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Abstract
Three-layer particleboards were constructed in three 

thicknesses, using both random and oriented face flake align-
ment. Face layer density and consequently board bending 
stiffness increased with an increase in either face weight or 
board thickness. Face density was further altered by “steam 
shock” methods. The resulting fast closure increased face 
density at the expense of flake bonding quality. Graphs are 
included showing the dependency of board effective MOE on 
the amounts and types of core and face material. Linear ex-
pansion is compared for boards having aligned and random 
face flakes. Bending stiffness predictions made with 
mathematical formulas developed for three-layer and mul-
tilayer particleboards were verified by several test methods. 
Results show that variation in stiffness predictions using 
layer characteristics is comparable to variation experienced 
within board properties and test methods. 

FROM BOTH ECONOMICAL AND ENGINEERING CON- 
SIDERATIONS, a desirable particleboard configuration 
for many structural applications is a three-layer con-
struction wherein poorer material is utilized in the 
core, and strong, stiff flakes comprise the faces. The 
relation which layer characteristics and associated 
process variables have in regard to effective panel 
stiffness has been studied in varying detail by a 
number of researchers (see bibliography). 

The purposes of this study were to: a) Observe the 
effects of certain variables on layer characteristics, 
b) determine to what degree the face-core
characteristics of density, thickness, and stiffness 
influence the physical properties and dimensional 
stability of a structural composite board, and 
c) develop and verify methods of predicting stiffness 
based on layer properties. 

Experimental Design
Three-layer boards, 24 by 28 inches, were con-

structed using 3/4-inch pulp chips (cut to 0.020-in.
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flakes in a ringflaker) as the core material, and 0.020-
by 0.5- by 2-inch flakes produced by a disk flaker for 
the face. Boards were made in three thicknesses (1/2, 
3/4, and 1 inch), each with two face weights (0.167 and 
0.333 lb./ft.2) on each face (ovendry (OD) weight basis). 
Ratios of face weight to total weight thus were depen-
dent on board thickness, and varied in the three-layer
configurations from a low of 10 percent in the 1-inch
boards to a high of 40 percent in the 1/2-inch boards 
(Table 1). Homogeneous boards using all core material 
were made to serve as controls. 

Species : Douglas-fir
Panel density’ : 40 lb./ft.3 (OD weight, volume at 

Face and core resin : 5 percent liquid phenolic (based 

Wax : 1 percent (based on OD weight 

Moisture content 
(mat) : 10 percent 
Press temperature : 350°F 
Presstime

Board construction factors were as follows: 

test)

on OD weight of flakes) 

of flakes) 

: 10 minutes for 1/2-inch boards; 
12 minutes for 3/4-inch boards; 
and 15 minutes for 1-inch boards 

Closure time : 1 minute 
Part of the variation in physical properties of par-

ticleboards can be attributed to variations in the densi-
ty gradients occurring throughout the board thickness. 

In order to examine these variations, a second set 
of boards, with relatively high and low density faces, 

1This represents the panel weight per unit volume-not a den-
sity, per se, because of the composite nature of layered board 
constructions.

The authors are Technologist, Engineer, and 
Technologist, respectively, USDA Forest Service, Forest 
Products Lab., Madison, Wis. This paper was presented at 
Session 29 - Particleboard & Molded Products - of the 28th 
Annual Meeting of the Forest Products Research Society, 
June 27, 1974, in Chicago, Ill. It was received for publication 
in October 1974. 
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was constructed by using either a fast or slow closure water spray on the top and bottom faces. Closure times 
rate. Mat moisture distribution was regulated in the varied with each thickness (Table 1). Except for 
fast closure boards to further increase the face density. closure time and mat moisture content (MC), board 
This consisted of reducing the core moisture to 5 per- construction factors were as described above. 
cent, keeping the face moisture at 10 percent, and add- Another series of boards having aligned face 
ing an additional 3 percent moisture in the form of flakes was constructed in the three thickness 

Figure 1. – Flake types used to con-
struct experimental three-layer structural 
particleboards. At the left, face flakes, 
0.02-inch by 0.5-inch by 2-inch, are from 
a disk flaker. At the right, core material is 
3/4-inch pulp chips flaked to 0.02-inch
thick, in a ring flaker. 
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Figure 2. – Surface appearance of the 
board types used in study. 

three

Figure 3. – Face-core relationships for boards of each thickness. 

categories with face weights of 0.167 and 0.333 lb./ft2.
Closure time was 1 minute. 

