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Abstract

The study of mechanical properties of hardwood
structural flakeboards (white oak, red oak, and
sweetgurm) as affected by hygroscopic treatments and
load applications, individually or collectively, is re-
ported. The shear moduli and modull of elasticity de-
termined by stress waves (Esw) are drastically reduced
by cyclic conditions of 65/95/65 percent relative hu-
midity (RH). These reductions were quite large after the
first cycle. Only 51 percent and 49 percent of the
original bending and internal bond (IB) properties were
retained when the RH was increased from 65 to 95
percent, respectively. The engineering performance of
sweetgum and red oak specimens was better than
those of white oaks, and moderate improvement re-
sulted in all three species groups when resin content
was increased from 5 to 7 percent. No significant dif-
ference in bending modulus of elasticity (MOE) and
modulus of rupture (MOR) was observed between the
groups subjected to the long-term load applications
and those not subjected to long-term loads under
constant RH conditions of 65 and 95 percent. Reduc-
tion of the residual bending properties, MOR and MOE,
in the specimens subjected to long-term loadings
under fast cycles of 65/95/65 percent RH was the
same as those loaded under constant 95 percent RH,
but greater than those loaded under the identical RH
cycles at a slowly changing rate. Improved engineering
performance of the boards under severe environmental
conditions was achieved by increasing the resin con-
tent. The residual bending properties of the boards
were further reduced when the long-term loading level
was increased. The hygroscopic treatments imposed a
greater reduction effect on the residual mechanical
properties of the boards than did the load applications.
However, bending properties were further reduced
when cyclic RH treatments were applied during the
load application.

Wood composite panel products are known to be
hygrothermal-viscoelastic materials. Therefore, mois-
ture, temperature, load, and time factors should be
considered collectively and dependently when assess-
ing the serviceabllity or durability of these products
upon exposure to changing environments. The stress-
strain relationship of wood composite panels can be
altered by imposing different levels of hygroscopic
treatments when they are used in the shear-web of bax
and I-beams or in roofing and flooring applications.
Furthermore, the load-carrying capacity of wood com-
posite panels will be changed substantially when they
are subjected to changing relattve humidity (RH). How-
ever, information concerning the combined effect of
moisture, temperature, load, and time on the bending
properties, shear, and internal bonding of wood com-

posite panels is very limited.

Accelerated-aging tests have commonly been used
to quickly determine or predict the physical and me-
chanical performance of wood composite panels that
are directly or indirectly related to the material dura-
bility (3,5.8,10,13,16,18,27,33). Attempts to correlate
the results from natural weathering tests to those
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TABLE 1. — Description of RH treatments and testing conditions.

Type of test Load application Hygroscopic treatment
18] None 65 and 95 percent RH at 75°F
Plate shear None 65/95/65/95/65 percent RH
at 75°F

Esw None 65/95/65/95/65 percent RH
at 75°F .

Bending I None 65 and 95 percent RH at 75°F

Bending I*-C1  Creep-relaxation  Constant 65 percent RH
Bending 1-C2  Creep-relaxation Constant 95 percent RH
Bending lI-C3  Creep-relaxation  Slow cycle of 65 to 95 percent RH
Bending 1-C4  Creep-relaxation -Fast cycle of 65 to 95 percent RH
Bcndlng 1I-C5 Creep-relaxation Constant 65 percent RH

* Groups C1 to C4 were loaded at one-fourth of MOR level and group
C5 was loaded at one-half of MOR level.

obtained from accelerated-aging methods in wood
composite panels have been reported (6,7,22). Further-
more, the dimensional stability of wood composite
panels under accelerated/controlled and natural
weathering exposure have been extensively studied
during the past two decades (9,17,21,31,32,34.35).

The mechanical properties of wood composite panel
products are known to be highly influenced by their
moisture content (MC) and the RH of their environment
(4.11,14,19,20,23). In reviewing the literature related
to the residual strength and stiffness of wood-based
panel products subjected to cyclic RH treatments,
McNatt (24) concluded that 1) properties of urea-form-
aldehyde (UF) particleboards are more affected by cy-
clic exposure than those of phenol-formaldehyde (PF)
boards; 2) board properties will be affected more se-
verely by cyclic exposure at higher temperature; and
3) little difference exists in property retention for 5, 12,
and 50 cycles or 2-week and 2-month exposures per
RH cycle in PF boards.

