





T Tl LY, TP










ABSTRACT

THE DEFLECTION OF COMPOSITE FURNITURE
PANELS UNDER CONSTANT
BENDING STRESS
By

Poo Chow

Experiments have been performed to determine the
elastic and inelastic behavior of veneered particleboard
and its individual components using a well-known commer-
cial brand particleboard and walnut veneers of various
thicknesses. Methods have been developed by which the
total maximum creep deflection of a veneered particleboard
furniture panel under various moisture contents and load-
ing conditions may be predicted.

Results of analysis of variance for this particular
split-plot statistical design indicate that the initial,
creep and irrecoverable deflections of the composite panels
are highly significantly affected by the independent vari-
ables of humidities, shelling ratios, and load levels.

Short term and long term creep test results were
compared. The total bending deflection at a rate of creep
of 0.0005 inch per day was considered to be the best prac-

tical approximation of total maximum bending deflection for
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the specimens. The best approximation of total maximum
bending and creep deflections as functions of shelling
ratio, load level, moisture content and time conditions of
the composite panel can be accurately predicted by the use
of multivariable least square regression equations with an
R2 value of 0.99 in this study.

The creep deflection and irrecoverable creep in-
creased with increasing humidities from 65 per cent to 90
per cent, increasing loads and decreasing veneer thickness
for the specimens. In all cases, the creep deflection was
greatest at 90 per cent humidity; also the effect of high
humidity on the creep overshadowed the effect of load. The
differences of creep deflection are small, between the 30
per cent and 65 per cent humidities but there was a least
creep deflection in the particleboard with respect to rela-
tive humidity at 65 per cent. Creep deflection was found
to be proportionally increased with the increasing of ini-
tial deflection for all conditions.

Veneered particleboard had a reduced total bending
and creep deflection under all conditions. A large pro-
portion of creep of the panel was reduced by application of
1/36 inch thick veneer on the particleboard surfaces;
thereafter the reduction of creep was not proportional to
further increasing of the veneer thickness. A veneered

particleboard panel with a shelling ratio of 0.5 under sus-

tained loading had a creep result very close to that of







Poo Chow

solid walnut wood. However, from the standpoint of prac-
tical and economical purposes, it is unwise and impractical
to use a walnut veneer thicker than 1/36 inch on the par-
ticleboard core just for the purpose of improving a limited
amount of creep property on the composite furniture panel.

It was found that a regular 3/4 inch particleboard
is only suitable for use in lightly loaded shelves. One-
thirty-sixth inch walnut veneered 3/4 inch particleboard
composite can be used for medium duty shelves or bookcases
and will meet the creep performance requirement set by the
National Kitchen Cabinet Association.

It must be mentioned that the load at the creep
limit in bending corresponds to approximately 60 per cent
of the load at the proportional limit, or 20-30 per cent
of the load at the ultimate bending strength in the static
bending test for all specimens of various designs in this
experiment.

It is believed that the general behavior shown in
this study applies as well to combinations of mat-formed
particleboard core with wood veneers of other species, and

other types of facing materials.
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I. INTRODUCTION

A. Definition

l. Wood Particleboard

Wood particleboard can be defined as being composed
of distinct flakes or particles of wood blended with syn-
thetic resin adhesive, formed into a sheet, consolidated,
and the resin cured under heat and pressure or high fre-
quency, the final board being uniform in the plane of the
sheet and bonded together by the synthetic resin. The
boards may be homogeneous or have surfaces of higher qual-
ity or of different texture than the core. Several syn-
thetic resins are used for bonding particleboard; they are
urea-formaldehyde, phenol-formaldehyde, and malamine-for-
maldehyde. Urea-formaldehyde resins are used more than
others at the present time.

Particleboard has been manufactured in this country
for little more than a decade. It is the newest of the
wood panel products, and it is used in virtually any appli-
cation where a smooth, stable panel product is needed. A
major use is as corestock for furniture panels.

The particleboard used in the furniture industry
may be divided into two categories according to the method

1






of manufacture -- extruded and mat-formed. Panels made by

the extrusion process generally are produced and used by
the same manufacturer. Mat-formed wood particleboard is
sold on the open market for a wide variety of uses in the

furniture, building and wood working trades.

2. Composite Furniture Panels

The definition of a composite panel requires that
the following criteria be met:

a. It must be a combination of at least two distinct
materials with a distinct interface separating the
components.

b. It should be created to obtain properties which
would not be achieved by any of the components
acting alone.

Therefore, a composite furniture panel can be de-
fined as a furniture panel consisting of a number of ele-
ments and having properties which would not be achieved
by any of the elements acting alone.

A composite furniture panel consisting of wood par-
ticleboard core combined with facings of various other
materials is a relatively recent addition to the growing
family of wood products. Such composite constructions are
intended to provide improvement in surface appearance,
stiffness and strength, or other physical and mechanical
properties. A frequently used example of this type of con-
struction is veneered particleboard, which is found today

in a variety of furniture panels. It is also very important

to know that the majority of the particleboard used in the






furniture industry is veneered in a three ply construction.

Basically there are two different composite constructions
in the veneered particleboard furniture panels, namely
three ply construction and five ply construction. Whenever
the surface smoothness of a particleboard core is not ade-
quate enough to prevent the "show-through" problem in a
polished veneer surface, a five ply construction is often

used.

B. Statement of Problems

The development of the particleboard industry
promised an ideal core material for veneered panels. In
general, the lumber core furniture panel always requires a
five ply construction. It is relatively expensive to manu-
facture the lumber core furniture panel in the furniture
plant; therefore the furniture industry is taking advantage
of the economics offered by the extensive use of particle-
board. Frequently, particleboard is considered as a direct
substitute for lumber core material.

In the comparison of performance on the basis of
bending strength properties between these two core materi-
als, unfortunately, the particleboard core happens to be
inferior to lumber core along the grain direction in bending
strength. The details of these problems are described as

follows:






The use of particleboard as core material in furni-

ture panels often results in excessive bending deformation
when these panels are exposed to sustained loading. Par-
ticleboard is, therefore, often rejected in favor of lumber
core board in applications where bending stresses are con-
siderable and/or of long duration.