Finally, a set of 3/4-inch-thick boards having 
aligned face flakes was constructed at a density of 30 
lb./ft.3 with face weights of both 0.167 and 0.333 
lb./ft.2. Here again other board construction factors 
remained as described previously. Figures 1, 2, and 3 
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illustrate raw material, board types, and thickness 
variations.

Four boards were made of each aligned construc-
tion (the exception was that only one board was made 
for each face weight in the 30 lb./ft.3 series) and 
duplicate boards were made of random construction. 
Duplication of test samples within a board resulted in 
test averages based on a minimum of four specimens. 

Testing
Boards were tested for specific gravity (SG), 

modulus of rupture (MOR), bending stiffness yielding 
effective modulus of elasticity (MOE), and internal 
bond (IB) according to ASTM D 1037 (1). (Exceptions 
were that bending specimens from 1-inch-thick panels 
were tested on an 18-inch span instead of a 24-inch
span, and all deflections were measured with a yoke-
transducer apparatus supported on the bending 
specimen instead of being measured with apparatus 
supported on the testing machine.) Additional bending 
tests were made using two-point loading on an 18-inch
span. These data were used to develop and verify 
methods of predicting stiffness from layer 
characteristics.

Face and core layers were separated in one series 
of specimens and tested for stiffness in tension 
parallel to the board surface. Core layers were also 
tested in interlaminar shear to determine their flatwise 
shear modulus values. 

All boards were retested for SG, MOR, MOE, and 
IB following a standard ASTM D 1037 (1) accelerated-
aging test. The dimensional stability properties of 
linear expansion, thickness swell, and water absorp-
tion were determined between ovendry (OD) and 
vacuum-pressure-soak (VPS) conditions. 

21



Results
Face Layer Specific Gravity

Tables 1 and 2 summarize measured data. Re-
quired precision in determining face layer thickness 
could not be attained by simple measurements, as 
visual determination of exact face and core boundaries 
was complicated by minor spreading variations and 
intermixing of face and core material. The best 
measure of face layer thickness was found to be that 
computed from specific gravity measurements and 
face layer weights. 

Face layer specific gravity data are presented 
graphically in Figure 4. Average face layer specific 
gravity is dependent on total board thickness, face 
weight, and, of course, total board density. Figure 5 
presents the same data in a perspective for comparison 
of the 3/4-inch boards of different densities. The 

relative effect of board thickness and face layer weight 
is nearly the same regardless of board density. 

The effect of closure rate (as mentioned previously) 
on the board density gradient is shown for 3/4-inch
boards in Figure 6. The density gradient existing in 
any hot-pressed particleboard is related to the relative 
flatwise crushing strength of various layers of the 
mat. The crushing strength of the layers progressively 
decreases with exposure to increasing temperature or 
MC or both, as occur during the initial stages of hot 
pressing. Because temperature transfer is time-
dependent, fast rates of closure necessarily accent den-
sity gradients while slow closure rates tend to even out 
or reduce severe density differences. 

Average face layer specific gravity is also affected 
by the amount of face material. Depending on the 
general shape of the density gradient curve as deter-
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Figure 4. – Face layer specific gravity as affected by amount of 
face weight and total thickness. 

Figure 5. – Face specific gravity/board specific gravity plotted 
against face weight/board weight ratio. 
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Figure 6. – Density gradient for 3/4-inch particleboards as 
affected by rate of closure and face weight. 

mined by press closure, the average face-layer density 
may be increased or decreased with an increased use 
of face material. On a rising density gradient represen-
tative of a board made with a slow closure, an increase 
in amount of face material causes a shift of the face-
core interface to a higher spot on the curve, and, conse-
quently, average face specific gravity increases. 

Increasing face material in a board made with a 
fast closure (falling density gradient curve) moves the 
face-core interface farther down the curve and lowers 
average face specific gravity. 

Face density is also affected by the type of face 
material used. In this experiment, the large face flakes 
retard moisture (and therefore heat) transfer. In-
creasing the percentages of face material, then, serves 
to raise the density gradient curve and consequently 
increase average face layer density. This is illustrated 
in Figure 6 for boards made with 0.167 lb./ft.2 (normal
B) and 0.333 lb./ft.2 (normal A) face material. 

