglas
pression parallel to the grain, and in bending, for durations
of from 100 to 800 hours. His results indicate that creep in
all cases is sufficlently low to be almost negligible if the
stress is below the estimated proportional limit. However,
bonded resistance wire straln gages were used. Time-related
propertlies of gage and adhesive may have affected the results
of the experiment, which is not in agreement with others in
the literature. Wood, et al. (54), performed some exploratory
experiments with wood in tension and compression parallel to
the grain for periods of up to two years. Substantial amounts
of creep, creep recovery after load removal, and stress relax-
ation were observed. Creep recovery was occurring 500 days

after unloading, but it did not appear that the strain would
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have been completely recovered 1f the experiment had been
continued indefinitely. Creep curves were represented by 2

function of the form

where € 18 unlt strain. Kitazawae experimented with relaxation
of stress perpendicular to the grain. He employed the func-

tion

ae

Kltazawa suggests that the expression only works for stresses
from 30 to 50 percent of the proportional limit. King (21)
obtained and plotted creep versus stress level in tenslon
parallel to the grain, and fitted an exponential to the re-
sults. In later works (22, 23) King used two straight lines
to fit the same data. Kellogg (19), following the work of
King, studied the relationship between creep and initial sirain
level. Here, too, an exponential relationship was used.
Murphey (38) worked with wood in tension parallel to the grain
at several stress levels, and simultaneously studied, by means
of x-ray diffractlon, the way in which crystallinity of the
cell walls changed with increasing strain. Results indicate

some of the initial strain is not recoverable.



15

2. DBending stress

A number of rheologlc experiments have been conducted in

bending. There are perhaps two reasons for working in bending.

‘,J-

Most of the wood that 1s used structurally is used in bending.
Also, small strains can be manifested in large, easily measur-
able deflections due to small, easily manageable loads, so
that the experiment 1s relatively easy to perform. However,

a disadvantage of at least theoretical importance also exlists
in a bending experiment. There is no reason to believe that
rheologlc behavior must be quantitatively simlilar in tension
and compression. Then, i1f the stresses and strains are com-
puted from load-deflection data, using the common engineering
formulas, these stresses and strains have questionable valid-
ity.

Clouser (10) used the power function

e = € +atb

to express creep behavior for periods up to 10 years. Here g,
is initial strain, a constant. It was pointed out that the
constant b appeared to be independent of stress level at least
up to 60 percent of the ultimate strength in bending. Yamada,
et al. (56), employed a linear combination of a power term and
a2 logarithmic term to describe creep in bending. Long-term
loading tests reported from Great Britian (33) indicate that

for over three years, about one-half of the strain that occurs
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is recoverable. Brokaw and Foster (7) reported the results of
stress relaxation tests, and found 1little relaxation for

stresses less than 50 percent of the static ultimate.

3. Snear siress

Norris and Kommers (41) observed creep in plywood plates
subjected to shearing stresses in the plane of the plywood.
The results were fitted reasonably well by an expression

derived from
c
o = aeP(de/dt)

This expression will never admit stress relaxation, however.
For, if a constant strain is used, then de/dt = O and the
stress is 1ldentically zero for all times.

The various studies relating stress, strain and time
discussed to this polnt have almost all been performed sSuch
that stresses are parallel to the grain. The mathematical
models used to fit experimental data, in most cases are sub-
Ject to the criticism that they permit infinlte response as
time approaches infinity. This behavior is unacceptable in
view of the tendency for creep recovery and Stress relaxation
to reach finite asymptotes. The followlng general conclusions
about wood can be drawn from the works reviewed.

a. Wood exhiblts creep, creep recovery, and stress

relaxation.
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b. The time-related strain phenomena probably occur at,
and above, very low stress levels, if sufficlently
sensitive detecting equipment is used.

¢, OStiress and strain appear tc be propertional at any
time t, at least for sultably low stresses.

d. In creep, all of the strain cannot be recovered if
the load is removed. No precise indication is avail-
able of how much strain 1s ilrrecoverable.

e. In stress relaxation, the stress does not relax com~
pletely.

The behavliors dlscussed in the preceding paragraphs are
all manifestations of some general interrelation of siress,
Strain and time. If a general function relating the three
variables were avallable, then it should be possible to unite
the results of all time-related experiments into one unifled

theory. The beginnings of such a general function date back

to the late 19th century, and are credited to L. Boltzmann.
£. Boltzmann's Principle and Viscoelastic Theory

A general mathematical theory has been developed to de-
scribe time-related mechanical phenomena. It has often been
found perticularly applicable to high polymers. L4 great deal
has been written about viscoelasticity in recent years.
Mathematical developments may be studied in the following

references (1, 2, 5, 6, 14, 30, 43, 45). A number of the
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sources mentioned above also contain accounts of applications
of the theory to varlous substances. In general, the theory
of viscoelastlicity has the following important properties:
function.

a. It provides 2 general stress-strain-tim

BARE B B A )

[¢]

b. It is mathematically possible to describe creep,
creep recovery, and stress relaxation as related
phenomena within the scope of this function.

c. It reduces to classical elastic theory as an initial
condition.

In a one~-dimensional case, the general stress-strain-time

function for linear viscoelastliclty may be written

t
e=[ Kk(t- u)ggiﬁl du
-0 du
where k(t) is an experimentally accessible strain response to
constant stress; that 1s, a mathematical expression of the
creep behavior. The function k(t) is an arbitrary function
which fits the data. One such function commonly employed is
n -t/ui

k(t) =k, + & kj(1-e
o™, 1

t
) + &

1
Here 7 , kg, ki and u; are constants. The summation index n
is taken large enough to obtain any desired closeness of fift.
The first term accounts for an instantaneous elastic strain

when a stress 1s imposed. The summation term is used %o de-

scribe the elastic portion of creep strain, and the last term
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permits description of irrecoverable strains, as a linear
function of time. Of all fuanctions mentioned thus far for

describing creep behavior, only k(t) contains a time dependent

remaing finlte 28 tinm

[(]

approaches infinity, Mate-
rials which obey the function k(t) are sald to be linear
viscoelastic materials.