Alexopoulos (1) reported that the bending properties
of PF- or PF/methylolated kraft lignin (MKL) wafer-
boards were not affected after being loaded at different
constant stress levels for a period of 2 months at
constant 65 percent RH in a creep test. However, Bryan
and Schniewind (4) tested the bending strength of UF
particleboards subjected to O, 1, 2, and 3 cycles of
humidity exposures (20% to 6% EMC) but without load
application, and indicated that the bending strength of

boards dropped as the number of humidity cycles:

increased. Lee and Biblis (19) reported that the reten-
tion of both the bending modulus of elasticity (MOE})
and plate shear modulus (G) of southern yellow pine
particleboard, after a cycle of 65/30/65 percent RH,
but without load application, was 95 percent. Only 80
percent of MOE and 84 percent of G were retained by
a further treatment of 65/95/65 percent RH. Srpcic
and Moody (30) have reported, however, that residual
strength of 12-foot long glulam beams fabricated with
phenol-resorcinol adhesive did not appear to be af-
fected by a 1-year load application under constant high
RH (90% to 95%) or normal climate even under loads
chosen to cause bending stress equal to working stress
for laminated elements.

The bending strength of thick structural flake-
boards subjected to a 90-day loading was evaluated by
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McNatt and Hunt (25). Bending strength and stiffness
of flakeboard under 65 percent RH were 74 to 99
percent of those for control specimens not subjected to
loading. Furthermore, groups subjected to a 2-day RH
cycle exposure, ranging from 25 to 85 percent, did not
consistently show additional reductions as compared
to those under constant 65 percent RH. The time-de-
pendent mechanical properties of flakeboards made
with a mixture of southern species were investigated
by Price (26). Flakeboard's internal bond (IB), modulus
of rupture (MOR), and MOE did not change when the
specimens received RH treatments of 4-day, 8-day, or
16-day cycles (50% to 85%) for a 32-day loading period.
All of these findings suggested that the effect of mois-
ture on the time-dependent mechanical properties of
flakeboard subjected to external forces may be less
critical if the RH treatment is no higher than 85 percent
RH. However, wood and wood composite panels are
highly hygroscopic and anisotropically viscoelastic. It
is expected, therefore, that results would be substan-
tially different if RH levels higher than 85 percent are
utilized. To verify this suggestion, specimens in the
current study were exposed to different levels of con-
stant or cyclic RH conditions during the loading, and
tested to determine their residual engineering proper-
ties. Furthermore, variables such as species and the
levels of resin content were also considered.

Materials and methods

Three southern hardwood species, white oak (Quer-
cus alba), red oak (Quercus falcata), and sweetgum
(Liquidamba styraciflua) were chosen for this study. In
order to minimize the property variations caused by
diversity of raw materials, selected trees grown in the
same areas were cut into logs for the preparation of
testing materials. These logs were kept in the green
condition and later crosscut into disks for flaking. The
flakes were prepared by using a laboratory disk flaker.
The experimental design of panel fabrication was cho-
sen as follows:

1. Flake dimensions: approximately 3 inches long
by 0.02 inch thick and random width

2. Flake MC: 3 percent
3. Flake orientation: random

4. Resin type and content: liquid phenol formalde-
hyde, 5 and 7 percent based on ovendry weight of flakes

5. Press temperature: 350°F

6. Panel dimensions: 42 inches by 40 inches by 0.5
inch

7. Panel density: oaks = 42 to 45 pcf; sweetgum =
40 to 42 pcf

8. Total press time: 6 minutes

9. Pressure and press cycle: 512 psi (2 min.), 375
psi (2 min.}, 179 psi (1 min.), 60 psi (1 min.), and O psi
(release).

For each species (SP) and resin content (RC) com-
bination, 12 randomly oriented flakeboards were made
for the evaluation of the effect of RH and load applica-
tions on the modulus of elasticity determined by stress
wave (Esw), static bending, IB, and plate shear proper-
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Figure 1. — Variation of internal bond as affected by relative

humidity, resin content, and species.

ties as indicated in Table 1. IB and flatwise static
bending MOR and MOE were evaluated according to
ASTM D-1037 (2) using an Instron testing machine.
Two groups of specimens were tested. One group was
conditioned to equilibrdium under 65 percent RH at
75°F while the other was conditioned and equilibrated
under 95 percent RH and 75°F. There were 168 2- by
2-inch IB specimens (14 replications (R) by 3 SP by 2
RC by 2 RH) and 144 3- by 20-inch bending specimens
(12 Rby 3 SP by 2 RC by 2 RH).