Furniture panels are generally of a composite sand-
wich design. Each component contributes to the behavior of
the panel according to its individual properties, its rela-
tive thickness, and its location in the panel. Short term
deflections of such panels can readily be calculated, as-
suming elastic responses. Long term deflections, however,
are in part due to creep and cannot be determined by
elastic theory. The difficulties are compounded by the
strong influence of changing moisture content on the creep
deflection of such panels. The permanent deflection or sag-
ging problems are most important when panels are used in a
horizontal position like table tops or shelves, which will
deflect and sag under a constantly applied load, such as
books, merchandise, etc. To date, there is no information
available on the creep behavior of composite furniture
panels under practical constant load. The only bending
deflection information which can be collected from the par-
ticleboard manufacturers today is limited to the elastic

deflection of the particleboard core panel.






Due to the economic reason and the shortage of

hardwood timber in this country, the amount of fancy de-
fect-free veneers that can be used in furniture panels is
limited. Extremely thin veneers, only one thirty-sixth of
an inch thick, are generally used in the particleboard
furniture panels by the furniture industry. This ade-
quately serves the purpose of improving surface appearance
of the particleboard furniture panel, but the excessive
bending deflection which has occurred to the veneered par-
ticleboard panel might be caused by the use of this ex-
tremely thin veneers.

In fact, permanent deflection or sagging does hap-
pen in spite of no load being imposed on the table tops or
shelves in a horizontal position (34). The only explana-
tion for this peculiar case is that the panels might de-
flect and sag under their own weight. As we can see, the
actual weight of a table top or shelf alone is relatively
low and its loads are all within the elastic limit of the
composite structure. First of all, this creates a question
-- Whether sagging or permanent deflection is caused solely
by practical external load on the furniture panel? The
second question might be -- Are the sagging and permanent
deflection partly caused by the unbalanced internal stres-
ses which occur during the swelling and shrinkage in a

fluctuating moisture condition?






C. Objectives

The primary objectives of this study are:

a. To determine the elastic and inelastic behavior
of veneered particleboard and its individual components
using a well known commercial brand of particleboard and
walnut veneers of various thicknesses.

b. To develop a method by which the total maximum
creep deflection of a veneered particleboard furniture
panel under various moisture contents and loading condi-

tions may be predicted.






II. VISCOELASTIC BEHAVIOR OF WOOD

AND WOOD-BASED MATERIALS

A. Definition

The phenomenon of material deforming under constant
load is called creep and the science of such deformation is
known as rheology (29). It is evident that wood and wood
particleboard possess rheological properties which cause
their strength to be a function of load duration. The
creep behavior of wood, like most structural materials, de-
forms instantly under load in relation to the stress im-
posed and continues to deform as the load is maintained
(9).

A typical deformation-time relationship for wood
under constant load is shown in Figure 1(a), (b).

The elastic (instantaneous) deformation is largely
strain, conforming to Hook's law, and the increase in strain
that occurs with time under load is termed plastic deforma-
tion. Plastic deformation is partly recoverable with time
and partly irrecoverable. The recoverable part is commonly
called retarded elastic deflection and the irrecoverable

part is called flow (37).









Figure 1l.--(a)

(b)

A typical deformation-time relationship for
wood under constant load (9)

A typical cycle of intermittent loading for
wood (37)
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The behavior of wood materials under stress re-
flects the combination of solid-like and liquid-like char-
acteristics. Materials exhibiting this kind of behavior
are known as "viscoelastic materials." 1In a viscoelastic
material both stress and time anomalies could exist. Where
the stress anomalies are absent, the material is called
"linearily viscoelastic." The irrecoverable deformation in
a viscoelastic material is similar to the flow of liquid
under stress; therefore this component of total deformation

in wood will be referred to as "flow" (37).

B. Analogue on Viscoelastic Behavior

A physical concept of viscoelastic behavior can be
obtained from a mechanical model consisting of series and/
or parallel combinations of springs and dashpots (26), such
as shown in Figure 2. The response of a single model to a
constant load or stress is indicated by Figure 2(a), (b).
In this creep model where A represents the purely elastic
deflection due to the spring element El’ and B represents
creep deflection due to the retarded elastic spring element

of EZ and dashpot N C represents the creep deflection due

27

to the flow element of dashpot N This model can be used

3-
to describe the behavior of wood and wood particleboard in
creep. The retarded elastic deflection is that type of de-
flection which requires time to develop and is completely

recovered with time. The flow part of the creep deflection
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Figure 2.--Creep models used to describe the viscoelastic
behavior of wood (26) E

(a) Single Dashpot Creep Model

A = Elastic deflection due to the spring
element Ey

B = Creep deflection due to the retarded
elastic spring element of E2 and dash-
pot N,

Creep deflection due to the flow ele-
ment of N3

(e}
n

(b) Deflection-Time relationship of the creep
model under constant load (T _Tl) and
after load removal at time Ty

(c) Creep model with a series of connected re-
tarded elastic elements
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is also that type of deflection which requires time to
develop, but it is irrecoverable.

An equation describing creep under a constant load
or stress of a linear viscoelastic material may be ex-

pressed as:

Y(t) = PI1_ + 1= ¥/T9 4 ¢
El E2 N3
where
Y(t) = The deflection of the creep model shown in

Figure 2(a), (b)

El and E2 = Spring constants in mechanisms A and B
respectively - force/length

N2 and N3 = Viscosities associated with the dashpots

of mechanisms - force/velocity

T0 = Nz/Ez (Retardation time constant)

In order to construct an analogue model that will
quantitatively behave as a real material, we can illustrate
a widely used approach. The model in Figure 2(c) shows a
series of connected retarded elastic elements. It is often
convenient to let the number of retarded elements go to
infinity. The deflection of this system due to a constant

load P can be written as:

FeL(e) (1-e 7T

Y(t) = Pl + )aln_ + tl,
E iy

where L(t) is called the spectrum of retardation times.

This equation may account for all of the three types of
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deflections in wood and wood particleboard explained be-
fore, provided that the material exhibits linear flow.

In addition to the use of mechanical analogies
(models composed of springs and dashpots), the viscoelastic
behavior of a material may also be represented by direct
graphical display of test results, by fitting the data to
some suitable mathematical expression. It should be under-
stood that the mechanical models do serve the purpose of
demonstrating the viscoelastic behavior of materials, and
they also yield a mathematical representation which is of-
ten very convenient. However, there is the danger of over-
extending the analogy and assigning the role of springs and
dashpots to individual components or elements of wood and
particleboard, which is an unjustified and misleading sim-

plification (34).