In an analogous development, stress relaxation is de-
scribed by means of the expression

m
n(t) =my + &

i=1

The creep and relaxation functions are related by thelr

Laplace transforms.

L[ k(t)] = 1
E p?Lm(t) ]

where p is the transform parameter. Alfrey (2) has shown that
the above expressions are equlvalent to a linear combination

of terms containing stress, strain, and thelr time derivatives.

F. Viscoelastic Behavior of Wood

A number of researchers in recent years have explored
the possibllity of using linear viscoelastic theory to
describe wood behavior. These efforts have been directed
primarily toward parallel to graln stresses. The series in
the Section E are sufficlently powerful to fit any function

having an asymptote at large t. The problem then
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reduces to one of checking for linearity between stress and
strain, and of obtailning the fit.

Grossman and Kingston (17) performed 50 day creep and
relaxation experiments in bhending, and attempted to predict
the results of one from the other, by means of the Laplace
relationship. Using n = 3, they concluded that the relation-
ship was correct except for the flow effect, which appeared
to be nonlinear. Kingston and Clarke (24), in bending and
shear, found linearity to about one-half of the ultimate
strength. After a nonlinear behavior, in some cases, linear=~
1ty was observed in a second stress range. Some anonymous
work (44) published in Australia suggests an upper limit of
linearity of about 67 percent of the ultimate strength.
Pentoney (42) using a flexural vibration technique which may
be developed from the viscoelastic expressions presented above,
found linearity for short times and low stresses. Davidson
(11) reported linearity in bending at one-half the static
ultimate and for times up to about 100 minutes. Youngs (59)
performed a few creep, creep recovery and sStress relaxation
tests on wood perpendicular to the grain for 70 hours and at
from 40 to 90 percent of the ultimate strength. He found that,
on the basis of his work, creep 1s greater in tension then
compression for both the recoverable and non-recoverable com-
ponent. He lndicates that this observation may be due to

experimental difficulty. The data were fit with a function of
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the form

which is the same as that employed by Clouser (10, in bending.
It was found that recoverable creep was linearly related to
stress, but the irrscoverable creep appeared o increase more
than proportionately with stress. PFilgure 5 shows the experi-
mental relationship between stress and Youngs' estimate of
flow.

On the basis of work reported, it appears that it may be
possible to use viscoelastic theory to describe time-related
mechanical behavior of wood perpendicular to the graln. The

linear theory does not seem to provide an adequate means for

describing flow effects.
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Figure 5. The relationship between irrecoverable creep,
stress and time for red oak. Due to Youngs

(59)
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III. THEORETICAL CONSIDERATIONS

In this study, it is desired to develop 2 means for

accurately describing the stress-stirain-time behavior of wood

in tension and compression perpendicular to the grain, and for

relatively long times. A general function wlll be consldered

adequate if it meets the following requirements,

a.

It must be possible to manipulate the function to
produce 2ll of the experimentally observable re-
stricted behaviors. These behaviors include creep,

creep recovery, sStress relaxatlon and irrecoverable

It must contain enough arbitrary constants to fit
experimental results to any desired degree of accu-
racy.

It must be well-behaved in the limits. That 1s, as
t—0 it must reduce to elastic theory, and as t-—> o0
it must predict finite strains commensurate with
physical reasoning.

It must be workable in an engilneering sense. This is

a rather loosely defined requirement.

A complete list of the symbols used in the followlng consider-

ations may be found in Appendix A.

Consider a wood speclimen subjected to a uniaxial, con-

stant stress perpendicular to the grain. If strains are
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observed at several times and plotted, there results a curve
having the form shown in the creep phase of Figure 4a. The
second phase, creep-recovery, is that observed if the stress
1s removed 2t some time t,. According to theory, creep may be

described by the expression

e(t) = c[pg + 11—51 D (1 - e't/Ti) + -}]

Here D, is called the glass compliance. It is the compliance
assoclated wlth an instantaneous, recoverable straln obtalined
at the instant the stress is imposed. The adjective "glass"

1 - — =

used becausSe many glass-like materl: ave lndependent

'_l-
/2]

of time over a wlde range of temperatures. The Di and T4 are
constants, and the summation expression, for suitable n, can
be made to describe a recoverable creep phenomenon, so long as
the creep approaches some asymptote for long times. The con-
stants Ty are often called retardation times, because they
have unlts of time, and because creep rate decreases as the Ty
increases. The last term is used to describe irrecoverable
creep, or flow. It is very restricted in its behavior, be-
cause it implies a linear relation between strain and time.
Diagrammatically, this implies that for very large times the
creep curve must approach constant slope. The bracketed por-
tion of 1 is called D(t), the creep compliance function or

simply the creep function. If t/} is subtracted from both
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sides of D(t), there results

-'t/‘fi)

n
=D, + I Di(l - e (1a)

Dg(t) = D(t) - %3- gt %

where Dp(t) is called the elastic compliance. Furthermore
n
D, = lim Dp(t) =D, + T Dy (1v)
t+o * © i=1
is the equilibrium elastic compllance. It 1s sometimes useful

to suppress the glass compliance in la, and work with the

delayed elastic compliance

e-t/Ti)

—
|
[¢]

e

It is to be noted that D(t) is independent of stress level.
It is implied that stress is proportional to strain for any
time. As an initial condition this is Hooke's law, and 1t is
commonly referred to as the linearit& condition in viscoelas-
tic theory.

If the speclmen is subjected to a constant strain and
stress-time data are taken, there results a curve such as

Pigure 4b. Then, in theory,

o(t) = e[Ee + ilgn Eie-t/Ti] (2)

=1

The Ey and 14 are conStants. The 74 in 2 are not the Same as

the r4 in 1, although by conventlon the same symbol is usually
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used. Here they are called relaxation times, and the stress
decreases as the Ty increase. The bracketed portion of 2 1is

called the relaxation functlon E(t). It follows that
B, = lim B(t) (22)

where Ee is called the steady state elastic modulus. It is
also useful to define \

B, = lim E(%) = Ee + ¥ Ei (2b)
© t—~0 i=1

E, 1s the glass modulus. It is the same as the conventional

g
modulus of elasticity if the conventional modulus 1s assumed
to be determined in an infinitely short experiment.

