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ABSTRACT

SOME ASPECTS OF THE VISCOELASTIC
BEHAVIOR OF HARDBOARD

by Ali Ashraf Moslemi

When hardboard 1s subjected to stress, i1t exhibits
both solid-like and liquid-like (viscoelastic) characteris-
tics. This indicates that hardboard produces both recover-
able (elastic) and unrecoverable (flow) strains when subjected
to stress.

The rate of the unrecoverable strain with stress 1s
linear in hardboard at low to intermediate (about 2-10%)
moisture contents. At higher moisture contents (about 16-
20%), this linearity no longer holds true although this
departure from llnearity in many cases appears to be slight.

In many viscoelastic materials, the phenomenon of the
linearity of flow ceases to exist as the applled stresses
become large. This, however, does not seem to be the case
for hardboard. This product maintains the linearity of
flow for stresses as high as 60% of the ultimate stress.
This 1s a great advantage because it facillitates the analysls
of the behavior of hardboard under stress in detall through
the well developed and simple linear viscoelastic methods.
This report shows some aspects of this linear viscoelastic
analysis for hardboard.

In this study relationships between creep strain and

test parameters (time, moisture content of board and the
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level of stress) were drawn. Various straln components in
creep were studied individually and the effect of test
parameters were determined by means of model analogies. It
was found that all three comporients of strain in hardboard
(immediate elastic, retarded elastic, and flow) are least
responsive to stress at intermediafte moisture contents of
about 8-10%.

The flow component of strain in hardboard was of con-
siderable interest. It was determined that moisture content
had significant effect on the flow strain in hardboard.

The amount of flow strain produced within a glven time was
maximum for hardboard with high (16-20%) moisture contents
and minimum for hardboard with intermediate (8-10%) moisture
contents,

Creep compllance relationships for hardboard indicate
that hardboard with intermediate moisture contents, was most
resistant to creep deformation. These relationships also
show that an appropriate single analogue model can produce
good approximations for the behavior of hardboard under
stress.

Hardboard, as noted, 1s least responsive to stress at
intermediate moisture contents. This 1is due to the fact
that at intermediate moisture contents residual stresses
developed during the hot pressing operations in the manu-
facturing of hardboard are released to an appreclable degree.

Also, the molecular orientation in the wood filber making up
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the hardboard appears to be highly reduced at intermediate
moisture contents. This high order of molecular orienta-
tion, 1s believed to contribute significantly to the type
of resistance hardboard shows at intermediate moisture

contents.
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CHAPTER I

INTRODUCTION

1, Definition of Hardboard

Hardboard can be defined as a structural material
consisting of wood fibers held together by a bond. This
bpnd, though not thoroughly understood, 1s believed to have
been created by lignin originally in the middle lamella and
primary walls in wood cells under proper conditions of
moisture, temperature and pressure. Sometimes the bond
1s improved by adding additional synthetic adhesives of
varlous types to the wood fibers in the process of manu-
facturing. The board used in thils study, however, had no
additional synthetic acdhesives and was made by the so-
called wet process.

The hardboard used in this research was made by
reducing wood chips to fibers and reconstituting them in
a certain manner. The deflbrating of the chips takes place
in the so-called guns whereas the result of the steaming
with high pressures acetic and formic acids are formed (4).
These aclds cause a hydrolysis which results 1n the breaking
down of the lignin-carbohydrate bond in wood and depoly-
merizes lignin to a considerable degree (4).

When the steamed wood chips leave the gun at very
high speeds, they explode 1nto a mass of fibers. They are

1



then mixed with large amounts of water which, apart from
other functlions, serves as the distributing medium for the
fibers. The water, after being drained out, leaves a mat
of randomly distributed fibers. The maJority of these
fibers tend to be deposited flat, resulting in a mat which
could be assumed as many single-fiber-thick layers. This
mat contalns large amounts of hydrolyzed lignin, which 1is
believed to act as a thermosetting adhesive under proper
conditions of moisture, pressure, and temperature. These
conditions are met 1n the pressing operation in which the
mat 1is compressed to the desired thickness. It should be
noted here that the mat undergoes considerable densifica-
tion at thils stage since the finished product has much
higher density than the wood from which it was made. This
densificatlon actually results in the partial crushing of

the fibers in the finished product.

2. Statement of the Problem

Although hardboard 1s rarely designed to carry loads
of significant magnitude, 1t must be consldered an engineer-
ing material. Belng malnly composed of wood fibers, it
swells and shrinks as the environmental humidity fluctuates.
When the material 1s restrailned from swelllng freely,
stresses of high magnltudes are 1mposed on the material;
these are known as swellling stresses. Thls sltuation 1s

often the case in the practical applications of hardboard.



As a consequence, these swelling stresses may result in the
buckling of the restrained board. It has been observed
that a part of thils strain is never recovered. This
observatlon leads one to suspect that at least a part of
the strain 1in hardboard must be time dependent and plastic.
The strains produced due to the swelling forces could also
concelvably be time dependent, parfticularly after consid-
ering the time dependent behavior of the materials from
which hardboard is made.

The primary objective of this study, therefore, 1is
to arrlve at a basic and preliminary understanding of the
straln behavior of hardboard with regard to some of the
most relevant parameters involved in the application of
the product, namely, stress level, time, and the molsture
content of the board. To accomplish this task, 1t was
declided to carry out a number of creep experiments at
various stress levels and molsture contents.

The data obtained in creep tests not only facillitate
drawing of empirical relationships of the strain with the
parameters involved, they provide basic information for the
study of the linearity of the plastic component of the

strain.* If it were found that the rate of time dependent

*¥The 1dea of linearity of tnhe plastic component of
strain 1s described in the next section of this report.
This plastic component is often referred to as flow in the
behavorial study of viscoelastic material.



plastic component of the straln with stress is a linear
function then the effect of the parameters mentioned above
on the strain behavior of the material can be described
methodically, by utilizing the methods of linear visco-
elasticity. The flow (plastic strain) and other indlicator
functions could be derived to show the effects of the

parameters included 1in the 1investigation,



CHAPTER II

BEHAVIORAL EXPLANATIONS

1. Definitions

Preliminary experiments demonstrated that stressed
hardboard produces strains consisting primarily of two
types. The first type 1s the straln which 1s recovered
upon the removal of stress (provided that adequate recovery
time 1s given), while the second type remains unrecovered.
This indicates that the behavior of hardboard under stress
reflects the combination of solid-1like and liquid-like
characteristics. Materials exhlbiting this sort of behavior
are known as "viscoelastic." 1In a viscoelastic material
both stress and time (the principle variables) anomalles
could exist. When the stress anomalles are absent, the
material 1s called "lineariy viscoelastic." The behavior
of plastic strain (unrecoverable deformation) in a visco-
elastic material is similar to the flow of liquids under
stress; therefore, this component of total straln in hard-
board will be referred to as "flow" throughout this report.

It has been found that the flow 1n viscoelastic
materlals can be one of the following four types:

a. The rate of flow 1s a linear functlon of the applied

stress with zero intercept. That 1is:

5



d 1
th L g. (1)

This equation can, therefore, be expressed by means of
one parameter. This type of flow has been termed
Newtonlan.

The rate of flow 1is linear with an intercept of G on

the stress axis:

d¢ . 1 (g -¢") ir ¢ > 0a
at 7 o)
aée _ /
=L -0 iIf o= 5

In this situation a "yleld stress" of C{ is required
to start the flow.

Often the rate-of-flow with stress relationship 1is
nonlinear. In thils case the appropriate differential
equation requires the use of two parameters. The

equation can be written as:

ac€ _ o
g = . (3)

It is noticed here that Equation (1) is just a speclal
case of Eguation (3).

The last type can be expressed as:

/

df — 1 _ '\n O‘)é‘
—5 A (g -0 ) if

de ~ (4)
3 = 0. if 0 ¢



This equation 1is, again, nonlinear with a stress axis
intercept of s
A material is linearly viscoelastic if the flow com-

ponent of strain follows either Equations (1) or (2). The
flow In hardboard would have to follow at least one of the
four relationships given above. Hardboard, as any other
viscoelastlc materilal, can follow both linear as well as
nonlinear flow relationships considering the entire stress
range. In thls case the material i1s usually linear over the
low stress range while nonlinear (Equations 3 and 4), as the
stress magnitude increases. When the flow component of the

material 1s nonlinear, the methodical analysis of 1its

behavior becomes difficult.