C. Rheology Relation to Moisture Content

in Wood and Wood Based Materials

1. Wood

Moisture in wood acts as a plasticizer, and in-
creases in moisture content will usually lead to increases
in creep.

The major components of wood are cellulose and
other long chain polysaccharides (65-75 per cent) and
lignin (31). Cellulose in wood exists in the form of high-

ly crystalline areas with intermittant amorphous regions.
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In these amorphous regions, there is no cross linkage be-
tween the cellulose molecules. These regions can also be
called "viscous" regions (19). The crystalline regions in
the cellulose microfibrils are thought of as being per-
fectly elastic.

In theory, there are two components of bending de-
flection developed during sustained loading on the wood,
namely elastic and plastic components (24). The elastic
components occur in the elastic cellulose chains and the
plastic components occur in amorphous regions or "viscous"
regions. Thus it is possible that the amorphous regions
in the cellulose microfibrils must be responsible for part
of the creep deflection of the structure of the cell wall
in wood.

Cellulose has been considered as a hydrogen-bonded
structure (4). At high humidity conditions, water may form
a bridge between two cellulose chains. Such a link will be
weaker than one not involving water. The large amount of
water reduces the strength and stiffness of wood; thus it
is probable that hydrogen bonds play an important part in
producing some of the creep deflection in wood.

Lignin in wood is generally believed to be viscous
in nature, with cross links between its molecules. This
leads to the belief that lignin must also be responsible
for part of the creep deflection under sustained loading

in wood.
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In bending, total deflection and creep rate have
been found to increase with increasing moisture content.
Cyclic changes lead to large increases in beam deflection
during desorption and recovery of deflection during the
first or second adsorption period, depending on initial
moisture content (1, 7). As bending stresses become great-
er and moisture content changes smaller, recovery during
adsorption may be replaced by a reduction in creep rate
(29). Armstrong and Kingston (2) found that creep deflec-
tion in solid wood increased significantly during both ad-
sorption and desorption. Schniewind (18) has shown that
cyclic changes in environmental conditions can shorten con-
siderably the creep-rupture life of Douglas-fir specimens.
Daily variation in temperature and relative humidity would
affect only the surface layers and hence only a small pro-
portion of the total wood volume. The change in internal
moisture content in large beams may therefore become neg-
ligibly small and thus lead to only minor reduction in
creep-rupture life.

Armstrong and Kinston (3) noted that small beams
which were loaded green and kept green during creep tests
and those which were loaded dry and kept dry showed about
the same relative creep, but this was doubled when initially
green beams were allowed to dry under load.

The prevalent view regarding the mechanism of the

sorption effect on creep is that sorption involves the
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temporary breaking and reforming of hydrogen bonds. Con-
stant loads in creep experiments produce a bias in the re-
forming of the bonds, resulting in new positions and changes
in shape. This has been discussed in detail by G. J.

Gibson (11).

Hardboard

Suchsland (33) studied the swelling stresses and
deformations in hardboard. Suchsland stated that the
causes of stresses in a hardboard have two sources. First,
the stresses result from external loads. Second, the
stresses might result from restrained expansion or contrac-
tion due to hygroscopic moisture content changes. This
swelling stress can be considered as an internal stress
which may cause permanent deformation in hardboard with an
unbalanced moisture content or under restrained condition
in the panel.

At high humidity conditions, a hardboard panel
would expand stress free and without distortion, if the
panel element was applied without any lateral restraint.
Any partial restraint would give rise to swelling stress
under certain conditions, and these swelling stresses would
be accompanied by transverse bending deformation. In re-
strained expansion of hardboard, compressive stresses are
associated with expansion and increase with increasing mois-

ture content (33).
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Moslemi (22) studied the effect of moisture con-
tent, board type, and load level on the creep and recovery
in both wet and dry process hardboard. The measurement of
total creep over a two hour period revealed that deflection
at the low moisture level exceeded that of intermediate
moisture. The greatest amount of creep was produced at the
high moisture level. 1In dynamic experiments (21), Moslemi
found that the modulus decreased with increasing moisture
content, while the loss of modulus increased.

Sauer and Haygreen (28) indicated that the flexural
creep behavior of wet and dry process hardboard was greatly
influenced by sorption. Adsorption produced far greater
creep than that which developed during constant or desorp-
tion conditions. Increases in temperature and stress level
during constant or changing sorption conditions produced an
increase in creep. Dry process hardboard exhibited greater
creep than wet process hardboard, except under test condi-

tions of low stress and moisture conditions.

3. Particleboard

In 1960, Liiri (20) found that bending strength and
tensile strength parallel and perpendicular to the three-
layer particleboard surface were reduced approximately 50
per cent by increasing moisture content from 10 to 20 per
cent. Maximum levels were achieved at about 10 per cent

moisture content for all strength properties considered,
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with reduced strengths at lower moisture content levels.
Modulus of elasticity was not considered. Bryan and
Schniewind (6) tested wood particleboard and discovered that
with the exception of desorption from very high moisture
content, the effect of sorption is to increase the relative
creep level beyond that which is obtained during constant
moisture content conditions. Subjecting material to condi-
tions causing alternating shrinking and swelling results in
significant reductions of strength, stiffness, and specific
gravity.

Hann (12) reported that at high relative humidity,
two major factors and the interactions of these factors are
believed to have caused the decrease in strength in the
particleboard.

a. Springback.--When a particleboard is exposed to
high humidity, the swelling that takes place is not only
the normal swelling of the wood but also springback.
Springback can be defined as recovery from the compression
set that is induced during the pressing operation. The
springback that occurred in the specimens subjected to the
high humidity very likely caused a reduction in strength
because of lowering of the board density and breaking some
of the bonds between the particles.

b. Deterioration of the binder.--When urea-for-

maldehyde resin is exposed to high humidity, it gradually

deteriorates (12). 1In other words, the holding power of
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the glue bond decreases with increasing time, due to the
nondurable nature of this type of adhesive in the interior

type of particleboard.
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III. EXPERIMENTAL PROCEDURES AND DESIGN

A. Preparation of Specimens

As indicated in the "objectives" of Chapter I, the
important objectives of this study were to determine the
creep behavior of veneered particleboard and its individual
components using a commercial particleboard and walnut
veneers of various thicknesses and to predict the total
maximum creep deflection of a veneered particleboard fur-
niture panel under various moisture contents and loading
conditions. 1In order to accomplish this task, it was de-
cided to carry out a reasonable number of short term creep
experiments on the variables of various designs, load levels
and moisture contents of furniture panels.