Apparently a material which exhiblts a behavior described
by 2 would not exhibit flow in a creep experiment. In the
limit as time approaches infinity in 1, the flow strain also
becomes infinite. If some sort of molecular mechanism exists
which will permit this flow behavior, the same mechanism would
cause complete stress relaxation. But 2 has a finite limit at
infinite time, as indicated by 2a. If, in a relaxation exper-
iment, complete relaxatlon does occur, ther additional terms
are required in 2 to account for this phenomenon.

It is possible to show that the strain response to any

general stress system o(t) is given by

e(t) =) Dt -u) il gy (3)
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Expression 3 is often called Boltzmann's superposition prin-
ciple. The integral is a stress-history integral.l The
Strain at time t depends on stresses at all previous times u,
on the elapsed time (t - u) and on the strain response of the
material to constant stress, D(t). Implicit in the deriva-
tion of Boltzmann's principle is the assumption that irrecov-
erable strains are not allowed. Otherwlse the function D(%t)
can be any functional representation of creep behavior, in-
cluding 1la.

An analogous expression of Boltzmann's principle is

t
o(t) = I“_E(t - u)g%égl du (3a)

where the kernel is the stress response to consStant strain.
Now if 3 and 3a are both general stress-strain-time functious,
independent of any flow effects, they must be equivalent.
Gross (15) has shown that the elastic creep compliance DE(t),

and the relaxation modulus E(t) are related by the expression

Ll Do(t) ] = L (4)
Log(e) ] p2 L[ E(t) ]

Although the mathematical develovment of 4 1s perfectly

rigorous, one 1s not assured that the Laplace transforms of

lFor additional information on history integrals, see,
for example, (55, p. 194).
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De(t) and B(t), or the inverse transforms, can be easily
estabilished. Ferry (14), MacLeod (34) and others have dis-
cussed approximations to these functions, but for which the
transforms are relatively easy to manipulate. Bateman (4) has
tabulated a great number of transforms and inverse transforms.

If a stress history on a specimen 18 imposed as a se-
quence of step functions, then 3 may be written in finite form
as

D(t - uj) Ad(uj) (5)

Here, the stress 1s imposed in q steps, Ac(uj), each being
imposed at time uj. This permits description of the creep
recovery phenomenon, for unloading corresponds to imposing a
negative stress in 5 equal to the original stress. It can be
shown that, according to 1 and 5, the strain at any time after
stress removal is

ee) = o 2o 3 pe TP b ] (6)

7 i=1

Here, t; 1s the time of stress removal. The behavior for t>1t;
is creep recovery. It 1s of interest to look at the difference
between the maximum strain achieved, at time t,, and the strain
thereafter. If this difference is called recovery strain,
er(t), it may be expressed as

er(t) = c[Dg + él D (1 - e /Ty - e'“‘tl)/”)] (7)
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There are several points of interest assoclated with 7. Dg
appears in the same fashlon in 1 and 7. Therefors, the
instantaneous elastic behavior is precisely the same if the
stress 15 imposed or removed. No fterm expressing flow appears.
This leads to an experimental means for obtalning creep be-
havior wlithout lrrecoverable stralns. If tl/Ti 5> 1 for all
Ty, then ¢,.(t)/c 1s approximately the same as D(t) without
flow. The validity of the inequality must be checked against
any experimental results. If it holds, then it 1s possible to
obtain delayed elastic effects from a recovery experiment.

The corresponding flow effects may be obtained from the creep
portion of the experiment. This 15 done Simply by obtalning

the difference between creep and recovery strain. Thus
er(t) = e(t) - e, (t) (8)

The compliance, D(t), and the modulus, E(t), are material
properties analogous to thelr elastic counterparts. Here the
properties cannot be expressed as constants, but as functions
of time.

Much of the literature defers to a natural mathematical
extension of 1 and 2. If n and m are allowed to approach
infinity, it is possible to get unique expressions of the
creep and relaxation behavior in the form of integral equa-
tions. Although the uniqueness property, not enjoyed by 1 and

2, 1s theoretically desirable, computational difficulties
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arise in attempting to fit experimental date, as discussed by
Perry (14). In addition, the integral forms are not consid-
ered to be usable 1n an engineering sense, which is one of the
requirements of this work. The integral forms may, however,
lea&‘to a better understanding of the role of wood structure

in rheology, 1f sultable research is conducted in that area.
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IV. EXPERIMENTAL INVESTIGATION

A. ZExperimental Techniques

Creep experiments were used in this research for experi-
mental verification of the viscoelastic concevts for wood
perpendicular to the grain. It was felt that 1t 1s easler to
experimentally meet the assumptlons of the theory in creep
than those of stress relaxation. In a stress relazxation study,
it is necessary %o impose a constant sirain, and measure
Stress changes with time. However, any Stress measuring de=-
vice in the test system must necessarily behave elastically.
If 1t is stiff, 1t has poor sensitivity. If it 1s soft, it is
difficult to hold strain constant in the specimen, because the
device changes strain as the stress relaxes. By comparison,
in 2 creep experiment, 2 means can be devised to simply hang
a weight to induce a constant stress in the specimen. It is
assumed that no measurable change in the cross~sectlion of the
specimen will occur during the experiment.

The specimens were loaded so that the stress was always
perpendicular to a longltudinal-radial plane. In this way, it
was poSsible to obtain the specimens from a flat-sawn board.
Red oak (Quercus spp.) was used for a number of reasons.