2. Analogies on Viscoelastic Behavior

Viscoelastic materials, as noted previously, exhibit
both liquid-like and solid-like behavior. In order to
understand the behavior of thils class of materials under
stress, the basic components of btehavior must be considered.
When these components are outlined, a hypothetical model can
be assumed possessing elements exhltitling the behavior shown
by the real material under study. These models are called
analogues. The detalled study of tre mechanical behavior
of these analogue models 1s relatively simple since the
different elements of the model can be visualized and the
contribution of each element to the overall behavior of the

model can be determined qualitatively as well as



quantitatively. The studles of analogue models can, with
proper modifications, be applied to the real material.
Tremendous simplifications result when linearity in flow
(see Definitions on page 5) 1s assumed for the models.

Hardboard 1s a material which could conceivably
exhibit linear or nonlinear flow or both. The model analy-
sls appllies only if hardboard has linear flow. In the case
of nonlinear flow, depending on the extent of nonlinearity,
it may st1ll be possible to approximate the behavior of
hardboard by assuming linearity 1irn the material. It must
be noted that the elastic portion of deflection in hardboard
i1s assumed to be Hookean throughout trnis report.

Two types of models are often used for this situation:

one mechanical and the other electrical.

A, Mechanical Models

The use of mechanical analogues in the study of mech-
anical behavior of materlials 1s not a new one. Poyting and
Thompson (20) employed these models to investigate creep and
relaxation of glass in 1902. The mechanical models are
essentlally composed of linear springs and dashpots in which
the latter are assumed to exhlbit Newtonlan flow character-
istics.

Two general combinations of springs and dashpots have
particular importance 1in the study of materials such as

hardboard. These two models are mathematically inter-related;



creep relationships can easily be obtained from one, and
relaxatlon relationships from the other.

a. Volgt Model., This model with proper modifications,

can be used to describe the behavior of hardboard in creep.
It is composed of a spring with a Newtonian dashpot (flow
element) placed in parallel as seen in Figure la. The
Volgt model exhibits delayed elastic characteristics when
subJected to load. The delayed elastic strain 1s that type
of strain which requires time to develop and 1s completely
recovered with time, The role of the dashpot in this model
i1s to dampen the immediate reaction of the spring to force.
The differential equation of the response of the model

to a constant stress G, (creep) can be expressed as:

de _ (5
r“'?ﬁ?‘ + E€ =G, )

in which E is the spring constant and " 1s the viscosity of

the dashpot. The solution of Equation (5) is:

€(t) = g (1 - e Bty (6)
If T = Z%_ then
€(t) = : (1 - et (7)

where T has time units and is called "retardation time."
Upon removal of the load, the deformation produced by the
applied stress begins to recover obeylng the followlng

function:
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Figure 1. (a) A single Voigt model,

(b) n Voigt models in series representing
n retardation times,

(c) n Voigt models in series along with an
isolated spring and an 1solated dashpot.
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€(t) = € etk (8)

r m

where (:m denotes the deformation of the model Jjust prior to
the stress removal.

If n models are placed in series (Figure 1b), the
response of this assembled model would simply be the super-

position of the responses of the individual retarded elements.

That 1s:
S -t/
€t) =2 = (1-e"71). (9)
1=1 B1
By letting J; = —%I , Equatlion 9 becomes:
n ’-t/z'.
€t) =6, 2 Jy (1 -e "% (10)

i=1

where J4 1s defined as the compliance of the model.
In the case of a continuous retardation time function
for an infinite number of retarded elements in serles, the

following equation can be derived:
oQ
~t / —
€y =5, [ )y et yat o
(o]

where £( T ) is a continuous function of retardation times.

Letting T (T ) = L(C ) results In:

,nt=+°o

G, L(t) (1 - ¢ HT ) a1 (12)

l‘rz-oo
where L (T ) 1s defined as the retardation times spectrum.

€ (t)

Either Equations (11) or (12) relate: the strain in an

infinite number of Voilgt models put in series to the strers



13

applied. These equations indicate that the straln needs
time to develop. In hardboard, as in many other visco-
elastlic materials, prelimlnary tests show that essentlally
three types of stralns are produced as the result of load
application., The flrst type 1s immedliate and elastlc
(immediate response), while the second 1s also elastic

but it requires time to develop (retarded elastic strain),
The third type of strain in stressed hardboard 1s flow and,
agalin, requires time to develop.

In order to construﬁt an analogue model which would
exhibit the same behavior as that of real materlal, one
has to add an 1solated spring and a dashpot to the two ends
of the 1nf1nite Voigt models in seriles (Figure lc). The
strain of the latter system due to the applicatlon of a
constant stress G, can be expressed as:

o9
) -6 [ 5+ [ 2v) 0 - aeg] 3

or
In‘t=+oo

€Et) =6, [—é—)—-'i" S L(T) (1 - e't/f)dln: +$(].(1u)
InTe-%
This equation accounts for all of the three types of stralns

in hardboard explained above, provided that hardboard

exhibits linear flow.

b. Maxwell Model. Thils model consists of a spring

and a dashpot in serles as shown in Figure 2a., The total

deformation due to load application 1s:
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€= € +€; (15)
where €, 1is the deformatlon of the spring and €, is the
deformation of the dashpot. By letting Ee = S  we can

E

write:

%€ _ 1 g6

dt E dt
and

d€

f . 1l
dat 1

Substituting these latter equations in Equation (15) results

in:

Q,
1o

o .

|

l

|
trllp—-

+

i
1

Q,
ct

If the model i1s subjected to a relaxation test (constant

deformation) then:

e _
gt - ©
1 do 1l <=
= g 7 6= O . (16)

Solution of Equation (16) is:

G(t) = 6, e /T (17)

where T :%?.has time units and is called relaxation
time. If two Maxwell models are put in parallel (Figure 2b),

then,
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Figure 2. (a) A Maxwell model.

(b) Two Maxwell models put in
parallel.
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S(t) = 05 e /T 4+ e V00

or

c() =€ [El e U/T1 4 E, e't/TQ]

where € 1s the constant deformati-n imposed on the system,
Ej1 and Ep are the spring constants z:d "Cl and 7:2 are the
relaxatliontimes for the two units. If instead of two
models an infinlte number of models =re placed in parallel,

then:

o (t) = fj g(T) e T gr (18)
[e]

where g(T) represents the continuous relaxation function.
Equation (18) shows the decay of stress as a function of
time for an infinite number of Maxwell models 1n parallel.
This equation 1s expected to describe the relaxation of
hardboard, provided that the infinite number of Maxwell
elements consldered would have a continuous distribution of

relaxation times.

B. Electrical Models

Various electrical circults cun be set up to exhiblit
a behavior analogous to that of the viscoelastic materilals.
After charging the capacitor in Figure 3a to voltage V,
closing the switch will discharge it. Then by Kirchoff's

voltage law:

0
F‘h
+
Ql+
o-—
H
o,
o+
]
<
1]
o

or



whose solution 1is: 1(t) = I, e t/RC By letting
T-= RC, we can write,
-t
1(t) = 1, e T (19)

0
in which Z has time units. This latter equation 1s analog-
ous to Equation (17). Equation (19) shows the decay of
current with time (24) i1n the same manner by which the stress
1s relaxed 1n a Maxwell model. I_ in Equation (19) 1s the
Initial current.

The growth of current in an RL circuilt (Figure 3b)

behaves the same way as retarded elastic response in a visco-

elastic material. The Kirchoff's voltage law results 1in:

Rt +L 3 _v=o0
dt

whose solution 1s:

£t - _ 1 1n (V-R1) + k (20)
L R

where k 18 the constant of iIntegration and can be found

from boundry conditions (1 = 0 at t = 0). Eguation (20)

can be written as:

1(t) =~‘é— (1 - /L

or _ /
R Rt/L) . (21)

In Equation (21), % can be written as T and this makes the
equation analogous to Equatlon (7) which described the re-
tarded elasticity in the Volgt model. Here the inductance
corresponds to the dashpot while the resistance corresponds

to the spring in the Volgt model.



Figure 3.
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(a) An RC circuit with a switching
device.

(b) An RL circult with a voltage
source and a switching device

put 1in serles.
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3. The Operator Equation

The operator equation 1s a differentlal equation from
which the creep and relaxatlon relationships in viscoelastic
materials can be derived. It 1s a differential equation of
the nth order contalning parameters p; and qi which reflect
the propertles of the viscoelastic materlal under study.