Thicker boards will necessarily have steeper densi-
ty gradients (and therefore higher average face layer 
specific gravities) due to the longer time required for 
surface temperatures and moisture to penetrate the 
board.
Specific Gravity/Stiffness

Face layer tensile stiffness (MOE, tension) varies 
in a nonlinear manner with specific gravity. The 
relationship is shown in Figure 7. A rather substantial 
increase in tensile stiffness accompanies increases in 
specific gravity above 0.75. Flake alignment served to 
increase tensile stiffness in the direction of alignment 
to 2.5 to 3.5 times that of random configurations. 
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Figure 7. – Influence of SG on the MOE (tensile) properties 
of particleboard face layers. 

When moisture was added to the faces and the 
press was closed rapidly, face specific gravity was 
increased, but face stiffness decreased. This can be 
attributed to weak glue bonds between face flakes 
caused by starved joints. Also, since the face is denser 
than normal, any surface overcure which occurs will 
affect a greater proportion of the total face material. 

Increasing face density necessarily lowers core 
density for a given board density. However, the 
average change is not extreme if the core is more than 
50 percent of the board thickness. The relationship 
between core specific gravity and core MOE (tension) 
is shown in Figure 8. 
Predicting Board Stiffness 

The deflection of a three-layer board can be 
predicted using the theory describing structural 
sandwich constructions. In particular 

[1]

where
∆ = deflection. 
D = bending stiffness per unit board width. 
U = shear stiffness per unit board width. 
P = total load applied to the specimen, 
a = span of the specimen, 
b = specimen width. 

= coefficients, whose values are determined 

The first term in the deflection expression represents 
bending deflections, while the second term represents 
shear deflections. 

In a discrete three-layer board, D can be calculated 
from the properties and dimensions of the individual 
layers. In particular, 

by the type of flexural loading. 

[2]

where, following the notation of Figure 9, 

E1,E2 = MOE of faces 1 and 2, respectively. 
t 1,t 2 = thickness of faces 1 and 2, respectively. 
Ec = MOE of the core. 
tc = thickness of the core. 
h = t C+1/2(t 1+ t 2)=distance separating the 

facing midplanes. 
If the top and bottom faces have identical values 

of MOE, E, and thickness, t, Equation [2] becomes: 

[3]
where d = total board thickness. 

Bending stiffness D can also be expressed in terms 
of a moment of inertia and an “effective” MOE 
representing the board. That is, 

[4]
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of particleboard cores. 



3 Layer 

d, Total thickness 
h, Distance between facing midplanes 

t1, t 2, Face layer thickness 
tc, Core thickness 

Multilayer

Figure 9. – Three-layer and multilayer constructions. 

where E' is the “effective” MOE of the board-not a 
true material “property,” but an indicator of bending 
stiffness.

Shear stiffness U is related to the core properties 
and becomes significant in predicting flexural deflec-
tions of a three-layer board only if the bending 
stiffness of the faces is appreciably greater than the 
shear stiffness of the core, or if the span between the 
supports is relatively short. 

Shear stiffness can be approximated by 
[5]

where
Gc = core “flatwise” MOR, associated with 

shear deformations in planes perpen-
dicular to the board face. 

Face layer tension MOE was determined on 
specimens from both faces, in both principal direc-
tions, of each board type. The data were used to com-
pute a “predicted” D using Equation [2] wherein in-
dividual layer characteristics were handled separately, 
and again with Equation [3] wherein thickness and 
MOE values for the individual faces were combined 
and averaged. In all cases the predicted values of D ob-
tained by each method agreed within 1 percent. 
“Predicted” values of D presented in Table 3 are those 
obtained by averaging top and bottom face thickness 
and MOE. 