Among the hardwoods, its static properties are best known. It
is a species which 1s commercially very important. It exhibits

greater seasoning problems than most species. It 1s avallable
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locally for easy selection. It was desired to study the time-
related behavior independent of the effects of molsture con-
tent and time. A convenient room was used where atmospheric
conditions were controlled at 80 degrees Fahrenhelt and 65
percent relative humidity. This corresponds to an equilibrium
moisture content of about 12 percent, based on the oven-dry
welight of the wood.

Tenslle and compressive behavior were studied. The test
specimens used were those reported by Youngs (59). They have
a 1/4 square inch least cross-section, making it possible to
obtain easily measurable strains with relatively small loads.
The two types of speclimens are shown in Pigure 6. One flat-
sawn board 2 by 10 inches in cross section was obtained in the
green condition. The board was sawed into wafers 1/2 inch
along the grain. The wafers were numbered consecutively.

They were placed on stickers, and over a perlod of weeks they

were moved through a sequence of conditioning rooms to obtaln

slow, Stress-free drylng. At the end of the conditioning se-

quence they were stored in the room where the tests were to be
conduc ted.

The wafers were inspected after conditioning, and a few
were culled due to growth irregularities. About every third
specimen was segregated from the batch and stored for a
separate study. Of those remailning, 16 evenly spaced wafers

were designated for control specimens. The remainder were
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assigned for creep tests. The Specimens were machined, and
agaln stored on stickers ln the test room. The control speci-
mens, eight for each stress state, were tested at a constant
rate of straln to fallure. The average of elght strength
values were used as an estimate of the statlc ultimate strength
of the wood.

In order to test linearity, it was decided to conduct
tests at 20, 30, 40, 50, and 60 percent of the estimated ulti-
mate strength of the wood. PFor an estimate of the wvariation
between Speclmens tested alike, two replications were made.

In addition, a single exploratory replication was conducted at
10 and 80 percent ¢of the estimated strength and for both states
of stress,

It was necessary to devise a straln detectling device with
a resolution of about 100 micro-inches per inch, and which was
not itself subject to any time-related behavior. 4 special
optical gage was fabricated and 1s shown mounted on a compres-
sion specimen in Figure 7. It has a l-inch gage length, a
range of about 0.06 inches, and the desired sensitivity. The
gage 1s made of aluminum, and fastens to the specimen by set
screws top and bottom. Properly adjusted, the holes made by
these screws are no larger in diameter than the vessels in the
oak. The front is removable for attachment to the tension
specimen. The lower mirror remains fixed during tests, and

the upper mirror rotates about a horizontal axis according to



Figure 7. Optical strain gage used in creep experiments
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the amount of strain that occurs. The gage has a multiplica-~
tion ratio of about 367, when used with a sScale 24.00 inches
from the axls of rotatlon of the upper mirror.

An ordinary 35 millimeter slide projector, containing a
slide with two sultably spaced cross~halrs, and a scale were
used for reading the strains. This assembly is shown in
Figure 8. The scale was pasted on a circular arc of wood,
designed to have the proper radius of curvature for linear
strain readings from the strain gage. The cross-halrs were
projected onto the gage mirrors and the reflected imagesS ob-~

served on the scale. Differences between fixed and movable

divided by the multiplication ratio.

Loads were imposed by hanging a2 bucket of lead shot on a
lever System.' It was necessary to hang the welght as quickly
as possible in order to estimate the instantaneous elastic
strain, but not fast enough to cause noticeable dynamic ef-
fects. Several levers were avallable so that the maximum
welght employed in any test was 33 pounds. Although atmos-
pheric condltions were controlled in the test room, 1t was
felt that considerable traffic in and out during the day would
cause the ambient conditions to vary. Therefore, the specl-
mens were tested inside plywood boxes to buffer this effect.

A glass pane in the front permitted reading of the strain gage.

Figure 9 shows the tension apparatus. The entire system was



Figure 8. Projector and scale for reading strain gages
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Figure 9. “Tension specimen and test apparatus used for
creep experiments. Durlng tests, the door 1s
screwed firmly in place
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mounted on foam rubber for vibration isolation. Sufficient
pin-end connections were used in the systems to ensure uni-
axial loading.

The tension specimens were gripped by bolting heavy steel
friction plates on the ends. ZElectric time clocks with limit
switches were used on the tension tests, so that if destruc-
tive fallure occurred, the time would be recorded. Sufficient
apparatus was constructed to conduct four tension tests at a
time.

A typical compression apparatus is shown in Figure 10.

A cage~type specimen jig, similar to that described by Youngs
(59), was used to change a hanging load to
stress. TFor the compressive tests, no time clocks were used,
but the date and time of day were recorded, along with strains.
Four compression tests were conducted simultaneously.

The experiments were somewhat exploratory in terms of
attempting to establish a reasonable duration of test. There-
fore, the first tests, at 20, 40, 60 and 80 percent of esti-
mated ultimate strength, were watched carefully as they pro-
gressed. In some cases they were continued for up to 2700
hours, in order to establish trends in behavior. ILater tests
were standardlized to about 1700 hours of creep and 700 hours
of creep recovery. At the beginning of the experiments

strain~time data were recorded for times of 0, 1, 2, 3, 4, 5,

8, 10, 15, 20, 30, 52, 100 and 300 minutes. One readlng was



Figure 10. Compression specimen and test apparatus used
for creep experiments. During tests, the
door is screwed firmly in place
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taken each day for the next three days, and one reading about

every two or three days thereafter.
B. Analysis of Results

The data were analyzed in terms of complliance, the ratio
of creep strain to stress. If the stress-straln behavior for
the material is linear, the compliance is independent of the
stress level at which 1t was obtained. It 1s possible, then,
to compare the varlation in compliance obtained between Stress
levels with the varlation for specimens tested at simllar
stress levels. By the nature of the theoretical concepts
discussed 1n the previous section, it is necessary toc estab-
lish the glass compliance, the delayed elastic compliance and

the compliance associated with flow in that order.

l. Glass compllance

According to Equation 7, the instantaneous elastic behav-
ior observed upon loading and upon unloading are equivalent.
Each creep and creep recovery test ylelds two estimates of the

glass compliance property, D from the same specimen.

g’
Straln changes quite rapidly with time during the first
few seconds of a creep experiment. It is difficult to obtain
a strain reading at precisely the instant that load is in
place. Therefore, considerable variation was expected, and

occurred.
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Strain was regressed on stress by the method of least
squares. The slope of the regression equation is Dg. Figure
1l shows the regressions obtailned in tension and compression.
The line for compression is based upon 20 data points. The
data at 80 percent of ultimate stress were rejected because
the test exceeded the limits of the strain gage. One test in
compression at the 60 percent stress level was culled due to
experimental difficulties at the time of unloading. The

regression for tension is based on 24 data polnts.