The total thickness of all individual specimens of
various designs was maintained at approximately 3/4 inch,
for this thickness was the common thickness of standard
commercial shelves or table tops. To investigate the in-
fluence of various face veneer thickness on the creep be-
havior of the sandwich, the number of the sandwich structures
was divided into five different groups (Figure 3). For con-

venience, these groups were simply distinguished by the

21
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Figure 3.--Designs of sandwich structure (end view)
1)

From top to bottom:

3/4 inch solid walnut, 3/16 inch walnut
veneered particleboard, 1/8 inch walnut
veneered particleboard, 1/36 inch walnut
veneered particleboard, and 3/4 inch
particleboard

(photo
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shelling ratio. 1In this experiment, a shelling ratio may
be defined as the ratio of the thickness of face veneers of

a sandwich to the total thickness of a sandwich.

2

Shelling ratio = tf ’
2E-+ &
£ c
in which tf = single face veneer thickness
tc = particleboard core thickness.

The detail descriptions of the sandwich design for this ex-
periment are listed in Table 1. A 1/36 inch veneered par-
ticleboard furniture panel is most commonly used by the
furniture industry at the present time. The shelling ratio
calculated for the five specimen structures were in the
order of 0.000, 0.074, 0.333, 0.500, and 1.000, respec-
tively.

In order to provide the kinds of specimens des-
cribed above, three thicknesses of particleboard panels
(3/4 inch, 1/2 inch, 3/8 inch) and four thicknesses of
solid wood (3/4 inch, 3/16 inch, 1/8 inch, 1/36 inch) were
required.

All the test specimens of particleboard used on
this study were prepared from 4 x 8 foot size, 3/8 inch,
1/2 inch, 3/4 inch thicknesses, three-layer commercial par-
ticleboard manufactured by Dura-flake Company in Albany,
Oregon. Their products have been widely accepted by furni-

ture manufacturers. The surface of a three-layer
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Table 1.--Sandwich design
Description Total Shelling
Thickness* [ Ratio**
(1) 3/4 inch Particleboard 0.750 inch 0.000

(2) *nen 1/36 Walnut + 3/4 inch
Particleboard + 1/36

inch Walnut 0.805 inch 0.074
(3) 1/8 inch Walnut + 1/2

inch Particleboard +

1/8 inch Walnut 0.750 inch 0.333
(4) 3/16 inch Walnut + 3/8

inch Particleboard +

3/16 inch Walnut 0.750 inch 0.500
(5) 3/4 inch Solid Walnut 0.750 inch| 1.000

*Glue line thickness is included.
2tf

itf ¥ tc
(tf = single face veneer thickness)
(tc = particleboard core thickness)

**Shelling ratio =

***Most commonly manufactured by the furniture in-
dustry at the present time.

particleboard is made up of very small wood particles.
From the standpoint of surface smoothness, a three-layer
particleboard core does not require crossband veneers in

the veneering process. Face veneers are generally applied

directly to the particleboard to produce a three ply con-

structed panel. Therefore, a five ply construction which

has been used in lumber core was unnecesssary on the three-
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layer particleboard core material. Figure 4 shows the cut-
ting diagram for the 4 x 8 foot particleboard panels.

Walnut wood veneer has been extensively veneered
on the particleboard core panel by furniture manufacturing
firms because of its noble appearance, high strength, ex-
cellent machinability and durability. It was decided to
use this particular wood species as facing material for the
particleboard core panels. One-eighth inch, 3/16 inch,

3/4 inch thicknesses of defect free and straight-grained
walnut wood were prepared from 1 inch solid walnut lumbers
which had been purchased from Johnson Lumber Company in
Charlotte, Michigan. One-thirty-sixth inch quarter cut
walnut veneers were also purhcased for use in specimens
preparation.

The composite sandwich panels were matched and lam-
inated in a plywood hot press at the laboratory. Urea-for-
maldehyde liquid resin (Perkin L-100) and catalyst (Perkin
S-120) were used as bonding agents. The pieces were
pressed at 300°F under a pressure of 150 psi for two
minutes. Following the application of wood veneer on the
surface of the particleboard core, the panels were trimmed
to a specimen dimension of 2 inches x 20 inches (Figure 5).

Equilibrium moisture content condition in the in-
terior of buildings in the United States induces moisture
content values from 4 per cent to 14.0 per cent in interior

wood trim and furniture (25). It is nearly equivalent to
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Figure 4.--Cutting diagram of particleboard panels (for 3/4
inch, 1/2 inch, and 3/8 inch thicknesses)

P

tig|




28

96 inches

Panel 1:
N
ov-1 s&C-1 ov-3 S&C-3
48
inches
ov-2 S&C-2 ov-4 S&C-4
Panel 2:
S&C-5 ov-5 S&C-7 ov-7
48
inches
S&C-6 ov-6 S&C-8 ov-8
N

OV = Overlay Panel.

S&C = Static Test and Creep Test Panel.

ticleboard only)

(For Static and Creep Test)

(Par-
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Figure 5.--Specimens preparation (all the panels obtained
from Figure 4)
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k—qlz inches (a) ov-1,2 or S&C-1,2
N
1l 2§ 3| 4| 5| 6 7| 8| 9{10{11|12|13|14]15/16|17{18
20"
S| C| s|c|s|C|s|C| s|cCc|ls|Cc|l s|cC| s|C| s|lC i
2
(b) oOV-3,4 or S&C-3,4
N
19(20(21 |22 |23 (24|25(26|27|28|29{30|31|32|33|34|35|36 k
20"

(c) ov-5,6 or S&C5,6

37|38)|39 |40 |41 |42(43(|44/45|46|47|48(49|50|51|52;53|54 /T

20"
s| ¢ s|c|s|c|s|cC|ls{C|]s|C|]s|] C|ls|]C| s|]C l
\4
(d) ov-7,8 or s&Cc-7,8

N

55(56|57 {58 [59 [60 |61 |62|63|64|65|66(67|68|69|70|71}72 ]
20"

s| -c| & c|s|cp 8l:cl sl cl:s{ c|:s| €l s|c|:-s] € I
Vv

S=Specimen for Static Test.