The equation 1is of the following form:
" Lo
(é-t;»fg,_,_a_t;,,ar---«»g) 6@t) =

203+l Smrrd)ew. g,

In order to demonstrate the usefulness of this equa-
tion in the study of viscoelastic materlals, let us study
a system with only one retardation time T . Assuming, for
the purpose of simplicity, that the system contains no flow

element, then the following proportionality 1s vallid:

S let) -a,0(0)] = (55 + 3, 0 (t) -€(t)

where € (t) 1s the actual strain, Jj 1s the delayed elastlic

and Jg 1s the immediate elastic compliances. The latter

equation can be written as:

gele® o] - [ apsm-ec] @

in which 7T 1s the retardation time.

Rearranging Equation (23) results in:
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(G +3 ) E() = (Jggwis;_"q)s(t). (24)

Equation (24) 1s of the form of Equation (22).
Solutions of Equation (24) for constant stress (creep)

and the .constant deformation (relaxation) are:
1 1 -
€t) =[5, +5, (1-e0)] (25)

and

6(t) =€ [ Eqe ™ +5,] (26)

where C; is the constant stress and E; is the constant

deformation. Ed and E, are the delayed and instantaneous

23

Modull of Elasticity.
Equations (25) and (26) describe creep and relaxation

of our system with one retardation time. Equation (24) can

be written as:

(a7 g8 + a,) € (t) = (¢ + B,) & (t).
This 1s a simple case of Equation (22).

4, The Superposition Principle

This principle originally proposed by Boltzman as
early as 1874, 1s st1ll considered as one of the most im-
portant means of representing the behavior of materials,.
It states that the deformation at any instant in a visco-
elastic body depends not only on stresses acting on the
body at that instant but also on the entilre history of the

material,
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According to thils principle, if a serles of incremental
Stresses G&, are applied at times ty; to a viscoelastic body,

the strailn can be given by:

1=n

€(t) = 6, I (T - ty)

=-09

where
tl<t2 <. . . <tngT

where t stands for all the ty collectively.

As the 1limit on the number of t; approaches Infinity,

then;
T
€(t) =§ J(T-t) dzgt dt (27)
)
df (t
where dt denotes the infinitesimal stress

increment applled at time interval dt.
This principle can be extended to compute the stress
at time t, which agaln will depend on the past strailn

history of the material, that 1is:

T
S(t) = J G (T-t) %—t—) dt (28)

where G(T - t) denotes the relaxation modulus of the

material.

5. Retardation and Relaxatlion Spectra

In a material such as hardboard, when 1t 1s subjected
to creep or relaxatlon, many retardation or relaxation
effects take place simultaneously. These effects are known

as the retardation or relaxatlon spectrum. In order to
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explain these spectra, the mechanical analogues will be
employed because, due to thelr tangibillity, they could best
11lustrate the spectra involved.

When an infinite number of Voigt models are placed
in serles with an 1solated spring and dashpot, it was seen

that Equation (14) resulted which was:

1nT=+%
+S L(Z) (1-e %) 4 1nt+;,t-].
InT=-%

m
ot
[
A
(e
SRl

Similarly, for an infinite number of Maxwell models

in parallel, Equation (18) was obtained which was:
o9
5t) = € [ @ et or.
°
By lettingTg (T) = H (T) the latter equation becomes:

H(T) e_tAC d 1InT (29)

InT=+%
S(t) =€ g

InT=-0q
where H (T) 1s called the relaxation spectrum.

The functions L(T ) and H(T ) are of significance
because they describe the viscoelastic behavior of the
materlal at specifled temperatures and, for hardboard, also
at specifled moisture contents. Various methods can be used
to compute L(T) and H(T ) for the material at hand (23).
One of the methods can be outlined as follows:

Consldering the delayed part of the creep deflectlon

we can write:
InT=+099

JaW(t) = S L(7) (l-e-t/z ) 4 1n’T

1InT=-e0
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Let C=¢e® and t = e in the last equation to get:

or

dn
provided that n is large and L(T ) goes to zero sufficiently

fast as U gets large. The last equation could be written

as:

. [Jd q/(t)] ~ L(t). (30)

Equation (30) indicates that if the retarded elastic
response of the creep compliance i1s plotted against the log
of time, the slope of such plot would yield an approximation
to the distribution function L(t) plotted versus the
logarithm of time. This approximation is good if L(t) has

a smooth distribution and 1f 1t extends over a wide time
scale. In the case of sharp discontinuities, other methods
have been worked out which involve higher order time
derivatives and in which Equation (30) corresponds to the
lowest order of approximation. The latter methods are,

however, experimentally awkward to use.



CHAPTER III

EXPERIMENTAL DETAILS

1. Specimen Preparation

As was indicated in "Statement of the Problem,'" the
testing of hardboard in creep with regard to the principle
variables (time, level of stress, and the moisture content
of the board) was the primary objective of this investi-
gation., 1In order to specify the proper level of loading
In the creep experimentations, the static strength of the
material also had to be determined.

It was declded that centrally loaded bending tests
would be the proper type of creep testing because, for
this type of testing, the deflections produced by the
applied loads were large enough so that a stable but less
sensitive instrumentatlion could monitor the created signals
more efficlently.

Two basic sets of specimens, one for the static
strength determination of the hardboard and the other for
the creep testings, were prepared. All of these test speci-
mens consisted of beams of 12 inches 1n length and 2 inches
in width, with the board thickness of 1/4 of an inch.
Figure 4 shows the cutting diagram for the specimens from
the central portion of the first 4 x 8 foot panels

26



Figure 4.
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Skematlc dlagram of cutting procedures
for the central portion of the first

4 x 8 ft. hardboard panel. In this
dlagram, the first letter signifies
the type of test for which the specimen
was Intended. The two digits and the
last letter locate the position of the
specimens within the panels. In this
diagram H specimens were used for
hygroscopic studies while C and S
specimens were utilized for creep
experimentations. R speclmens were
kept 1n reserve.
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manufactured by the Masonite Corporation in Laurel,
Mississippl. The test beams, after being cut, were stored
in proper humidity chambers containing appropriate
chemicals for equalization (Figure 5). These humidity
chambers were designed to condition the hardboard at three

wldely spaced moisture contents.

2. Testing

Centrally loaded beams with a span of 10 inches were
used. The flexural testing, as noted previously, has the
significant advantage of producing large strains with the
applied load which enables the researcher to set up less
elaborate instruments produclng reasonably accurate data.

It must be noted here, however, that centrally loaded
flexural testing presents certain disadvantages. Thls type
of testing subjects the specimens to three types of stresses,
namely, compression, tension, and shear. Although the
effect of the last 1s insignificantly small, the influence
of the other two types on the results 1is not known. It
would be more desirable to utilize tests of single stress
pattern, such as tension, 1in the studles of the type des-
cribed in this report. But the latter requires instruments
which must be able to monitor and process very small signals
and be hilghly stable due to the very small deformatlons
produced with the application of load and the rather long

time intervals involved.



Figure 5.
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Two of the conditioning tanks used

to equalize the hardboard specimens.
These specimens are seen setting on
edge. The fans were used to circulate
the air within the tanks. Chemicals
were employed for conditioning and

were placed in large pans at the bottom
of the tanks.
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a. Static bending tests. These tests were carried

out to determine the static bending strength of the hard-
board at various moisture contents. Based on the inform-
atlon obtained from these tests, the level of loading for
the creep experimentations were specified. Figure 6 shows
the equipment set up for this type of testing. The 1load
was measured in terms of strain produced by the Baldwin
load cell and monitored by a Baldwin strain indicator.
These strailn measurements, were later converted into load.

The deflectlons were measured by 0.001 inch Ames dial gage.

a. Creep testing. For our hardboard, the basic

variables in creep testing under consideratlon, apart from
time, were stress level and molsture content. The instru-
mentation set up for creep 1s shown in Figure 7 and Figure
8. In these figures, the hardboard beam 1is shown resting
on supports consisting of a roller and a knife edge. The
deflectlons were measured by a Daytronic Linear Varilable
Differential Transformer (LVDT) with a linear range of 0.60".
The dial gage shown provided a perlodical check against any
malfunctioning within the instrumentation.

The load was applied by gently releasing the rope to
which the load assembly was attached. In thils manner, the
load could be applied in very short time intervals without
impact. The LVDT plunger was 1in constant contact with the

specimen through a small hole bored in the load application



Figure 6.
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The static bendling test set-up. The
load was recorded by the load cell
shown on top of plcture and the dial
gage shows the deflection at the
mlddle of the hardboard beams.