2. Delayed elastic compliance

b}

In order to extract ta

[

delayed elastic compliance
the data, 1t is necessary to know the glass compliance. It
was assumed that, for any specimen, the glass complliance ob-
tailned from the regression of Plgure 11l was a better estimate
of the true glass compliance than elither value obtained from
the test of that specimen. This was done because of the large
experimental error expected in obtaining any single value of
Dg. Put another way, 1t was assumed that variation in tue
experiment was of greater consequence than variation in the
material.

According to expression 7, recovery strain ylelds a good
approximation for elastic compliance DE(t), subject to the
restriction that tj;/ry >> 1. Expression la was fit to recovery

data, using Prony's method, as documented by Hildebrand (18).
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Appendix B gives a discussion of Prony's method, as applied in
this study. Table 1 gives the ratilo tl/Ti for all speclmens
tested.

It was found that la fit the data reasonably well 1f n
was taken to be two. Then four constants, in addltion to Dgs
were evaluated by Prony's method. No one curve so obtained
was congruent with any other. It was desired to determine if
each curve was an estimate of the same property, 2s 1s assumed
in linear viscoelastic theory, or if a difference in the curves
existed between stress levels. Where possible, constants were

treated in an analysis of variance in 2 completely randomized

Gesigan. The hypothesis tested
was the same for all stress levels. Data at the 10 and 80
percent stress levels, and at the 60 percent stress level in
compression only, were not used in the analyses due to lack of
replication.

It is shown in Appendix B that a set of constants Ci are
equivalent to the time constants Ty €1, and therefore 7,,
was found to be significant at the 1 percent level in compres-
sion. The complete set of €, for all compression tests 1s
tabulated in Table 2. It is apparent that the values for the
20 percent stress levels are markedly lower than at any other
stress level. In tension {; was not significantly different

between stress levels. The average values of ;.. and the F-

values, are given in Table 3.
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Table 1. Ratios tl/Ti for checking validity of use of
recovery data

Tension Compression
Specimen t1/74 i Specimen ty t1771
(hours) (hours)
T=1=3 i871 60.0 1l ¢-%-1-Rep 2014 11.6
84.1 2 314.6
T-1-2 1657 9.5 1 C-2-1 2152 120.2
45,2 2 164.3
T-1-1 1867 22.0 1 c-1-2 1990 199.0
121.4 2 239.8
T-3-1-Rep 1795 68.2 1 C-1-3 1656 14.4
371.8 2 80.4
T-3-3 1678 13.6 1 c~2-3 2059 22.1
71l.2 2 92.7
T-2-1 1845 35.3 1 C-1-1 2153 11.0
52.1 2 129.7
T-2-2 1658 7.6 1 C-2-2 1681 15.1
125.8 2 27.2
T-2-3 1870 16. 4 1 C-4-3 1846 18.6
161.8 2 95.2
T-4-3 1677 18.4 1 C-5-3 1845 16.8
160.9 2 121.4
T-3-2 2507 12.5 1 C-3-2 1655 9.9
142.2 2 140.2
T=4-2 1796 19.7 1 C-4-2 169 1.6
101.9 2 14,2
T-4-1 1704 7.7 1
145.0 2

8In fitting expression la to the data, n was taken to be
2, so that 1 takes on the successive values 1, 2.



50

Table 2. Time constants gi for compression tests

S ss 1 1 t
Repli- tre evel (percent)
cation 10 20 30 40 50 60 80

1 0.9443 0.5726 0.9170 0.9498 0.9041 0.9418 0.9096
2 0.3696 0.9071 0.9141 0.913L

270 obtain the time constant €, time is measured in tens
of hours.

It was not possible to test the second time constant, ge,
because 1t often had a negative value. Detalls of the dif-
ficulties encountered are glven in Appendix B. Table 4 gives
the magnitudes of (, obtained. It can be seen in Table 4 that
considerable variation exists in C2 among and within stress
levels.

The delayed equilibrium elastic compliance De-Ds was

tested. The average values are given in Table 3, along with

FP-ratios, and corresponding critical values of F.

3. Flow compliance

According to expression 8, irrecoverable strain, or flow,
can be obtailned by subtracting recovery strains from creep
strains at any cholce of times, subject again to the restric-

tion that tl/Ti >> 1. If 8 is divided by o, an expression for



Table 3. Average constants and P-ratios
Tension Compression
a Level ofP c Level of
Average value F slgnificance Average value F slgnificance
(percent) (percent)
Cl 0.888 0.60 >20 0.806 18.7 <1
D, - D,° 2.978 1.34 >20 3.108 3.57 »10
8Phe ratio has 4 and 5 degrees of freedom.
bThe level of significance is the probability of obtaining by chance a suf-
ficlently large calculated F to reject the hypothesis when, in fact, the hypothesls
is true.
CMhe ratio has 3 and 4 degrees of freedon.

dmese constants have units 10°% in.2/1b.

T4
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Table 4. Time constants Cga obtained from Prony's method

Stress level Tension Compression
(percent)

10 -0.,6380 -0.2105

20 0.7613 -0.4656
-0.5221 -0.2995

30 0.1265 0.6158
~0.6540 -0.6369

%0 -0.7536 0.5475
~0.4743 0.3129

50 -0.4208 -0.5984
0.3835 0.5177

60 0.5668 0.4294
-0.5670

80 0.4270 0.4334

%The constants have unlts Cl/tens of hours.