C=Specimen for Creep Test.

OV=Overlay Panel.

S&C=Static and Creep Test for Particleboard only.

Humidity Condition and Stress Level are randomly
assigned to the individual specimen.
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the conditions of relative humidity ranging from 30 per
cent to 90 per cent. 1In order to cover all possible condi-
tions, specimens were conditioned in the humidity control-
led rooms for at least four weeks before they were subject
to test. The relative humidities of these conditioned
rooms were 30 per cent, 65 per cent and 90 per cent, re-
spectively. A constant dry bulb temperature of 68°F was

maintained for all conditions.

B. Tests

A series of preliminary static and creep tests was
conducted under a 65 per cent relative humidity condition.
The results of static tests for particleboard core alone
were used to determine the variability of the particleboard
of various thicknesses. These preliminary bending test re-
sults are listed in Table 2. Among the particleboard
panels of three thicknesses (3/8 inch, 1/2 inch, 3/4 inch),
the average modulus of elasticity varied from 515,000 psi
to 575,000 psi, and the average board density ranged from
44.00 1lbs/cu. ft. to 46.00 lbs/cu. ft. The variations of
the stiffness values were relatively small among these
three thicknesses of board. It could be assumed that the
stiffness property of the particleboards used in this ex-
periment was the same, regardless of the particleboard

thickness.
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Table 2.--Preliminary bending test result of particleboard*

Particleboard
3/8 inch 1/2 inch 3/4 inch
Density Average 46.00 44.00 45.00
(lbs/cu.ft.)
Standard
Deviation 2.00 2.00 1.00
M.O.R. Average 3100 2700 3500
(psi) i
Standard
Deviation 300 400 300
M.O.E. Average 535,000 515,000 575,000
(psi)
Standard
Deviation 60,000 57,000 50,000

*Each average value was obtained from twenty tests.

The preliminary creep test results indicated that
3/16 inch walnut veneered particleboard and 3/4 inch solid
walnut wood did not creep at loads less than 10 pounds us-
ing an 18 inch span on a 2 inch x 20 inch specimen. In
addition to the above tests, the creep tests were also car-
ried out on a 3/4 inch particleboard and a 1/28 inch walnut
veneered particleboard with a load equivalent to 10 per
cent of ultimate bending load. Both of the specimens in-
dicated the following general creep behavior:

a. Creep deflections are related to the time.
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b. Creep deflection or relative creep is increased
at a decreasing rate as time is increased.

For the actual experiment, two basic sets of speci-
mens were prepared. The first set of specimens was for the
static test and the second set of specimens was for the

creep test.

l. static Bending Test

In order to specify the proper load level of bend-
ing in creep experimentation, the static strength of the
materials had to be determined. Specimens 2 inches x 20
inches were simply supported with an 18 inch span length
and were tested with an Instron testing machine (Figure 6).
Except for the width of the specimens, the tests were con-
ducted in accordance with the procedure set forth in ASTM
1037-64.

Specimens at 12 replications of each panel type
were statistically tested at various moisture contents to
determine the proportional limit, the average ultimate
strength (modulus of rupture), the stiffness (modulus of

elasticity), modulus of rigidity, and shear deflection.

2. Creep Test

A specially designed creep test device was made so
that two beams could be tested at the same time while the
constant load was applied by means of weights coupled to

the specimens through a lever-arm system (Figure 7). The
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Figure 6.--The static bending test (Instron testing machine)
(photo 2)
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Figure 7.--The creep testing set-up (photo 3)
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shortest time for which deflection data were available was
one minute. For practical purposes, the deflection data
at one minute were defined as the elastic deflection under
the given level of load in this creep experiment. Creep
values were determined for a 100 minute sustained loading
period with simply supported center-loaded beams. After a
100 minute constant load, specimens were allowed to recover
for 100 minutes. All of the tests were performed in the
controlled humidity rooms in which the materials had con-
ditioned. Ames dial indicators were used to detect the
center deflection of the specimens to the nearest 0.001
inch (Figure 8).

Specimens at two replications of each type were
tested at various relative humidities and load levels.
Table 3 shows the load levels as 10 pounds, 30 pounds, 60
pounds, 120 pounds, 200 pounds, respectively. The reason
for testing at 10 pounds as minimum load was that under the
present creep testing set up a load below 10 pounds would
not create a significant amount of creep deflection for the
3/16 inch walnut veneered particleboard and 3/4 inch solid
walnut beam specimens in the size of 2 inches x 20 inches
with an 18 inch span length. Constant loads of 120 pounds
and 200 pounds were not used on the 3/4 inch particleboard
and 1/36 inch walnut veneered particleboard specimens be-
cause these loads would have caused bending failture. The

creep deflections of the five kinds of specimens with









Figure 8.--A close-up view of creep testing (photo 4)
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Table 3.--Creep test (tested at relative humidities of 30
per cent, 65 per cent, 90 per cent, respective-
1y)

Products Shelling Constant Load
Ratio 10 30 60 120 T 200
Pounds| Pounds| Pounds| Pounds| Pounds

3/4 inch
particle-
board 0.000 X X X 0 0

1/36 inch
walnut
veneered
particle-
board 0.074 X X X 0 0

1/8 inch
walnut
veneered
particle-
board 0.333 X X X X X

3/16 inch
walnut
vencered
particle-
board 0.500 X X X X X

3/4 inch
solid
walnut 1.000 X X X X X

Shelling Ratio = 2t

in which ti = single face veneer thickness
tc = particleboard core thickness
X -- tested

0 -- no test
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various designs were measured at various relative humidi-
ties under the loads of 10 pounds, 30 pounds, 60 pounds,
respectively, for comparison purposes. These three load
levels are expressed in terms of percentage of the stresses
at proportional limit and ultimate bending strength of the
specimens at three different humidity conditions in Table
4. These three load levels were considered as low stressed
practical loading conditions which could happen to shelves
or table tops in actual service. One hundred twenty pounds
and 200 pounds were considered as high stressed load. Ten
pounds is typical of the load in service of a lightly
loaded bookshelf, being equivalent to 14 pounds of books on
a bookshelf 32 inches long and 10 inches wide. Thirty
pounds is the load in service of a medium weight loaded
bookshelf being equivalent to 43 pounds of books on a book-
shelf 32 inches x 10 inches wide; whereas 60 pounds is
probably more typical of the load in service of a very
heavily loaded bookshelf, being approximately equivalent to
85 pounds of books on a bookshelf 32 inches x 10 inches
wide.