Seventy-two (12 R by 3 SP by 2 RC) plate shear
specimens were conditioned under cyclic RH of
65/95/65/95/65 percent at 75°F. The period of each
RH level was approximately 4 weeks and at the end of
each RH period all the specimens were tested according
to ASTM D-3044 (2) by using an Instron testing ma-
chine. The dimension of the specimens was approxi-
mately 16 inches square. Exact dimensions of each
specimen were measured for each plate shear test. All
the specimens were nondestructively tested in plate
shearing under a maximum load of 20 pounds. This
arrangement guaranteed that the specimens were
loaded far below their proportional and elastic limits.
After the test, specimens were returned to the environ-
mental room for a 4-week relaxation period and condi-
tioned at the next RH level. The shear modulus was
calculated as:

G = 3u?p/2h3s 1

where:
G = shear modulus (psi)
p = load applied at each corner (Ib.)
h = thickness of the plate (In.)
s = deflection relative to the center (in.)
p = distance from the center of the plate to the
point where the deflections are measured (in.)

Seventy-two 3- by 20-inch specimens (12 R by 3 SP
by 2 RC) were tested using a stress wave timer
(Metriguard 239) to determine their Esw as affected by
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the change of RH. The RH cycle was the same as that
used in the plate shear test. The dimensions, as well
as the weight, of each specimen were recorded after 4
weeks of conditioning, and afterward the Esw was eval-
uated. The results were compared with the MOE deter-
mined from static bending. The equation used for the
calculation of Esw was:

E,, = (d/9%w/v)/g (21

where:
d = distance between two transducers (in.)
t = propagation time (sec.)
w = weight of specimen (lb.)
v = volume of specimen (in.%)
g = acceleration due to gravity (386 in./ sec.?)

In determining the residual bending properties of
flakeboards as affected by the coupling of load and
humidity, 3- by 20-inch specimens were subjected to
long-term concentrated load under either constant RH
(65% or 95%) or cyclic RH (65% to 95%) (Table 1). Two
rates of RH changes (65% to 95%) were chosen in this
study, a slow cycle with a 33-day duration at each RH
level and a fast cycle with a 2-day duration at each RH
level. The total loading history included 100 days or
longer for creep and 30 days for a relaxation period.
The loading level applied was based on one-fourth of
the average MOR of the weakest flakeboards condi-
tioned under constant 65 and 95 percent RH. In this
study, the white oak group was the weakest. An addi-
tional group was tested at the higher load level of
one-half of the average MOR to observe the effect of load
level during creep on the residual bending properties.
Each group consisted of six replications, which were
destructively tested in static bending after being sub-
jected to creep and relaxation. The detalls for the creep
tests and results were given in the authors’ previous
work (36,37).

Results and discussions

Internal bond

The results of IB evaluated at constant 65 percent
and 95 percent RH at 75°%F are plotted in Figure 1.
Regardless of the RC level and the type of hygroscopic
treatment, flakeboards made of red oak and sweetgum
flakes performed more or less equally in IB strength,
but white oak boards showed considerably lower val-
ues. Such a discrepancy may be due to the poor quality
of white oak flakes. Also the cell walls of latewood
vessels in white oak are thinner than those in the red
oaks. Furthermore, white oak contains a very large
volume of rays and broad rays, which may affect the IB
asdiscussed in previous studies (15,33). IBs of all three
species groups measured at both 65 and 95 percent
RH were substantially increased as expected when
resin content level was increased from 5 to 7 percent.
The effect of density on IB was not measured, but it was
discovered that IB decreased considerably after the
specimens were conditioned and equilibrated at 95
percent RH and 75°F. This suggests that both the
release of the pressing-induced compressive strain and
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boards, due to the change of RH from 65 to 95 percent,
showed considerable influence on the plate shear mod-
uli regardless of SPand RC. However, boards fabricated
with 7 percent RC had lower reduction of plate shear
moduli than those bonded with 5 percent RC.

The average reduction of plate shear modull of all
six groups was 46.5 percent when the specimens were
conditioned and equilibrated from 65 to 95 percent RH.
Further, the change of the RH level back to 65 percent
resulted in a slight recovery of the plate shear moduli,
but the values are still considerably lower than those
evaluated at the end of the first 65 percent RH. Results
showed that at least 34.8 percent of the plate shear
moduli (average of six groups) was permanently lost
due to the first cyclic treatment of 65/95/65 percent
RH. An additional RH cycle showed only a slight further
decrease in the plate shear modull. This information
should be useful to wood engineers for the development
of structural applications of flakeboards in wood com-
posite structural systems, and the evaluation of engi-
neering reliability when shear is considered to be crit-
ical to the system’s long-term performance.