Df(t), the flow compliance 1s obtained.

A curve was drawn through the data points for creep in
each experiment. PFigure 12 shows such a curve for sSpecimen
C-2-1, a typical creep compliance curve. At intervals ranging
from 10 hours to 200 hours, the ordinates of the corresponding
recovery curve obtained by Prony's method were subtracted from
the creep compliance curve. The lower curve in Figure 12 is
an example of a flow compliance curve obtained by subtraction.

Now it is apparent that flow here is not linear in time, as



Specimen c-2-/
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Figure 12. A representative creep compliance curve and computed flow
compliance curve
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given in 1. However, 1t was found that if the flow curves
were plotted on logarithmic paper, in many instances they

plotted as essentially straight lines. Figure 13 shows such

a plot, again for specimen C-2-1. Then,; apparently, at least

within the time range of these experiments, flow can be ex-

pressed in the form
b
De(t) = at (9)

In compression, 9 appeared to fit the flow qulte well,
particularly at the higher stress levels. In tension, much
of the flow data was very erratic, and showed no trend of any
kind. Where the tension data were reasonably consistent, 9
seemed to fit adequately. The constants for compression were
tested in the same statistical fashlon as before. The results
are given in Table 5. DNo statistical test could be performed
on the tension flow data, because the few results that were
reasonably well-behaved did not provide sufficlent replication.

The flow curves obtalned by using average constants are
plotted in Figure 14.

If la is substituted into 4, the transform manipulations
that will, in theory, permit solution for E(t) are unknown.
However, MacLeod (34) has suggested that if the logarithmic
plot of DE(t) versus t 1s a stralght line, at least for speci-

fied ranges of t, then approximately

Dp(t) = at® (10)
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Table 5. Average constants and P-ratlos for flow compliance

Tension Compression
Constant o Level of
Average value® Average ? significance
valueP (percent)
ad 0. 4k 1.040 0.73 >20
b® 0.541 0.520 0.40 >20

SRased on 1 test at 30, 40 and 50 percent of ultimate
strength, and 2 tests at 60 percent.

bBased on tests at 20, 30, 40, and 5C percent of ulti-
mate strength.

CThe ratio has 3 and 4 degrees of freedom.

dmne constant a has wnits of 1076 in=2/1b=

- -

€The constant b is dimensionless. t is measured in tens
of hours.

The transforms are established for 10, and yileld

E(t) - sin br (ll)

Here b is the slope of the logarithmic plot. It is obvious
that when DE(t) approaches 1ts asymptote, b approaches Zzero,
so that for all very long times the relaxatlon modulus and
elastic compliance functions are reciprocals.

Pigure 15 shows the logarithmic plot of the compression
recovery data. It appears that three straight lines describe

the behavior quite well above ten hours. TFigure 16 is a plot
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of E(t) obtained from Figure 15. It appears that very little
error would be introduced if it was assumed that E(t) and

DE(t) are reciprocals.
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V. DISCUSSION

The glass compliance appears to be quite independent of
stress level, on the basis of the regression plotted in Flgure
1ll. The plotted averages indicate a straight line relation-
ship between straln and stress, even at stresses as high as
80 percent of the estimated strength. There éppears to be
very littie difference between glass compliance in tension and
compression. It would be possible to perform a statistical
test for congruence of the two lines in Figure 11. This was
not done., It was felt that the method of obtaining instanta-
necus strains permitted 2 large amcunt of variation, so that
it would be difficult to show a significant difference between
the two lines even 1f a difference did exist. However, when
determining modulus of elasticity for a single species in a
standard test, coefficients of variation of greater than 20
percent are not uncommon. In the face of such large variation
in a relatively heterogeneous material, 1t seems quite practi-
cal to assume that there 1s no difference between the two
lines as shown. Then it 1s possible to pool the data for a
new estimate of the glass compliance. In this case, Dg = 6.40
X lO"6 square ilnches per pound for tenslon and compression.

The requirement that ty/ry >> 1 was met for all but the
80 percent stress level in compression. For that case it was

necessary to stop the test in a very short time because the
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range of the strain gage was too short. It can readlly be
shown that if the ratio t,/T4y is seven or greater, there is

no theoretical error to four significant digits in using re-
covery data to approximate elastic compliance. In this exper-
iment several of the ratlos turned out to be Just a little
greater than seven. It daes not necessarily follow that these
tests were conducted for the length of time necessary to meet
the requirement. Expression 1 has no unigue set of constants
for a glven set of test data. 4 unigue set of constants is
acquired only under some fixed criterion for establishing
those constants. In this case, the criterion was Prouy's
method. If a different method had been devised, the set of
ratios in Table 1 would likely have been quite different. It
does appear, on the baslis of this experiment, that for oak at
80 degrees Fahrenhelt and 12 percent molsture content, and
where Prony's method will be used, about 1600 hours of creep
testing prior to a creep recovery experiment are needed.

It is not clear why the time constant cl was markedly
different at the 20 percent stress level in compression than
elsewhere. It may lnvolve some mechanism undergolng change
in the material, or it may involve undetected experimental
difficulty. Certainly there 1s a need for further experi-
mentation in that reglon of stress.

The usual interpretation of the time constants is that

they represent mechanisms in the material which prevent the
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elastic strain from occurring entlirely instantaneously. A
‘material will, in general, have an infinity of such mechanisms
continuously distributed. If a finite set of terms such as
expression 1 1s used to describe the behavior, the distribu-
tion is approximated by a set of lumped constants. The t's
are tlme constants assocliated with the attenuation of contribu-
tions to compliance. The contributions to compliance are the
corresponding D's. When the t becomes about seven times
larger than a particular r, the corresponding D is no longer
attenuated and contributes fully to total compliance. Thus a
relatively small r is called a "fast" retardation time, be-
cause only a short time 18 required for the attenuation to
vanlsh.