The preceding practical load estimations were based
on the fact that the weight of a 1 inch x 10 inch x 10 inch
heavy paper bonded book or magazine is approximately 2 to
3 pounds. A 32 inch x 10 inch wide bookshelf should have

enough space for 32 heavy books. All the estimated loads
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on a 32 inch x 10 inch bookshelf mentioned above were dis-
tributed loads.

Following the completion of 100 minutes creep test-
ing, all specimens were oven dried to determine the exact
level of moisture content that had been attained under each
of the humidity conditions.

Several specimens were subjected to long term creep
test for comparison purposes. The time was prolonged from

the designated 100 minutes to a one month period of time.

C. Statistical Design of Experiment

The design of total bending, initial (elastic),
creep and irrecoverable deflections of the five kinds of
specimens with various shelling ratios was performed with
three different practical load levels and relative humidi-
ties over a series of short term creep tests.

In Table 5, within each of the relative humidity
levels (30 per cent, 65 per cent and 90 per cent), shelling
ratio was 0.000, 0.074, 0.333, 0.500, and 1.000 on five
randomly allocated sub-plots with two replications. Each
sub-plot was divided into three parts, respectively: load
level with 10 pounds, 30 pounds and 60 pounds.

Statistically, this particular arrangement is called
split-plot design. The source of variation and degree of
freedom for data gathered from such a design are listed in

Table 6.
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Table 5.--Design of experiment (replication two)
Ay
Bl B2 B3 84 B5
Cl C2 C Cl C2 C3 C1 C2 C3 Cl C2 C3 Cl C2 C3
i
a, i
k
B2 By By Bg B3
C1 C2 C Cl C2 C3 C1 C2 C3 Cl C2 C3 C1 C2 C3
A3
By 1 Bg B, B3
Cl C2 c Cl C2 C3 Cl C2 C3 Cl C2 C3 C1 C2 C3
Relative Sandwich (Shelling Constant Load
Humidity Structure Ratio)
Al = 30% Bl = 3/4 inch Pt.Bd. (0.000) C1 = 10 1lbs
B2 = 1/36 inch W. (0.074)
A2 = 65% B3 = 1/8 inch W. (0.333) C2 = 30 1lbs
B4 = 3/16 inch W. (0.500)
A3 = 90% B5 = 3/4 inch W. (1.000) C3 = 60 lbs

The results of the analysis of variance for this

particular statistical design should be able to supply us

a sufficient amount of information regarding the signifi-

cance levels of the effects of veneer thickness (shelling
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Table 6.--Analysis of variance

Source of Variation Degree of Freedom

Relative Humidity (n) (a-1) = 2

$=AD+D (D=Replication) (a-1) (d&-1)+(da-1) = 3

Shelling Ratio (B) (b-1) = 4 i

A X B (Interaction) (a-1) (b-1) = 8 [
k

Load Level (c) (c-1) = 2

A X C (Interaction) (a=1) (c-1) = 4

B X C (Interaction) (b-1) (c-1) = 8

A X B X C (Interaction) (a-1) (b-1) (c-1) = 16

Error 42

Total 89

ratio), load level and humidity on the creep behaviors of

the specimens.






IV. APPROXIMATION OF MAXIMUM CREEP

DEFLECTION UNDER SUSTAINED

BENDING STRESSES

A. Primary Objective

The maximum bending stresses borne by a veneered
particleboard furniture panel such as a book shelf, stor-
age shelf or table top are relatively low in actual serv-
ice. It is important for us to analyze the resultant
condition of the furniture panels, structurally and tech-
nically.

First, from the structural point of view, a sus-
tained small bending stress will never cause the panel to
fail mechanically. Secondly, an excessive bending deflec-
tion which may be associated with the use of particleboard
as core material in furniture panels technically does not
disturb the service performance. Here, we can conclude
that the structural and technical requirements of a veneered
particleboard furniture panel are generally small.

However, by looking at the appearance of the fur-
niture panels, excessive deflection or sagging occurring in

a good furniture panel is objectionable and undesirable.
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This reason has often caused the rejection of particleboard
as core material in favor of lumber core board in applica-
tions where bending stresses are of long duration.

It is the primary objective of this study to deter-
mine the total maximum bending deflection of a veneered
particleboard furniture panel under various moisture con-
tents and sustained loading conditions. This particular
objective is quite different from those objectives that
were previously pursued by other researchers. Their common
interests were mainly involved in the study of creep-rup-

ture or time to failure behavior of wood.

B. Definition of Total Maximum

Creep Deflection

Under sustained loading, the bending deflection of
a particleboard furniture panel consists of two portions,
namely short term elastic deflection and long term creep
deflection. Long term deflection is due to creep and can
not be determined by elastic theory. The creep test re-
sults from an experiment of finite duration do not give a
true value of maximum creep deflection. It requires an
infinite length of time to reach this value. Therefore, it
is impossible to determine the true total maximum creep de-
flection for a furniture panel under sustained practical
loading. We will therefore qualify the term of "the total

maximum bending or creep deflection" which is used through-
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out this study as "the estimated total maximum bending or

creep deflection.”

C. Approximation Techniques

Since it is impossible to determine the true total
maximum creep deflection for a furniture panel under sus-
tained practical loading, the only alternative was to de-
velop an approximation technique by which a best estimate
of total maximum creep deflection of a veneered particle- ;
board furniture panel under sustained service loading could
be provided. This best estimate should be derived from
limited results of a short term creep test.

This approximation may be described as follows:

A mathematical form which gave a best fit for short
term creep test results as well as long term creep test re-
sults was selected from four different mathematical models,
namely, semi-log form; power law form; hyperbolic form and
polynomial form (9) (Table 7).