Flatwise MOR was determined on core specimens 
for each board and the “predicted” shear stiffness, U,
was calculated using Equation [5]. Values of U are
shown in Table 3. Using corresponding values of D
and U it can be shown using the expressions of Equa-
tion [1] that shear deflections are quite small com-
pared to bending deflections for beams having span-
depth ratios at or above 18:1 (a spandepth ratio of 24:l 
is commonly used in testing board products). Shear 
stiffness U was, therefore, unimportant in predicting 
deflections for the boards investigated. 
Measuring Stiffness 

To determine the validity of the “predicted” values 
for bending, flexure tests were performed on specimens 
cut from each principal direction of each board. The 
load-deflection ratios were measured and the data used 
to determine a “measured” bending stiffness, D . Since 
shear stiffness was negligible in controlling deflec-
tions during flexure, that portion of Equation [1] con-
taining the U factor can be eliminated, and 
“measured” D becomes:

Two types of flexure tests were performed on each 
specimen:

1) Two-point loading on an 18-inch span with load 
points at specimen third-points. Constants for this 
loading arrangement are kB=23/1296 and ks=1/6.

2) The standard ASTM D 1037 (1) method (with 
the exception noted below) for testing particleboard 
with single-point loading on a 24:l spandepth ratio 
(because of specimen sue limitations, the 1-inch
boards were tested on an 18-inch span). Constants are 
kB=1/48 and ks=1/4. Because of the long span, this 
method minimizes the effect of shear stiffness and the 
data serve as a check against the first method. 

The ASTM loading arrangement was used to 
determine maximum bending strength. A yoke-
transducer apparatus supported on the specimen, as 
described in ASTM standard test specification C 393 
(2), was used to monitor loaddeflection behavior in 
both modes of testing. 

Included in Table 3 are data showing the precision 
of predicted stiffness measurements. Predicted values 
averaged 78 percent, and ranged from 63 to 110 per-
cent of the two-point loading method data. The 
predicted values were closer to the ASTM single-point
loading method data (average 87; range 72 to 120 per-
cent); however, variation in the precision of predicting 
results of either test method was essentially the same 
(coefficient of variation 13 and 12 percent, respective-
ly), indicating that both testing methods had the same 
relative repeatability. Measured bending stiffness 
values obtained from the ASTM single-point loading 
tests were, of course, lower than those obtained by the 
two-point loading tests, due to the marked effect of 
concentrated loads on midspan deflections during 
single-point loading of relatively “soft” materials such 
as particleboard. 

Predicted stiffness values were closer to measured 
values for certain board types-notably those with a 
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face weight of 0.333 lb./ft.2 and 1 minute press closure. 
This is related to how closely actual density gradients 
correspond to average values as shown previously in 
Figure 6 for 3/4-inch boards. 
Multilayer Analysis

As is noted above, the density gradient within 
each board was not that of a truly discrete three-layer
construction (i.e., a sandwich construction). With the 
goal of more exactly predicting bending stiffness 
characteristics, the utility of a multilayer analysis 
model was investigated. 

A laminated construction having an arbitrary 
number of layers, n, is pictured in Figure 9. Prediction 
of the bending stiffness, D, of such a construction in-
volves two steps: Location of the section neutral axis 
and calculation of the sum of the bending stiffnesses 

of all individual layers about the neutral axis. Of 
course, if the construction is symmetric, the neutral 
axis is located at the geometric center of its cross 
section.

Thickness and MOE of the ith layer are denoted by 
t1 and E1, respectively. The distance, y, defining the 
location of the neutral axis relative to the top surface 
of the layered construction can be written (3) as 

where ci locates
the top surface. 

[7]

the neutral axis of layer i relative to 
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After determination of the neutral axis location us-
ing Equation [7], the bending stiffness, D, can be 
calculated from 

where Ii is the moment of inertia per unit width of 
layer i relative to the neutral axis located by Equation 

The specific gravity gradient was determined 
when successive 1/32-inch layers were removed from 
boards having randomly oriented face flakes. The 
specific gravity values of the face layers were used in 
conjunction with the empirical SG-MOE data of Figure 
7 to obtain MOE values for these lamina. Similarly, 
MOE values for lamina cut from core material were ob-
tained by combining SG measurements for these 
lamina with the data of Figure 8. 