Figure 7.
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The creep testing set-up. The loaded
hardboard beam and the Lilnear Varlable
Differential Transformer are shown at
left. The recorder at right was used
to monitor the creep deflection infor-
mation.






Figure 8.
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A close-up plcture of the Linear
Variable Differential Transformer
and the hardboard beam subjected
to creep bending. The dial gage
was used to check sudden malfunc-
tioning in the instruments.
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bar. The LVDT was exclited by a 2kc signal through the use
of an oscillator. The LVDT would produce a signal whose
amplitude was proportional to the displacement of its core.
This signal, after being amplified and demodulated, was
recorded by an Esterline-Angus recorder. Figure 9 1llus-
trates the block dlagram for the instrumentation used in
this study.

Five groups of specimens were tested for creep. Data
pertaining to these filve groups are recorded in Tables I
through V. The specimens in group 1 were subjJected to creep
in a repeated step function fashion (Table I). The loads
applied to this group of specimens were so designed as not
to exceed approximately 1/4 of the proportional limit of the
material. The specimens of the second group were subjected
to 10% of the ultimate strength of the hardboard under study,
while the beams in the third and fourth groups were sub-
jected to 30% and 60% of the ultimate load, respectively
(Tables II, III, and IV). The last group of specimens was
subjected to three fixed levels of loading (Table V). The
last four groups were tested in creep 1n a single step
functlon fashion.

The raw data consisted of the charts produced by the
recorder (see Figure 10). A series of deflection tables
for the entire time scale of testing was constructed from
these charts, Data analyses were then performed on the

information contalned in the deflection tables.
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Flgure 9. Block dlagram of the instrumentation
set-up.
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Figure 10.
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Two small sections of the creep and
recovery chart produced by the
recorder. The top plcture shows the
early part of the creep for the
specimen C-23b while the bottom pic-
ture gives the information pertaining
to the early part of recovery for the
same specimen.
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TABLE III.--Data on specimens tested at 30% of
ultimate load.

Specimen Specific* Moisture® Applied % Prop.
Number Gravity®.- Content-% Load-1bs. Limit
C - 12a

C - 22a 0.97 2.10 9.89 57.04
C - 32a

C - 12b

C - 22b 0.98 8.72 9.00 53.7
C -23b

C - 12¢ 0.95 21.10 6.39 ---(1)
C - 22c¢

C - 23¢

TABLE IV,--Data on specimens tested at 60% of
ultimate load.

Specimen Specific* Moisture? Applied % Prop.
Number Gravity<e Content-%  Load-1bs. Limit
C - 13a
C - 23a 0.96 2.02 19.84 115.0
C - 33a
C - 13b
C - 23b 0.99 8.84 18.14 108.0
C - 33b
C - 13c¢
C - 23c 0.92 19.51 12.69 ---(1)
C - 33¢

*Based on green welght and green volume.

Ibue to strong time effects, no visible proportional 1limit
could be computed through conventlonal stress-straln curves.

2Average values.
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TABLE V.--Testing at high stresses with fixed amount
of load.

Specimen Specific*  Moisture  Applied % Prop. % Max.

Number  Gravity - Content-% Load-% Limit Load
S - 21a 0.93 2.13 17.6 10.0
S - 21b 0.91 5.42 3.03 18.2 10.2
S - 21c 0.90 19.87 ---(1) 14.3
S - 22a 0.93 1.76 52.2 27.2
S - 22b 0.96 8.10 9.00 54,8 29.8
S - 22¢ 0.92 20.09 Zo2(1)  u2.h
S - 23a 0.93 1.72 105.0 54,8
S - 23b 0.97 8.21 18.14 108.5 60.0
S - 23c 0.90 17.00 ---{1) 8s.5

*¥*Based on green welght and green volume.



CHAPTER IV
RESULTS AND DISCUSSION OF RESULTS

1. Linearity Tests

In the mechanical analogue models in the earlier
part of this report, the springs were assumed to be linear
and the dashpots (the flow element) were assumed to be
Newtonian (see Equation 1). The extension of analogiles
from models, whether electrical or mechanical, to real
viscoelastic materials, such as hardboard, depends on the
validity of the assumptions made for the models, namely,
the linearity of the springs (the elastic elements) and
the dashpots (the flow elements). The elastic component of
the deflection 1n hardboard can safely be assumed linear
over a relatively wide range of loads, molsture contents and
temperatures. But the linearity of flow 1n hardboard has
to be explored before assumptions regarding the flow behavior
are made. Therefore, the extension of analysis on the baslils
of analogues may not be performed for hardboard unless the
material proves to be a linear material. Thus, one of the
principle objectives of this investigation was to explore
whether or not the phenomenon of linearity of flow existed
for hardboard and if so, whether or not stress anomaliles
appear as the material is subjected to higher loads. Works

of this nature on high polymeric materials show that the
b
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linearity in those materials exlists as long as the stress
magnitudes are low (3). No definite level of stress at
which the linearity disappears is usually specified, how-
ever, Investigations performed on wood also have shown
that this material is linear when low stresses are applied
(23).

A number of methods can be employed to determine the
linearity of viscoelastic materials. The method used in
this study 1is experimentally simple to check and can be
described as follows:

Suppose two identlcal speclimens of the same material
are subjected to two different levels of stress. Utilizing
the creep equation derived from the analogue models, we can
write:

For specimen No. 1 subJected to stress 01:

€(t) = 0y [% + SM £ (7) (1 -e ¥T) ar+ %]

O

For specimen No. 2 subjected to stress Oé:

(=3

1 -t/ t

€2(t)=€2[g+ Jf(’C) (1 - e T)d'(’+ 71‘(_]
o)

As 1t 1s noticed, the material 1s assumed to have a linear

flow component 1n the above formulations. Dividing the

above two equations, we arrive at the following equality:

Ei(t) o

- = 1
'€2(t) ?2—— . (31)
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Equation (31) is the linearity test checked in this study.

The results for the speclmens subjJected to repeated
step function load application with low load magnitudes
are shown in Figures 11, 12, and 13. The level of loading
In this series of tests was confined to within a quarter
of the proportional limit.

As these graphs indicate, flow at two of the three
levels of moisture content may be assumed linear. There
seems to be some departure from linearity at high molsture
contents at the early stages of the time span employed.
Although this departure from linearity does not seem to
be appreclable, 1t raises the question as to whether or
not the high amount of water in hardboard alters the nature
of flow.

The creep and recovery lines in these graphs do not
coincide and are set apart by a constant. This is belleved
to be due to the small displacement taking place as the
load 1s removed from the specimen at the start of the
recovery portion of the creep testing.

In order to get some notions on the linearity pheno-
menon at higher loads, some specimens were selected for
testing at higher stresses than those already described.
Table V on page 46 contalns the data pertaining to this
set of hardboard beams. The results shown in Figures 14
and 15 imply that for this part of testing, as long as the

molsture content remains low, the material can be assumed



Filgure 11.

Linearity test results for the load
ratio of 1.19. The three sets of
drawings from bottom to top show the
results for specimens with average
moisture contents of 1.93%, 8.42%,
and 17.48%, respectively.
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Figure 12.

Linearity test results for the load
ratio of 1.13. The three sets of
drawings from bottom to top show
the results for specimens with
average moisture contents of 1.93%,
8.42%, and 17.4E%, respectively.
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Figure 13.

54

Linearity test results for the load
ratio of 1.14. The three sets of
drawings from bottom to top show the
results for specimens with average
moisture contents of 1.93%, 8..42%,
and 17.48%, respectively. The
recovery relations for the high
moisture content was not taken in
these testings.
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Figure 14.
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Linearity test results for the specli-
mens subjected to three levels of
loading in creepr. The load ratios

are indicated for each set of graph.
Note the non-linearity of the specimens
wlth high molsture content. In these
tests, the averaze low, medium and high
moisture contents were 1.87%, 7.25%,
and 18.98%, respectively.
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Figure 15. This graph illustrates the linearity
test results for the specimens of
Figure 14 in recovery.
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Figure 15. This graph illustrates the linearity
test results for the specimens of
Figure 14 in recovery.
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linear over the rather wide stress range selected (see
Table V).

These results emphasize that molsture content 1n
hardboard plays an important role in the viscoelastic
behavilior exhibited by the material. It 1s implied that
even though the loads may be low and consequently the
resulted strains small in magnitude, hardboard demonstrates
nonlinearity 1n the flow component of the strain at high
molisture contents.