Nondestructive MOE

The Esw determnined from stress wave testing is
plotted in Figure 3. The average values of E4w for the
red oak and sweetgum boards are approximately equal
to each other but higher than those of white oak. The
increase of RC from 5 to 7 percent substantially in-
creased the E.w in white oak boards, but such treat-
ment had less effect in the groups of red oak and
sweetgum. The values of MC recorded at the second
and third 65 percent RH conditions were slightly higher
than those observed for the first one, perhaps due to
sorption hysteresis. Regardless of SP and RC, the Egw
decreased approximately 33 percent as the RH was
increased from 65 to 95 percent. A slight recovery of
Esw was observed after the RH condition was returned
to 65 percent RH. However, after an additional cycle,
only a slight further reduction of Eqw was observed.

RK WK
7% resin content

8G RX wK sa
5% resin content

Figure 4. — Variation of modulus of rupture as affected by relative
humidity, resin content, and species.
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Bending properties prior
to long-term loading

The results of flatwise bending properties, MOR and
MOE, are plotted in Figures 4 and 5, respectively. It is
evident from Figure 4 that, regardless of the level of RC
and the type of hygroscopic treatment, red oak and
sweetgum boards had approximately equal MOR val-
ues, while white oak boards exhibited considerably
poorer performance. A similar trend was discovered in
MOE (Fig. 5). The increase of RC did not improve the
MOR greatly, except in the white oak group. Similar
trends appeared in the MOE. As expected, the increase
of RH from 65 to 95 percent substantially reduced the
MOR and MOE in all specimens, and unexpectedly, the
average reduction (6 groups) in both properties is iden-
tical at 48 percent. Apparently the reduction of these
bending properties, due to the increase of RH, is not
strongly affected by the level of RC except in the white
oak specimens. The percentages of reduction of these
properties for the white oak, red oak, and sweetgum
specimens ranged from 41 to 61 percent, 47 to 51
percent, and 40 to 50 percent, respectively. It was
discovered, however, that the static bending MOE,
regardless of SP and RC, was substantially lower than
in boards evaluated from nondestructive tests (stress
wave timer), as reported by other investigations
(12,26.29). This may be due to the equation used in the
calculation of Esw, which was originally designed for
isotropic materials. Ross and Pellerin (28) also indi-
cated that stress wave speed was less sensitive to the
bonding characteristics of wood composite panels,
which may affect static bending MOE. Furthermore,
the reduction of Esw due to RH treatment was found to
be much less than in these tests than in static bending
tests (33% vs. 48%).

Bending properties after
long-term loading

The residual bending properties, including MOR and
MOE, were evaluated in all five groups (Table 1) that

MOE (ks

RK RK

5% resin content 7% resin content

Figure 5. — Variation of modulus of elasticity as affected by
relative humidity, resin content, and species.
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were subjected to the long-term loading, i.e., creep and
relaxation. The effect of testing environments on the
residual MOR and MOE of the creep-tested specimens
were studied by comparing each group (C2 to C5) with
the C1 group, which was tested under constant 65
percent RH. The percent reduction of MOR and MOE
for all C2 to C5 groups is illustrated in Figures 6 and 7.
Comparing the bending results of the C1 group (load
applied and relaxed under constant 65% RH) to those
which recetved no creep and no relaxation (i.e., flatwise
bending only) showed that the bending MOR and MOE
of flakeboards were not affected by the creep and relaxa-
tion under constant 65 percent RH. For the specimens
that received creep and relaxation under constant 95
percent RH (C2 group), the average percent reduction
of bending MOR of white oak, sweetgum, and red oak
groups was found to be approximately 53 percent, 44
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A
percent, and 54 percent, respectively, in comparison
to the C1 group. The magnitude of MOR reduction seems
approximately equal to that obtained from the flatwise
bending tests conducted at 65 and 95 percent RH.
Furthermore, the average percent reduction of MOE in
the C2 group was almost identical to that of MOR. This
finding indicates that the creep tests of flakeboards, if
conducted under constant 65 and 95 percent RH, may
provide only partial information on the load-carrying
properties and the board durability as affected by the
change of environments. However, the effect of the
increase of RC on the improvement of residual bending
properties was not observed in the C2 group.

For specimens with 5 percent RC in the C3 group
(slow cyclic RH of 65% to 95% for creep, constant 65%
for relaxation period), the residual MOR for white oak
specimens was 66 percent lower than the C1 group;
and for sweetgum specimens, it was 50 percent lower.
An improvement on the residual MOR can be made by
increasing the RC. There were 40 percent and 21
percent reductions in the residual MOR for the 7 per-
cent RC white oak and sweetgum specimens in the C3
groups, respectively, as compared with those of the C1
groups. Similar reductions in MOE are shown for each
RC and SP, as indicated in Figure 7. In general, the
boards fabricated with sweetgum flakes had higher
residual MOR and MOE and less reduction in residual
properties than those fabricated with the white oak flakes.