It is not possible, within the concepts above, to explain
the physical meaning of the negative time constants ¥, or (.
In every case, the negative value was assoclated wlth the
smaller of the two retardation times. It seems probable that
the negative values are assoclated with scatter in the data,
and the inadequacy of the fit by eye of the creep recovery
data. This may cause particular difficulty in the early part
of the recovery experiment, when the retarded elastic strains
are small, and the faster retardation constant is 1n the
process of becoming established.

On the basis of this experiment, there is an indication

that the delayed elastic behavior is described by a linear
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stress~strain relation. It may also be observed in Table 3
that the slow time constant, and the delayed elastlc compliance
have about the same magnitude in tension and compression. It
should be pointed out that the variation in the results was
large. The inability to find a significant difference in the
constants between stress levels may be because no difference
existed, or it may be beqause the experiment was not suffi-
ciently precise.

FPlow compliance was found by subtracting the regression
estimate of glass compliance and the Prony estimate of delayed
elastic compliance from creep compliance. This estimate of
flow then is a catchall for all e accunulated error in the
preceding estimates. It 1s not surprising that it was erratic
in some cases. ZExpression 9 functioned qulte well in fitting
the compression data. There appears to be very little proba-
bility that flow compliance is dependent upon sStress level.
This is not in accord with the results reported by Youngs (see
Pigure 5). On the basis of the limited results in this study,
flow may be twlice as great in compression as tension at equi-
valent times. The results of work by Youngs (59) indicated
that creep is greater in tension than compression for red oak.
These findings conflict with the results of this study. TFor
it is indicated here that the elastic components of creep are
about the same in tension and compression, and flow is much

greater in compression. Youngs indicates his results are
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suspect due to experimental difficulties.

It is of interest to note the relative magnitudes of the
components of compliance in a general sort of way. Equilib-
rium retarded elastic compliance is about half that of glass
compliance. It is not possible to compare flow compliance
unless a specific time i1s mentioned, because 1t appears never
to reach an equilibrium value. Using the average flow curves
of Figure 14, flow compliance in compression is about equal to
the equilibrium elastic compliance at 650 hours. The tensile
flow compliance is about half as much at the sSame tlme.

Because some time constants were negative, 1t was not
vossible to find an average delayed elastlc compliance curve,
as 1t was for flow compliance. It is possible, however, to
average the ordinates of the recovery curves at a selected set
of times and obtain an average curve. This should only be
done if 1t appears certain that all recovery curves are esti-
mates of the same delayed elastic behavior.

If Prony's method for fitting recovery data is to be used,
some suggestions can be recommended on the basis of this ex-
periment. It is desirable to perform the computations using
ordinate values for the same equally spaced values of the
abscissa. It is particularly desirable to use a great many
points if the compliance reaches equilibrium rather rapidly;
that is, if all retardation times are relatively "fast".

Probably increments of ten hours are cufficlent. This will
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cause need for large numbers of computations. However, the
entlre method seems amenablé to digital computer solution.

A straln detecting device that will drive a recorder
would be of great value. The human error in performing a
curve fit by eye would be removed if recording could be done
automatically at the desired increments of time. If there 1s
a fast retardation time assoclated with the first few hours,
1t would be helpful to record continuously during that time.
This may also make 1t simpler to detect the stralu at the
instant the load is applied. Greater resclution is needed in
the strain gage 1f variation is to be reduced. Although oak

f the stiffer woecds, it can be expected that it will

:
1 c
S Cne

O

exhiblt greater stiffness in the other two principal direc-
tions. Thus, to reduce errors, it would be desirable to in-
crease the sensitivity of the gages by at least a factor of
ten.

It is indicated that the duration of the creep experiment
should be about 1600 hours, prior to creep recovery. This may
differ for other species, for other directions in oak, at
other temperature and equilibrium moisture content conditions,
and for a more precise experiment. It 1s unlikely that large
sample slzes can ever be used in experiments which are so
expensive in terms of time and equipment. It is not possible
to predict a good sample size on the basis of this study, be-

cause 1t is felt that much of the variation can be reduced by
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improving upon the experlimental method. It is probable that a
refined experiment along the same lines as this one could give
a good lndicatlon of necessary sample size.

There are a great many closely related problems of
interest. If flow 1s capable of being described by Equation
9, then it becomes infinite as time becomes infinlte. In
tension this probably indicates destructive failure of the
specimen. In compression, it hints of continuous densifica-
tion of the material. This seems an unlikely consequence.
Thus the entire realm of very long times warrants exploration.
Expressions 4 and 11 indicate relaxation behavior‘can be com-
puted it creep behavior is known. However, this can only Dpe
finally proven by experiment. Also, the role of flow in the
relation between creep and relaxation is not entirely clear.
Eventually the effect of varying temperature and molsture con-
ditions must be studied, as well as the effect of chemical
treatments the wood may undergo. A scheme for accelerated
testing could be of great importance in establishing rheologic
properties for a variety of species and conditions. 1In a
somewhat more mathematical veln, the effect of comblined

stresses might well be considered.
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VI. SUMMARY AND CONCLUSIONS

This research was done to develop a means for describing
the perpendicular-to-grain rheologic behavior of wood in direct
stress. Twenty-three red oak speclmens were tested under con=-
stant load and the strain-time behavior observed. Tests were
conducted 1ln tension and compression perpendicular to a
longitudinal-radial plane, and at 10, 20, 30, 40, 50, 60 and
80 percent of the estimated static ultimate strength. Strains
were measured to the nearest 100 micro-inches per inch. The
tests were conducted under controlled conditions of 80 degrees
Fahrenheit and an equilibrium moisture content of 12 perceunt.
The duration of the tests was about 10 weeks of creep and 4
weeks of creep recovery.

The creep compllance was descrlibed by the function

2 -
D(t) =D_. + % Di(l - e t/’rj-) + atb

& i=1

The first term on the righthand side of the equation repre-
sents the instantaneous elastic effect, the second and third
terms represent the delayed elastic component, and the fourth
term was used to describe the irrecoverable effect. All terms
were found to be independent of stress level. The elastic
effects were of the same magnitude in tension and compression.
Flow compliance was twlce as large in compression as tension

at any time. In general, glass compliance was about twice
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equllibrium retarded elastic compliance. Average flow in
compression was equal to glass compliance at about 650 hours.