After a best fit form had been found, a projection
was made by extrapolating the data of the short term creep
test. Based on this projection, the time t, at which the
rate of creep deflection was considered small enough to be
neglected, could be determined. Such rates of creep might
be 1/1000 inch per day or per week or 1/10,000 inch per day
or per week. The total creep deflection (YC) could then be

determined for this time t. For practical purposes, Y was
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Table 7.--Mathematical models for creep deflection

Models Formula t (minutes)
1. et Ye = A + B log (t-1) 2-100
1
2. (a) ¥ - v, = A@-DP 10-100
or log (Y-Y_) = log A + 1 log(t-1)
b
1
38 b
(b) X = Ye = A(t-1) 2-10
or log (¥-Y ) = log A + 1 log(t-1)
b
3. (a) Y= Ye = (t-1) 10-100
A + B(t-1)
(b) Yo Ye = (t-1) 2-10
A + B(t-1)
4. Y - ¥, = A+ B(t-1) + C(e-1)?
fetees J(e-1)10 2-100
Y = total bending deflection
Y_ = Elastic or Initial Deflection

e

A,B,b,C,J =

(Deflection at 1 minute)

constant

S

r
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assumed to be the best approximation of total maximum bend-

ing deflection, such as:

i.e. Y = total maximum bending deflection

Ye = elastic or initial bending deflection
Yc = total max?mum creep deflection or total plastic F
deflection I
YR = recoverable creep deflection [
YIR = irrecoverable creep

A specific computer program was written to make a
total bending deflection approximation for every individual
specimen of various designs and conditions.

For the purpose of analyzing the reliability of the
projection of the creep test results, the results of sev-

eral long term creep tests were available for comparison.

D. Multivariable Least Square

Regression Analysis

A multiple regression analysis was used to develop
an expression for total maximum bending deflection Y(t) as
functions of panel structures (shelling ratio), load
levels, moisture content, and time.

The regression expressions for the total bending
deflection Y(t), total creep deflection Y(t) - Ye’ and ir-

recoverable creep deflection (flow) Yét)-YR(t) are given:
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(a) Total bending deflection:

X3,X X xf,xz Xg,t)

Y(£)=£(X),Xy, X3, XX 1X37 3

2:X30 % %50%y
(b) Total creep deflection
Y(£)-Y_=£(X,,X,,Xq, X X, X, X0, X, X2, X2, %2,%2,8)
e iy ¥ el T e Jt ke S e Hih Mo Kl £
(c) Irrecoverable creep deflection (flow)

o 2752002
Y (£) =Y (£)=£(X), Xy, X3, X Xy, X X3, X X, X7, X5, X5, 1)

X1 = shelling ratio
X2 = moisture content (per cent)
X3 = constant load (1bs)
t = time (1) 100 minutes
(2) 1 month
(3) at which the rate of creep is
0.0005 inch per day
Y(t) = total bending deflection
Ye = elastic or initial deflection
YR(t) = recoverable creep deflection
Yc(t) = total creep deflection

The three expressions (a,b,c) were treated indepen-
dently by means of back elimination (LSDEL) multiple re-
gression analysis. The terms entered into the expressions
were retained if they contributed significantly to the re-
gression and dropped if they did not.

Significance, multiple correlation coefficient and
standard error of estimate for the retained terms were exam-

ined. Then the estimated deflections could be determined.






V. RESULTS AND DISCUSSION

A. Static Test

l. Test Results

Although static tests were made to determine proper
load levels for creep tests, some of the results have gen-
eral interest, and are therefore reported here in detail.

The results of the static bending tests are shown
in Table 8. Each value in the table represents the aver-
age of 12 tests. It presents the average value of moisture
contents, the standard deviation and the coefficient of
variation for the density, modulus of rupture, and the
modulus of elasticity for each panel design under three
different humidity conditions. The average moisture con-
tents for all specimens were 4.5 per cent, 8.0 per cent and
14.8 per cent, respectively. In general, the coefficient
of variations of modulus of rupture were comparatively
higher than those of the modulus of elasticity. Density
variations were small within each specimen type. Particle-
board panels of three thicknesses showed higher density
than those of the veneered and 3/4 inch solid walnut panels.

The effect of moisture content on strength of the
Panels of various design is given in Figure 9. The slope
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Figure 9.--The modulus of rupture as function of moisture

3/4 inch solid walnut

3/16 inch walnut veneered particle-
board

1/8 inch walnut veneered particle-
board

1/36 inch walnut veneered particle-
board

particleboard
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which represents particleboard shows the combined results
of the particleboards at 3/4 inch, 1/2 inch and 3/8 inch
thicknesses. Three-fourths inch solid walnut was approx-
imately four times stronger than the particleboard. After
the particleboard had been veneered with a 1/36 inch walnut
veneer on both faces, the bending strength of the panel was
doubled. Within the moisture content range of 3 per cent
to 8 per cent, the modulus of rupture was very much the !
same for a 3/4 inch solid walnut panel and a 3/16 inch L
walnut wood laminated particleboard panel (at a shelling
ratio of 0.500).

Modulus of elasticity results are also given in
Table 7 and plotted in Figure 10. Here the effect of mois-
ture content is similar to that of modulus of rupture. The
stiffness values continued to increase as the moisture con-
tent level was reduced below 13 per cent for all panels
with the possible exception of the unveneered particle-
board. The veneered panels were affected similarly, losing
approximately 15-85 per cent of their strength and 23-47
per cent of their stiffness in going from low moisture con-
tent to values approaching 14.8 per cent. This indicates
that both solid wood and urea-formaldehyde resin lose
strength and stiffness at high humidities. 1In Figure 10,
the slopes representing five different panel design are
almost parallel to one another and are in good order for

comparison.
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Figure 10.--The modulus of elasticity as function of mois-
ture content

1 or X: 3/4 inch solid walnut

2 or J: 3/16 inch walnut veneered particle-
board

3 or + : 1/8 inch walnut veneered particle-
board

4 or V : 1/36 inch walnut veneered particle-
board

5 or A : particleboard
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The regression equations of modulus of elasticity
as function of moisture content representing five different

specimens designs are listed below:
(a) 3/4 inch solid walnut: Y., = 2026218 - 40179X

(b) 3/16 inch walnut
veneered particleboard: Y_ = 18777466 - 48951X

(c) 1/8 inch walnut {
veneered particleboard: Y, = 1833523 - 48327X

(d) 1/36 inch walnut

veneered par- YE = 996874 - 28777X
ticleboard
(e) 3/4 inch particleboard: Yp = 557047 - 11153x

in which YE = modulus of elasticity (psi)
X = moisture content (%)

Similar relationships between modulus of elasticity
and moisture content in wood were found by Kollman (16) and
others. On parallel to the grain of spruce, in the mois-
ture content range between approximately 8 and 22 per cent
the curves may be replaced by straight lines which are ex-
tended to the abscissa. The point of intersection will
have the absicissa value b. Kollmann suggested a general
form as follows:

P7H3 (kp/em?)
b—ul

E2 = El

in which E2 = predicted stiffness at moisture content vy
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El = determined stiffness at moisture content By
b = absicissa value
The static test experimentally confirmed that the
face wood material with relative high strength and stiff-
ness properties greatly increased the bending strength and
stiffness of the particleboard core panel, Even in the

form of very thin veneer facing, this material still con-

tributed substantially to the strength and stiffness of the

[ —1

resulting composite. Stress distributions in wood and in
composite panels at time of maximum bending moment are
shown in Figures lla and 1llb (5). They illustrate the con-
tribution of face veneer to the over-all strength of the
composite, increasing value for composite bending stresses,
corresponding to an additional layer of the face wood
veneer.