The analogies based on models with a linear flow
element can, therefore, be applied to hardboard of elther
low or intermediate moisture contents. At high molsture
contents, however, only first approximations should be ex-
pected from these analogles. Since other linear visco-
elastic theories also assume the flow component as belng
linear (Equation 1), the discussion of first approximations
at high moisture contents applies to these theorles as well.
It 1s the author's belief that at low to Intermediate
moisture contents (about 2-10%), the linear viscoelastic
theories can be extended to hardboard for stresses within

the conventional proportional 1limit with reasonable accuracy.

2. Creep
Creep 1s perhaps the most studied characteristic in

the time dependent investigation of materials. Creep in
wood, 1n particular, has been studled by a number of authors

(5, 13, 14, 15, 16, 17, 21). It determines the time
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dependency of deformations, imposed on the material under
study, with constant stress. Although this type of testing
from the practical point of view 1s not as important as

the relaxation studies, 1t can result in describing the
relaxation characteristics of the material with good approx-
Imations. Relaxation in so0lid wood has empirically been
studied in a few cases (11, 12, 16). Analytically, a num-
ber of methods have been devised by which fhe relaxation
function can be found from the creep function. One method
indicates that the creep and relaxation functions are

related as follows (8):

t

S G(T) J(t-T) dz = t
t

J J(T) G(t-T) aT = ¢

(6]
in which J(T ) 1s the creep function while G(T ) is the

relaxation function. Another method states that (19)

1

pL[J(t)] = m

This equation describes the Laplace transform of creep com-
pliance as belng reciprocally equal to the Laplace trans-
form of the relaxation modulus. In this equation p is the
complex variable associated with the transformations.

Gross (9) relates the creep and relaxation functions 1in

the following Laplace transformations:
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t (
L[J(t)] _L[Ji)] L[dG{—] G{t}]
dt at

Good agreements have resulted between calculations based

on the last equation and experimental results for wood (10).
Thls report, however, does not concern itself with these
conversions from creep to relaxation. Work of this nature

on hardboard 1s intended at a future date.

a. Low stress creep. In this group of tests the

applied load was restricted to approximately 1/4 of the
proportional limit of the material (see Table I)* Figures
16, 17, 18, and 19 show the results for this series of
experiments, In each of these graphs, the effect of the
two parameters of time and moisture content have been
plotted, while the third parameter under consideration,
namely stress, has been kept constant for each graph.
Throughout the experimentations the temperature was kept
at 65 degrees F. In these graphs, for the purpose of sim-
plicity, the inverted recovery curves have been omitted for
the cases where the recovery curves generally fall slightly
behind the creep values on the selected time scale.

The results shown in these figures indicate that
hardboard, even at very low stresses, produced time depen-
dent deformations well within the practical moisture content

range. They also signify that the moisture content has a

*The conventional proportional 1imit was determined
through static bending tests carried out for the hardboard.
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Creep deflections as function of time
and molsture content for the hardboard
subjected to 1.93 lbs. The recovery
curves for the low (1.43%) and inter-
mediate (8.42%) moisture contents are
not shown. The cross-hatched region
indicates the unrecovered part of the
deflectlon for the specimen with high
(17.48%) moisture content over the
experimental time scale.
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Flgure 17. This 1s a similar graph as that
shown in Figure 16 for an applied
load of 2.92 1bs.
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Figure 18. Creep results for specimens subjected
to 2.59 1lbs. For further explanation
of this illustration, see Figure 16.
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Flgure 19. Creep results for specimens subjected
to 2.92 1lbs. For further explanation
of this graph, see Figure 16.
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strong influence on the time dependent behavior of the
materlal. This implies that, when the moisture content

is raised to about 18%, the time effects indeed become
slzeable, even at low stresses well within the stresses
encountered by the materlal in 1ts applications. 1In

these graphs the dotted broken lines indicate the recovery
values recorded by the recorder. 1In drawing these figures,
the deflectilion and recovery, which has taken place within
the first minute after the application of the load (at the
start of the creep test) or its removal (at the start of

the recovery), were assumed to be attributable to the im-
mediate (elastic) response of the hardboard. Theoritically,
however, the immediate response 1s almost instantaneous.
Consequently, a part of the time dependent deflectlons

were Incorporated into the immediate results. Besides,

some Jerklng might take place when the applled load 1s being
removed at the start of the recovery. The lack of consid-
eration of time effects, along Qith the Jerking effect just
mentioned caused the recovery curves to fall short of the
creep values at t = 1 minute. The "adjusted" recovery lines
(broken lines with no dots) ignore these effects 1in order

to show the unrecoverable portion of the deflectlion over the

selected tlme scale.

b. High stress creep. For this portion of the study,

the specimens were subjected to three levels of loading, in

which the proportional 1limit of the material was slightly
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exceeded (see Table V). The specimens were composed of
three sets of hardboard beams with three widely spaced
molsture contents. The creep deflection results for this
group of specimens are shown in Filgures 20, 21, and 22,
Here again the 1nverted recoverles for the two lower mois-
ture contents were not drawn since they fall slightly
behind the creep values and closely follow them,

It i1s to be noticed that in the graphs given for
this group of specimens, somewhat different results were
obtalned than those for the low stress applications. 1In
all cases, as the moisture content 1s increased from about
2% to about 9%, the magnitude of deflections due to creep
1s reduced and the reductlons become more appreciable as
the level of loadling 1s elevated. Thls reductlon of creep
deflections at moisture contents of around 9% 1s also
belleved to be the case for the low stress creep. Thls was
not revealed due perhaps to insensitivity of the instruments
used at very low stresses. Figure 23 demonstrates the
effects of all the variables involved upon the creep deflec-
tion of hardboard used. It is easily seen 1in this graph
that the dipping of the curved surfaces at around 9% becomes
higher 1n magnitude as higher loads are appliled.

Since high stress creep and static testing of hard-
board in general are of considerable interest in the fleld
of modern engineering and design, this section 1is further

analyzed by using single model analogy. Work of this nature
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Creep deflections as functilon of
time and moisture content for
specimens subjected to a load of
3.03 1lbs. The percentage of
molsture content for each curve
has been recorded on the graph.
For further explanation of this
graph see Figure 16.
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Figure 21.
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Creep deflections as function of
time and moisture content for
specimens subjected to a load of
9.00 1lbs., The percentage of
moisture content for each curve
has been recorded on the graph.
For further explanatlon of this
graph, see Figure 16,
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Figure 22.
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Creep deflections as function of
time and molisture content for
specimens subjected to a load of
18.14 1bs. The percentage of
moisture content for each curve
has been recorded on the graph.
For further explanation of this
graph, see Figure 16,
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Figure 23. Creep deflections as function of
the parameters involved. Note
that the concavity of the curved
surfaces become more pronounced
as the level of loading 1s elevated.
The lowest magnitudes of deflection
occur when moisture content 1s
around 8-10%.
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has been attempted for solid wood in which no flow has been
assumed to occur (22). This, of course, could be far from
reality for many types of hardboards with strong flow
effects.

The methodical analysils of each of the strain compon-
ents in hardboard can be greatly simplified when only one
retardation time 1s assumed in its analogue model. 1In
order to account for all of the strain components 1in hard-
board, a Volgt model along with a Maxwell model can be
used (see.Figure la and 2a). Such a model 1s shown in
Figure 24; 1t would, of course, yield only a qualitative
analysls for the hardboard tested. The effect of environ-
mental conditions (moisture content, temperature, etc.)
can be explalned through such a model.

When the model of Figure 24 is subjected to the force

Pf(t), the isolated spring (assumed linear) would produce

an Instantaneous deflection as follows:
yo = Pr(t)/k (32)

in which k 1s the spring constant. The deflection in the
1solated dashpot and the applied force Pf(t) are related as

follows:
dyp/dt = Pf(t)/"’1f .

This can be solved as:
t

1
ye = 'Ty"G.'S Pp(t) dt. (33)

¢



Figure 24,
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A single analogue model used to
describe the viscoelastic behavior
of hardboard. It consists of two
ldentical linear springs and two
different linear dashpots. Each
section of the model behaves in the

manner indicated.
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The last component of deflection is the retarded
elastic deflection Vs which 1s expressed by the following

equation:

dy
Nlr ———  + kyp = Py(t). (34a)

This equation is similar to Equation (5) where a constant
stress 0 was applied. Equation (34a) can be solved to

yield

t

Vp = e—kt/”lr [C + l"_l—r— g Po(t) ekt/”\r dt] . (34p)
0

When boundary conditions are considered, C in Equation (34b)
wlll represent the initial deflection. When all three of
the elements outlined above are put in serles as shown in
Figure 24, then the deflection of the entire model will be
the superposition of the deflections due to each element.