The experiment consisted of two replications in order to
obtain some small measure of the variation involved. Varia-
tion was found to be quite large. This 1s usually to be
anticipated with a relatively heterogeneous material such as
wood. It 1s suspected that some of the varlation can be re-
moved by refinements in the experiment. The delayed elastic
portion of the function was fit to recovery data using Prony’s
method. The fast retardation time often was slightly negative,
which is physically absurd. This was accredited to inaccura-
cles in the experiment and the fltting techanigue in
early times.

On the basis of this work, 1t appears that red oak be-
haves as a viscoelastic material which is linear in stress and
strain perpendicular to the plane considered, at least up to
60 percent of the static ultimate strength. This should make
it possible to describe elastic behavior, creep, creep recov-
ery and stress relaxation all within the framework of a single
mathematical theory. The few terms of the creep compliance
function are quite simple.

It i1s desirable to develop lmproved experimental and
computational techniques to reduce variation. Considerable

additional information is needed on the nature of flow.
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IX. APPENDIX A

A, Iist of Symbols

Wherever pertinent, the symbols used are those recom-

mended by the Soclety of Rheology (31).

a, b, ¢ = constants

Dg = glass compliance

D(t) = creep compliance function
Dp(t) = elastlc compliance

Do (t) = equilibrium elastic compliance
Dg(t) = delayed elastic compliance
Df(t) = flow compliance

Dy = compllance constants

Eg = glass modulus

BE(t) = relaxation modulus function

By = modulus constants

k = general compliance variable

m = general modulus variable

D = Laplace transform parameter

t = time

u = dummy time variable

€ = unlt strain

o] = unilt stress

7 = flow constant

Ts = retardation and relaxation constants
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X. APFENDIX B

A. TFitting the Elastic Compliance Punction
It 1s desired to fit the elastic compliance function

s T oD(1- e /T (1)

to creep recovery data, and to compare the constants Di and
Ty for specimens tested at the same stress level, and for
specimens tested at dlfferent stress levels.2 Dg is assumed
known. Values of DE(t) are avallable from experiment over a
range of t. The method for obtaining the constants ian 1 is
called Prony's method. It is described by Hildebrand (18).

Let 1 be written in the form

n
t
f(t) = £ Db (2)
i=1 i

Then the following transformation equations hold

n
- (3)

p‘i = e-l/Ti

£(t)

Note that the first of 3 is simply the equilibrium elastic

compliance minus the experimental data.

2The numbering system for equations here is independent
of that used in the text.
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Let f(t) be obtained from the data at N equally spaced
points t = 0, 1, 2, .., N-1. Then, for 2 to hold at these

values of t, the following set must be satisfied.

Dy + D2 + o0+ D = £(0)
DBy 4+ D2u2 + s+ DB, = (1) (&)
‘N-1 *N-1 ‘N-1 y

This set is solvable for the D's in terms of the B's by least

squares if N > n.

Now, let ul,uz,---,un be the roots of

n n-l _ .02 _ . )
W et ™ g g0 (5)

Hildebrand shows that the a's must then satisfy the set

f(n-l)al + f(n-2)0.2 + e+ f(O)Gn = f(n)
f(n)e o+ f(n—l)a2 oo o+ £(1)gy = f(n+1) (6)

£(N-2)ay + £(N-3}ap + -+ + £(Nen-1)a, = £(N-1)

The set 6 is solvable for the a's by least squares if N > 2n.
In this study, n was taken to be two. This seemed to
vield a fair fit to the experimental data. Several values of
N were employed, depending on how well behaved the data ap-
peared. N was usually about 10. Actual times were coded by

dividing by a sultable constant so that t took on the succes-
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sive integral values 0, 1, 2, ..., N=1. The time increment
wasS chosen so that f{N-1) corresponded to the equilibrium

. elastic compliance. A curve was drawn by eye through the
rlotted exnerimental data. Ordinates were taken from this
curve, and f(t) computed with the use of 3.

The set 6 was solved for the a's by least squares. The
roots of 5 were then determined from the quadratic formula.
Here the advantage in taking n no greater than two becomes
apparent. For if n =3, 5 is a cublc equation which 1s some~
what difficult to solve. As n takes on larger values, 5 be-
comes increasingly more difficult to solve for the roots.
After the P's were established, the set 4 was Solved for the
D's by least squares. Fligure 17 shows some recovery data, and
a plot of the curve established by the method described.

It is expected that the T4 are poslitive real constants.
However, when fitting 2 to the data, in some cases a ui was
real and negative. Then the term uf 1s real only when t 1s an

integer. Hildebrand suggests that a sultable interpolating

function which 1s real for all values of t 1s given by

'p‘i |t cos 7t
or (7)

et lnluilcos nt

If constants are to be compared statistically within and

between Stress levels, it i1s not necessary that the T3 actually
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be found. It 1s sufficlent to compare the constants By . It
is necessary, however, that the ui to be compared all be based
on the same units of time. If T represents time 1in hours,

then a scale factor m may be chosen in 2 so that

ot
il
3
3

T
e ot
I
v
P
=
©

It was mentioned previously that t must take on integral
values, thus fixing the nature of m. Now 1t may be desirable
to express 2 in terms of some other time interval, call it nT.

Then 1t is requlred that

mT _ aT
BT =6
or (9)
n/n
€y =Wy

Expression 9 makes it possible to find constants Ci based on
a single time interval for purposes of comparison, even 1f
several different scale factors were used in fitting the
several curves with 2. This 1s only possible, however, for
the case where the ui are all real and positive. If some
value of B is real and negative, then the term containing it
undergoes a sign change each time t changes by unity. PFlgure
18 shows the sort of behavior that describes such a term. It

1s absurd to make any comparison of a real positive ¥ with a
real and negative B, because the nature of theilr contribution

to compliance is entirely different.
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