2. Prediction of Stiffness

Property in Veneered Par-

ticleboard Composite Beams
(at proportional limit)

Three methods of analysis were used in comparing
actual test stiffness values with predicted stiffness values
based on mechanical theory. The first and second of these
neglected shear deflection in the core particleboard or
assumed that the core particleboard behaved in the composite
beam exactly as it behaved when loaded by itself as a sim-
ple beam. Modulus of elasticity values computed for each

composite beam center loaded at a thickness-span ratio of
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Figure 1ll(a).--Stress distribution in wood at time of maxi-
mum bending moment

Sc = ultimate compressive strength
S, = ultimate tensile strength
y = distance to neutral axis

(b) .--Stress distribution in balanced sandwich
panel at time of maximum bending moment

Sco = ultimate compressive strength of veneer
layer
Sci = ultimate compressive strength of core
sto = ultimate tensile strength of veneer
layer
Sti = ultimate tensile strength of core
tc = surface veneer thickness on compression
side
tt = surface veneer thickness on tension
side

y = distance to neutral axis

(See Reference 32)
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1:24, as well as values for composite beams of each core
particleboard are shown in Table 8.

In the analysis of method 1

E = Egle + EcIc (see reference 9)

I

in which E and I are predicted modulus of elasticity and

moment of inertia of the composite, respectively. Ef and

If are the corresponding values for the facing and EC and
Ic are corresponding values for the core.

By the second method of analysis, for a sandwich
beam of symmetrical cross section and identical face ma-

terial on both sides:

E = Ef = (l—A)3(Ef—EC) (see references 15 and 32)
where Ef = modulus of elasticity of faces
EC = modulus of elasticity of core
A = shelling ratio

Predicted values which were obtained from method
one and method two for actual E, are shown in Table 9. To
facilitate examination of the data, the ratio of calcu-
lated to actual moduli was plotted against the shelling
ratios and moisture content conditions for all composite
beams (Figure 12).

The predicted values of methods 1 and 2 were al-

mMost identical in all humidities. Their values were high,
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Figure 12.--The ratio of predicted M.O.E. to actual tested
M.0.E. as function of shelling ratio

(13 B e
I
(2) B =E.-(1-0)3(E,-E )
£ fiisc
_ 3
| 3) y= Pl * Pl
(BT, + E;I,) 2(a+c)bC
E= p13

4bd3y

R.H.--Relative humidity (per cent)




90% R.H.

1.50
1.40 4
& (2)
gl.!O- (1)
a8
& 65% R.H.
g 30% R.H.
£1.2070 (1)
2 (2)
g
<1.104 (1)
e (2)
1]
g
§1.00
§ (3)
go.so-
8 g
° 90% R.H.
(3)
0.807
65% R.H.
(3) 30% R.H.
0.704
1/36"W 1/8"W 3/16W
- ' . . ;
0.1 0.2 0.3 0.4 o.

SHELLING RATIO







70

showing deviations ranging from 7.6 per cent to 60.3 per
cent.

The greater discrepancy occurred in the composite
beam with high moisture content. The overall high per-
centage of predicted results could be due to a lack of con-
sideration of shear effect.

The third method of analysis used in this study in-

volved separation of the individual contributions to deflec-

R

tion of the composite beam resulting from (1) deflection as
a result of the pure bending and (2) deflection of the core
particleboard in shear.

The basic equation used in this calculation was
recommended by Kuenzi (17) for computing the deflection of

a structural sandwich beam:

y = p13 + Pl

48(Ef1 + EcIc) 2(d+c)bGt

£

in which ¥ = total deflection (inches)
d = total thickness of beam (inches)
b = width of beam (inches)

G, = modulus of rigidity of the core particleboard
(psi)

f,E = pure modulus of elasticity of face and core
(psi) (infinite ratio between thickness and
span)

f'Ic = moment of inertia of face and core (inches)

1 = span length (inches)
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c = core thickness (inches)
P = load at proportional limit (pounds)

In order to obtain Gt' ﬁf and ﬁc’ the technique de-
veloped by Timoshenko (36) and Preston (27) was adapted in
this study.

In Table 9 and Figure 12, all predicted values
for actual E, based on the third method of analysis, were
lower than those actually developed. The predicted values
were low, showing deviations ranging from 3.3 per cent to
27.1 per cent for all humidities and composite structures.
However, in predicting the stiffnesses of a 1/36 inch
veneered particleboard sandwich beam at all humidity condi-
tions and 1/8 inch and 3/16 inch veneered particleboard
sandwich beams at high humidity, the values obtained by
method 3 were relatively more accurate than those developed
by method 1 and 2.

In view of all predicted values for actual E, par-
ticularly in the extreme humidity condition of 90 per cent
the major defect is apparent in the first and second meth-
ods of predicting modulus of elasticity for composite
beams, which neglected shear deflection. On the theoretical
and experimental basis, the third method of analysis, which
takes into account shear contribution to deflection, should
be applicable over a wide range of moisture content condi-
tions and is recommended for predicting the modulus of

€lasticity of veneered particleboard furniture panels.

.

e






3. Shear Deflection

In computing deflection of wood beams in static
bending with central loading, usually only the deflection
due to pure bending is considered. The deflection due to
shear is assumed to be negligible and is not considered in
computing the total deflection of a beam. In the case of
a composite beam, due to the development of greater shear
stresses, shear deflection should be considered. It is
important to know the relative contribution of shear de-
flection to the total deflection of the veneered particle<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>