This will result in:

t
Vi = Pff{w + e'kt/'*lr [c + }l;j Pf(t) ekt/"lr dt]
0

t
1 .
o j Po(t) dt. (35)

0)

This equation for the case of constant force (creep) and

identical linear springs will become:

yc = Ei: (2 - e— tk/'rlr ) + Pft . (36)

k Me



85

When the product 1s subjected to static testing, with con-
stant rate of force application A, this equation can be

written as:

Po(t) = At. (37)

Substitution of Equation (37) in Equation (35) results in:

_ At At . A k't AT oan
yt_ k +[T{—+—Er2'—‘(e ,'ll" —l>] +5a';° (38/

The very first term in Equation (38) is the quantity taken
into consideration when Hooke's law 1s used. The last two
terms are the amounts added to deflection by the retarded
and flow elements. Equation (38) indicates that the para-
meters A, M., and "\ s play an all-important role in deter-
mining the deflection for a given rate of loading. Here
1t can be seen that Vi for a given rate of loadlng at any
time instant can be determined. It 1s noticed that for
materials with low values of ”lf and high 7,, Hooke's law
will deteriorate.

In calculating the equivalent parameters of the
analogue model for hardboard, one can arrive at relation-
ships describing the behavior of these parameters with
various independent variables associated with environment,
such as moisture content.

Equation (32) when rewritten for the case of constant
force will result in:

K = If (39)
e
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Equation (39) has been plotted in Figure 25. This figure
shows the manner by which k varies with moisture content.
There 1s an increase 1n the value of k as the dry hardboard
plcks up moisture, but when this molsture exceeds about
mid-range, then k begins to decrease. This implies that
hardboard 1s most elastic at intermediate molsture con-
tents., When constant force 1s applied with no initial

deflection, Equation (34b) will become:

—1
R (10)

Equation (40) can be rewritten to gilve:

kt
M., = - : (41)
i In (1 - kyr/Pr)
This equatlon determines the equivalent viscosity for the
flow element in the retarded section of the model (spring
and flow element in parallel). Combining Equations (41)
and (39) will give:

I'Ir/k S - | ktye . (}42)

Pe In (1 - kyp/Pr)

Plotting Equation (42) with regard to moilsture content will
result in Figure 26. This graph shows that for hardboard
the retarded element 1s least responsive at intermediate
molsture contents.

Equation (33) for the case of constant force P, would

be: Ye = Pft/”(f . (44)
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Figure 25. The equivalent spring constant
for hardboard as a function of
moisture content.
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Figure 26, The equivalent time constants for
hardboard as a function of mois-
ture content.
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Rearranging gives:

'Qf = Pft/yf (45)
in which ye 1s the flow part of the deflection. Flgure 27
shows the plotted values of Equation (45). These values
indicate the equivalent visocitiles for the hardboard used
in thils study. The flow element showed its most viscous

state at intermediate moisture contents of around 8-10%.

c. Relative stress creep. In this series of tests,

hardboard beams were subjected to a number of percentages
of ultimate load, as indicated in Tables II, III, and IV.
The ultimate load for the material was determined through

a serles of statlc bending tests at the three molsture con-
tents selected for this study.

A total of nine specimens were tested at each
molsture content and thelr averages were taken. From the
data obtained in this series of experiments Figure 28 was
established. 1In this figure the dependance of the modulus
of rupture (MR) and the modulus of elasticity (E) of the
hardboard on the moisture content of the materlal 1s shown.
The proportional limit of the hardboard at hand, and conse-
quently E at the high moisture content of around 20% due to
strong time effects, could not be determined. It 1s possible
that E may follow the same pattern of reduction 1in value as

that observed for the modulus of rupture.
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Figure 27. The equivalent flow viscoslity
. for hardboard as function of
moisture content.
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Figure 28,

U

The modulil of rupture and elasticity
as obtained by conventional static
testing. The thin broken lines
signify the departure of these rela-
tionships with stralight 1line. The
modulus of elasticity at high
molsture contents could not be deter-
mined by these methods due to strong
time effects. The estimated path has
been shown by a heavy broken curve,.
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The deflections due to relative creep are shown in
Figures 29, 30, and 31. The deforming forces in this case,
as was the case for high stress loading, produced lower
creep deflection values at the moisture content of approxi-

mately 8-10%.

3. Creep Compliance and Moisture Content

Creep compliance can be defined as:

€ (t)

Oo
where € (t) denotes deflection due to creep at time t and
Op 1s the stress applied. In these experiments, instead of
the above quantity, the following was employed.

I(ty) = €& (46)

P

where P 1s the applied load. This latter quantity 1s, of
course, a direct measure of the compliance for the method
of testing used. The reciprocal of thils quantity, 1in turn,
could be considered to indicate the '"resistance'" of the
matefial to creep deformation. The results obtained from
calculating such a quantity depend, to a certain extent,
on the arbitrary cholce of time taken. For all these rela-
tionships, except where indicated, J(t,) at t = 10 minutes
were consldered.

The quantity J(t,) based on a model with inifinite

number of retarded elements 1s:

J(tc) = _E_ﬁ_t_l =

o

1 -2/
= S+ g £(Z) (1-e r)d'ZI+7’"“E (47)
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Figure 29, Creep deflections as function of
time and molsture content as the
specimens were subjected to 10%
of ultimate load. The percentage
of molsture content for each
curve has been recorded. For
further explanations see Figure 16.
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Figure 30. Creep deflections as function of
time and molsture content as the
specimens were subjected to 30%
of ultimate load. The percentage
of moisture content for each
curve has been recorded., For
further explanations, see Figure 16.







Figure 31.
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Creep deflections as function of
time and moisture content as the
specimens were subjected to 60%

of ultimate load. The percentage
of moisture content for each curve
has been recorded. For further
explanations, see Figure 16.
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while single model analogy with identical springs would
yield:

-tk/"’( t
2 - © ) S 48
( e )+,,2 (48)

It 1s noticed here that J(t) 1s a load independent quantity.

J(te) =

Ll

Curves presented in Figure 32 result when Equation (47) is
plotted against moisture content for very low magnitudes of
stress. These curves 1ndicate that moisture content has
significant effect on the "resistance" of hardboard to
stralns caused by creep. Thls effect of molsture content

on J(tc) can be consldered appreclable when the moisture
content of hardboard exceeds the "critical limit"

of around &-10%. Tn this graph, some increase in

J(te) 1s seen, however, as the molsture content 1is increased
to about 10%, although this increase in J(tc) i1s very slight
when compared to the portion of the curve between 10-18%
molisture content.

Figure 33 deplcts the results obtalned for relative
load application based on Equation (47). J(t,) in this case
has a noticeable negative slope as the molsture content 1is
ralsed to about 8%. Beyond this limit, the results are more
or less 1dentical to those obtalned for the specimens sub-
Jected to low load levels. The load independence seems
valid for these relatlionships also.

The latter situatlion seems to hold true as the hard-
board 1s subjected to higher stresses. Filgure 34 shows the

results obtained for this portion of the study. In this



Figure 32.
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The relationships between creep
compliance and moisture content
when the appllied load was con-
fined to within 1/4 of propor-
tional 1limit. Note that the
compliance 1s reasonably indepen-
dent of applied load. The time
was restricted to 10 minutes for
this graph.
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Figure 33.

106

The relationships between creep
compliance and moisture content.
The applied loads were equal to
10%, 30%, and 60% of the ultimate
load for hardboard. Note that

the compliance 1s reasonably inde-
pendent of the level of loading.
The time was restricted to 10
minutes for thils graph.
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Figure 34, The relationships between creep

. compliance and moisture content
at three different times along
the time axis. The broken curves
were derlved from single model
analogy while the solid curves
were directly obtained from the
hardboard. Note how closely single
model could approximate the com-
pliance of the material.
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filgure, the values obtailned by Equation (47) are shown in
s0lid curves while values obtained by using Equation (48)
are indicated by broken curves. Three time points of 10
minutes, 50 minutes, and 100 minutes were taken into
account for derlving these relationships. It 1s Interest-
ing to note how closely the single model analogy approxi-
mates the real complliance; particularly at low to inter-

medliate moisture contents.