For the flakeboards subjected to the fast cyclic RH
of 65 to 95 percent for creep and constant 65 percent
RH for relaxation period (C4 group), a beneficial effect
of RC on the bending MOR and MOE was found only
in the sweetgum specimens. The average reduction in
the MORand MOE was 53 and 57 percent, respectively,
for the white oak specimens as compared with those of
the C1 groups. There were 64 percent and 62 percent
reductions in MOR and MOE, respectively, for the 5
percent RC sweetgum specimens, and 19 and 25 per-
cent for the 7 percent RC groups. No substantial dif-
ferences in the effect of rate of RH change on the
residual MOR and MOE between the groups of C3 and
C4 was observed. It was noted that the residual MOR
and MOE of white oak specimens in the C2 group were
about the same as in the C4 group. However, the

reduction of MOR and MOE in the C2 groups might be -

mainly due to the gains of MC of the boards under
constant 95 percent RH, while in the C4 groups it might
be mainly due to the fatigue-effect induced by the
rapidly changing RH conditions of 65 to 95 percent.

A moderate influence of long-term loading level on
the residual bending properties was observed in the C5
group that was subjected to a load twice that applied
to groups C1 to C4. As shown in Figures 6 and 7, the
residual MOR of white oak, sweetgum, and red oak
boards fabricated with 5 percent RC in the C$ group is
35, 48, and 28 percent, respectively, lower than those
of the C1 group, while the values for MOE are 39, 42,
and 20 percent, respectively. Little reduction in both
MOR (1%, 5%, and 5%) and MOE (9%, 10%, and 0%)
was observed in specimens fabricated with 7 percent
RC in the C5 group. These discoveries suggest that for
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flakeboards fabricated with 5 percent PF resin content
and subjected to long-term loadings under constant
RH, residual mechanical properties will be decreased
substantially when the load applied is at the level of
one-half of the static MOR. However, such strength and
stiffness losses can be significantly reduced if RC is
increased.

As shown in Figures 6 and 7, the rate of degradation
in bending properties as affected by the methods of RH
treatment can be estimated. It appears that the C4
group (fast cyclic RH of 65% to 95% for creep, constant
65% RH for relaxation period) and the C2 group (creep
under constant 95% RH) had the highest rates of
degradation in bending properties, followed in order by
groups of C3 (slow cyclic RH of 65% to 95% for creep,
constant 65% RH for relaxation period), C5 (creep
under constant 65% RH but at the load level of one-half
ofthe staticMOR). and C1 (creep under constant 659 RH).

Summary
1. The boards conditioned under constant 95 per-
cent RH may lose, respectively, 49 percent, 48 percent,
and 51 percent of their MOR, MOE, and IB measured
at the constant 65 percent RH condition.

2. The plate shear modulus and Eg, were substan-
tially reduced after the boards were treated with a first
cycle of 65/95/65 percent RH; further reductions were
not observed after the second RH cycle. The average
reductions of plate shear modulus and Esw evaluated
at the end of a second RH cycle were 39 and 23 percent,
respectively.

3. Boards fabricated with red oak and sweetgum
flakes performed much better in mechanical properties
than the white oak groups, under both constant 65 and
95 percent RH conditions. For white oak boards, the
improvement of mechanical properties can be achieved
by increasing the RC.

4. Substantial differences in bending MOE and
MOR were not observed between the boards with and
without loading histories, when exposed to either con-
stant 65 or 95 percent RH conditions. Furthermore,
improvement of residual mechanical properties may
not be achieved even if RC is increased from 5 to 7
percent.

5. After being subjected to load application and
relaxation, higher reductions of the residual mechan-
ical properties will occur if the boards are treated with
either a fast cycle of 65 to 95 percent RH condition or
a constant 95 percent RH condition. However, boards
treated with a slow cycle of 65 to 95 percent RH will
show moderate reduction.

6. The effect of loading levels on the reduction of
residual mechanical properties in flakeboards is less
pronounced than the hygroscopic treatments, and
such influence can be easily minimized by increasing
the RC. However, higher reductions can result from the
combined hygroscopic treatment and loading history.

Information reported in this study may be useful in
improving the engineering design of wood composite
materials and their structural applications. However,
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for further understanding of the durability and service-
ability of wood composite panel products, additional
studies on the performance of the composite products
bonded with different adhesives and treated under
service conditions are highly recommended.
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