4, "Comparative Creep" Results

In order to eliminate the effects of individuallty
of specimens 1in the creep results and thus making 1it
easler to form conclusions, 1t was decided to calculate

é?(t)/el values, where € (t) denotes the deflection at
t =t and é’l 1s the deflection at t = 1 minute, This
quantity was arbitrarily termed "Comparative Creep." €,
was assumed to represent only the Instantaneous elastic
response of the creep deflection. Referring back to the
relationships derived for the analogue models, 1t can be

~

written:

oQ

€(tl) =G[1T+ ff(’C) (1 - e *1/1) dz,+__] (49)
(e]

indicating the deflection at time t,, of an infinite number
of retarded elements with instantaneous elastic response
and flow, being subjected to the stress 0 at t = O and

which was removed at time t = tq. Dividing Equation (49)
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by &1, results in the followilng equation:

€(t1)/€1 =1 +E [rf(m (1-e "My at+ 2], (50)
(o}

n
t1)
é(é values are directly related
1

to the retarded elasticity and flow at any point along the

Equation 50 shows that

time axis.
The recovery at anytime t, using the superposition

principle, can be expressed as:

€r(t) = G'[%:—+ ﬁ('w(l - e_tl/T') aT + Ei]- o
S ki E
+O’rf(‘C) T
or
g t (t - tq)/ t1
€r(t) = o'[!f(’t) (1 - e /Ty oot - "1 )Egg 4 R

To invert recovery,this can be written as:
€ (£) = €(ty) - €, (v)

resulting in:
oo

Exit) = o[+ ff(f) (1-e %) (12" (5507 0] L (51)

©)

Dividing Equation (51) by €R(1), the elastic part of the

recovery, ylelds:

gREflc; 1 4E gf(T) (1-e "1 (1~ (E-t1) Ty aT . (52)
R
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Equation (52) indicates that the effect of instantaneous
elastic defofmation 1s not belng considered in the quantity
€R(t)/€R(l)' Figures 35, 36, 37, and 38 show the results
of "Comparative Creep" studies for hardboard at low stresses.
The broken curves on these graphs indicate the recovery
results, These drawings signify the sizeable effect of
moisture content upon the combined delayed elasticity and
flow in the material.

Figures 39 and 40 show the relationships between the
"Comparative Creep" quantities, the level of load, time,
and molsture content. Filgure 39 covers a time span from
t = 10 minutes to t = 120 minutes for the two lowest
moisture content categorles and from t = 10 minutes to
t = 80 minutes for the high moisture content. The last two
figures illustrate the effects of all of the variables
studied for hardboard. Figure 40 clearly shows that an
intermediate moisture content of 7.24% made the hardboard
least responsive to the deforming loads. This figure depicts
the results of "Comparative Creep" to loads ranging from 10%

to 85% of the maximum loads.

5. Flow

The flow component of the deflection in hardboard as
an engineering material is of particular interest since
it 1s not recoverable. Thils permanently set deformation
often imposes considerable difficulty 1in the structural

design of components made up of viscoelastlic members.



Figure 35.

113

"Comparative Creep" results for both
creep and recovery for the speclmens
subjected to a load of 1.93 1lbs. The
recovery curve for the molsture con-
tent of 8.42% follows the creep curve
very closely and therefore was not
shown. The percentages of moisture
content are recorded for each curve.
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Figure 36,
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"Comparative Creep' results for both
creep and recovery for the specimens
subjected to a load of 2.29 1lbs. The
percentages of moisture contents are
recorded for each curve,.
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-.ﬁ- Figure 37. '"Comparative Creep" results for
: specimens subjected to a load of

: 2.59 1lbs. for both creep and

l E recovery. The percentages of

- molisture content are recorded for
each curve.
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Flgure 38. '"Comparative Creep" results for
specimens subJected to a load of
2.92 1lbs, for both creep and
recovery. The percentages of
moisture content are recorded
for each curve.
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Figure 39.

~
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"Comparative Creep" as function of
test parameters in creep only. The
loads were restricted to within 1/4
of proportional 1imit for this graph.
The percentages of molsture content
are recorded for each curved surface.
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Figure 40,
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"Comparative Creep" as function of
test parameters in creep only. The
applied load ranged from 10% to
85.5% of ultimate load. The per-
centages of moisture content are
recorded for each curved surface.
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The computation of flow when this 1s assumed Newton-
ian 1is straightforward. In the earller part of thils report
it was found that hardboard could be treated as a linear
materlal at lower molsture contents. At high molsture con-
tents the linearity assumptlon could only glve filrst ap-
proximations. For the following flow computations, hard-
board will be assumed to exhibit Newtonian flow regardless
of the percentage of moilsture content of the material,.

Considering that both creep and recovery (inverted
recovery) start at the same instant on the time scale, these

relationships can be expressed:

for creep: € (t1) = O'[%— + gf('z)(l-e-tl/'t) dT+ %—] (53a)

for recovery:

€pt) =[5+ fﬂ'c)(l-e'tl/ﬁu-e'”f) at]. (53v)

If time t 1s long enough, so that it appreciably exceeds
the value of T , then the value of the second parenthesis
within the bracket in Equation (53b) will approach unity

and consequently the equation can be written as:
1 a -t
€x(t) = 0 [+ (2@ (-e"r) at] . (54)
0

Subtracting Equation (54) from Equation(53a) yilelds:

€.(t) = € (ty) - €4t) = _Q#L (55)

which 1s the flow component of the deflection.
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Figure 41 shows the effect of moisture content and
the le@el of loading on the flow characteristics of the
hardboard when it 1s subjected to stresses within approxi-
mately a quarter of proportional 1limit. The flow in the
specimens with the lowest molsture content has not been
represented in this graph due to the small magnitude of
flow. Figure 42 i1llustrates the effect of moisture content
on the flow of hardboard with stresses within 1/4 of the
proportional 1imit., It 1s noticed here that the high mois-
ture content not only increases the amount of flow which
has taken place within the experimental time span, it also
alters the characteristics of flow. The broken line in
this graph signifies the departure of the high molsture
content curve from the straight line. Figure 43 depicts
the relationships of flow, time and load level as the speci-
mens contalning high molsture contents were subjected to

creep testing.

6. Some Discussion on the Cause of Time Dependency

In hardboard the time dependent as well as the time
Independent strains can be assumed to be a superposition
of the two components of strains: (a) the strain in the
wood fiber itself and (b) the strain in the bond holding
the fibers together. The bond in hardboard 1s belleved by
some authors to have been produced by repolymerized lignin
(4)., Others contend that cellulose and not lignin seems to

form the bond in such products as paper (25).
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Figure 41, Flow as function of time, moisture
content and applled load. The flow
in the specimens with the lowest
moisture content 1s not included in
this graph.
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Figure 42,
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Flow as functlon of molsture content
and time when hardboard 1s subjected
to 10% of ultimate load. The per-
centages of moisture content are
recorded for each relationship.
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Figure 43, Flow as function of time and the
- applied load for specimens of
highest moisture content.
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It has long been established that the wood fiber
(primary and secondary walls inclusive) contains a high-
percentage of cellulose in order of 50-60% in the secondary
wall and 2-3% in primary wall (28). A fair amount of lignin
(about 16% in the secondary wall and 60-90% in the primary
wall) is also present in the wood fiber (7). Cellulose in
the wood fiber exists in the form of highly crystalline
areas, wilth intermittant amorphous regions. In these
amorphous regions, there 1s practically no cross linkage
between the cellulose molecules thus cellulose 1itself can
be consldered as beling a non-cross linked natural polymer
in these regions. This type of polymer has been shown to
produce time dependent strains when subjected to stress, a
part of which 1s non-recoverable (flow effect) (3, 6, 19).

The crystalline regions in the cellulose microfibrills,
on the other hand, are thought of as belng perfectly elastic.
This leads to the bellef that the amorphous regions in the
cellulose microfibrills must be responsible for the time
dependent behavior of the cellulosic component of the cell
wall in the wood fiber.

The contribution of lignin to the overall time depen-
dent behavior of the wood fiber can not be easlly determilned.
This 1s due to the fact that the precise chemical structure
of the lignin molecule is not as yet fully understood.
However, lignin 1s generally belleved to be amorphous in

nature, with cross linkage between 1its molecules. This type
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of structure makes the substance time dependent, with per-
haps no flow effect when subjected to stress.

Apart from the wood fiber, a part of the time depen-
dent behavior 1n hardboard may originate in the bond holding
the fibers. This bond in hardboard may have about the same
holding power as that of the natural bond in wood. Some
calculations based on Hankinson's equation (2), assuming
random distribution of the wood fibers within the plane of
the board, lead to such conclusions. The bond, regardless
of 1ts nature, is subjected to high shearing stresses.

Under such circumstance 1t would react to these stresses
by producing strains, which are time dependent since the
materials holding the fibers are visocelastic in nature.

The manner by which stresses are distributed in hard-
board also has some bearing on its time dependent behavior.
When a plece of hardboard 1s subjected to, say, tension,
the filbers aligned with the direction of stress, or inclined
Just a few degrees, will take up most of the applied stress.
When elther these fibers or thelr bonds fail, other filbers
deposited at larger angles with the directlion of stress will
be forced to take up the applied stresses. In thls situa-
tion, the fibers are subjected to stress at an angle other
than their long axlils. The strength of the wood fiber
across 1ts length or at varlious aﬁgles with 1ts long axis
has not been determined. It 1s believed, however, that the

lateral strength value 1s considerably lower than the
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strength of the fiber along its length., This 1is due to the
fact that when the wood fiber 1s stressed across the length,
the weak secondary valence bonds are directly subjected to
stress. On thils basis, when the fibers located along the
stress axls fall, the fibers located at an angle with the
stress axls also fall immediately, resulting in a sudden
total failure of the product. This situation, in turn,
leads to the bellef that most of the time dependent deform-
atlion 1s developed in the fibers aligned with the direction
of stress and in their respective bonds, since they sustain
the applied loads for much longer periods of time.

The situation in compression and bending can be
analyzed 1in a similar fashion, with small differences.
When hardboard is subjected to compressive stresses, 1if
there should exist any vold spaces between the flibers,
then some of the stressed flbers may buckle, thus carrying
only a small portion of thelr share of stress. In such
cases, the aligned fibres, which do not have room to buckle,
will be forced to carry larger stresses thus, again, Increas-
ing the time effect 1n those fibers. This buckling, however,
does not occur on a large scale since the compression strength
of hardboard is not appreciably different from its tensile
strength. The hardboard mat becomes so compressed in the
presses that practically no void spaces are allowed to
develop. In bending, the situation would involve a combined

effect of compressive, tensile, and shear stresses.
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The effect of molsture content on the viscoelastic
behavior of hardboard has been shown in this report. It
1s seen that the materlal 1s least responsive to time effects
when 1t has an intermedlate molisture content of about 8-10%.
At low (about 2%) and high (about 19%) moisture contents,
the time effects are significant. A part of this behavior
is due to the fact that, at intermediate moisture contents,
resldual stresses are released thus the overall load capacity
of hardboard is increased. Besides, the orientation of the
cellulose chains 1s believed to be more highly ordered
around 8-10% moisture content.* At low moisture contents,
the cellulose chains tend to get close to one another in
certaln areas wlithin the fibers whille they are left apart in
others. This results in an irregularity of orientation in
the molecular structure of these chalns thus reduclng the
strength of the product and consequently increasing the time
effect. At high molisture contents the chains are pushed
apart due to the presence of excessive water molecules result-
ing in an disorderly configurated material, and increased
distance between the chains. This type of structure becomes
weaker and more time dependent when subjected to stresses.
No elaboration can be made at this time on the effect of
moisture content on lignin until more information on the

structure of this substance becomes availlable.

*Based on discussion with Professor R. E. Pentoney.
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The same type of situatlion seems to be the case for
solid wood. Kollmann(18) finds that the strength of wood
increased at around 8% molsture content. He also indicated
that the logarithmic decrement dr, in vibrational tests for
solid wood assumes its lowest values at around 8%. This is
at least partly due to the fact that the equlvalent spring
constant k (or consequently the modulus of elasticity) 1is

inversely related to Cf-as the following equation indicates:

J.=Tlc/y,/1cm-{:I (56)

In which ¢ 1s the damplng coefficient and m 1s the mass
involved. It should be noted, however, that from Equatilon
(56) cff i1s also a function of mass which also varies with
varying moisture contents, but this mass effect would be
much smaller than that of k. At molsture contents above
8-10%, the effect of molsture content on 6{' is of a regular
pattern. That 1s, at high moisture contents, the quantity

1s increased to a limit at fiber saturation point.



CHAPTER V
CONCLUSIONS

When hardboard of the type used in this study is sub-
Jected to stress, 1t will produce time dependent deforma-
tions (creep) regardless of the moisture content it contains.
As the stress level 1s elevated, these deformations become
qulte significant. These time dependent deformations are
also produced at low stress levels well within 1/4 of the
conventlonal proportional 1limit of the material but not to
the extent of the ones produced at higher stress levels,
Thils indicates that Hooke's laws do not accurately predict
the behavior of this material under stress. These laws, in
fact, could be far from reallity as hardboard of high mois-
ture content 1s subjected to stress.

Moisture content 1nfluences the behavior of hardboard
under stress to a considerable degree. At intermedlate
moisture contents (about 8-10%), the material attains its
most elastic state with the least amount of unrecoverable
(flow) deformation setting in. When the moisture content
is high (about 17-20%), deformations due to flow of large
magnitude occur. In this case the hardboard exhlbits 1its
least elastic state. In the hardboard of low molsture con-
tent (about 1-3%), the situation is somewhere between those
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encountered for intermediate and high moisture contents,
Thils type of behavlior explained above can be expected due
to the fact that the molecular orlentation 1s belleved to
be highly ordered in the wood fibers making up the bulk
of the hardboard at intermediate moisture contents. Mois-
ture contents of higher or lower than intermedlate values
disturb this high order of orientation of molecules thus
Increasing flow effect. Besides, at these moisture con-
tents the residual stresses which set in during the hot
pressing operatlions in the manufacture of hardboard are
released.

The flow component of the strain in the material 1s
linear (Newtonian) up to a stress level equal to 60% of the
ultimate stress. This flow llnearity facllitates the
analysls of the behavior of the material in detall through
linear viscoelasticity. Thils behavior can then be analyzed
in relation to environmental parameters such as molsture
content and temperature. The analogue models provide a
handy tool 1n specifying this behavior. Through the use of
appropriate models, the effect of the parameters mentioned
above on the behavior of hardboard to stress could thoroughly
be discussed, and varlious components of strain can be studied
individually. It should be noted here that at high molsture
contents, the flow linearity in the hardboard somewhat
deteriorates. Therefore, the analysis based on linear vis-
coelasticity would only yleld rough approximations at these

moisture contents.
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The study of the effect of manufacturing techniques
on the behavior of hardboard under stress 1is of utmost im-
portance. In order to produce a hardboard of particular
characteristics, often the manufacturing process must be
modified to yleld such a product. To analyze various tech-
nilques of making hardboard, the single model analogy dis-
cussed 1n this report could prove to be an efficilent tool.
Thils type of analogy can specify various aspects of the
mechanical behavlor of hardboard thus bringing the process
producing such a product under direct examination. By
changing and modifying various techniques in the manufact-
uring plant and analyzing the end product, a hardboard of
desirable qualities can be produced. Ultimately, when
enough data become avallable, the manufacturing techniques
can be designed to produce the wanted product.

It should be noted here that in all of the studies
Incorporated in thils paper, no molsture content gradients
were accounted for, 1f indeed such gradients existed. How-
ever, hardboard is usually used in a changing environment
where fluctuations in relative humidity and temperature are
constantly and gradually taking place. In such an environ-
ment, hardboard will have a molsture content gradient.
Regardless of the significance of this gradilent, the analysls
of hardboard with no gradient can shed considerable 1light on
the behavior of hardboard with gradient while 1t involves

simpler computations.



APPENDIX

LIST OF SYMBOLS
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N

M
o
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strain

time

viscosity

time dependent stress
elastlic strailn

flow strain

spring constant in models
constant stress

time constant

relaxation functilon

time dependent deflection

deflection at the end of creecp rest

retardation function
retardation times spectrum
relaxation times spectrum
time dependent current
electrical resistance
inductance

voltage

delayed elastic creep function
creep complliance at time t,
load

base of natural logarithm
inverted recovery deflecticn

deflection due to flow
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Single model notation:

k = spring constant
M, = equilvalent viscosity of the retarded flow element
Mme = equlvalent viscosity of the 1solated flow element

time constant for the retarded element

r/k
Pp(t) = time dependent force
yp = flow deflection

jr = retarded elastic deflection

Ye = 1nstantaneous deflectlon
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