An n-layered model was thus “assembled” for 
these boards, each layer having a thickness and cor-
responding MOE. Equations [7] and [8] were then 
utilized to predict the bending stiffness, D, for each of 
these multilayered constructions. In addition, the 
thickness and MOE values for lamina located 
symmetrically relative to the board section’s geometric 
center were averaged and a resultant symmetric mul-
tilayered model was assembled. The bending stiffness, 
D, for these symmetrically layered models was 
predicted, using Equation [8], with y =d/2. As was the 
case for predicted values obtained using the three-
layer model, negligible difference occurred between the 
D values obtained from the symmetric and un-
symmetric constructions. Table 3 compares predicted 
D values with those “measured” using both types of 
loading. Predictions made using a multilayer analysis 
did prove to be closer, on an average, to measured 
values than those made with the three-layer method 
(102 percent vs. 85 percent, respectively, for the ASTM 
single-point loading method and 92 percent vs. 75 per-
cent for the two-point loading method). However, the 
variation in precision of prediction was increased 
slightly. Statistical interpretation is necessarily 
limited as the multilayer analysis was based on 
measurements taken from a single board in each case. 

A comparison of multilayer and three-layer
analysis for board types differing in density gradients 
is shown in Table 4. Differences in prediction results 
were greatest in those board types having a rapid den-
sity change in the outermost layer. 

MOE Variations in Board Types
The extent to which density gradients are con-

trolled by material bulk density was not explored in 
this work. However, unpublished data accumulated at 
the Forest Products Laboratory over several years 
show how the effective board stiffness (MOE) is 
affected by the amount and type of material in three-
layer boards. These data are presented graphically in 
Figures 10, 11, and 12. Figure 10 shows the MOE 
properties of a planer shavings board as modified with 
increasing amounts of different types of face material. 

[7].

Thirty percent face material accounts for 60 to 85 per-
cent of the stiffness increase possible if the boards 
were constructed of all face material. 

Figure 11 is a plot of data obtained during the 
current study showing MOE as affected by board 
thickness. Here, a 1/2-inch board utilizing 30 percent 
face material gains 40 percent of the possible stiffness 
increase, while using the same proportion of material 
in a 1-inch board achieved 48 percent of the possible 
gain. This difference can be accounted for by the 
higher face specific gravity in the 1-inch board, as 

Figure 10. - MOE of three-layer boards showing the effect of face 
flake quality and quantity on planer shavings core. 
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Figure 11. – MOE of three-layer boards showing the effect of 
board thickness and face flake alignment. 

Figure 12. - MOE of three-layer boards showing the effect of 
using different cores with a high-quality face flake. 

Figure 13. – OD-VPS linear expansion of 
three-layer particleboards. 
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previously discussed. The effect with aligned face 
flakes was more pronounced. One-half-inch boards 
with 30 percent face material reached 60 percent of the 
possible stiffness gain. 

Figure 12 shows MOE of boards utilizing the same 
face but having different core materials. Here, use of 
30 percent face material achieved between 52 and 60 
percent of the total possible stiffness gain. 
Durability and Dimensional Stability 

Surprisingly, within the range of the 40 lb./ft.3

boards, no correlation existed between initial average 
core SG and IB, either before or after accelerated 
aging.

Linear expansion (OD-VPS) for the random board 
type under study was decreased only slightly by the 
addition of face flakes, since the difference in linear 
expansion of an all-face board and an all-core board 
was slight (face-0.2percent; core-0.37to 0.48 percent). 
Linear expansion is quite extreme, of course, across 
the grain of an aligned board and varies with the 
amount of face material, as shown in Figure 13. A 40 
percent face layer addition may be used before the 
perpendicular-to-the-grain linear expansion exceeds 
CS 236-66 (4) limits for class 2-B-2.2 For comparative 
purposes a linear expansion curve is shown for a 
board with a planer shavings core and random face 
flakes.

In general, the three-layer boards had slightly less 
thickness swelling than the all-core boards. Thickness 
swelling and water absorption values averaged 24 and 
106 percent, respectively. Except for a slight increase 
of these values in the thinner aligned boards, no 
statistically important differences occurred among 
three-layer board types. 

Conclusions
Within the parameters of the materials used and

three-layer board types constructed in this study, it
has been found that:

1)SG of the face layers increases with an increase
in the amount of face material and with board
thickness. The relation is attributed to retardation of
moisture movement and heat transfer and the position
of the face-core interface relative to the high-density
portion of the density gradient curve.

2) Face layer density-board density ratios remain
nearly constant, regardless of total board densities, if
face weight-total weight ratios and board thickness re-
main the same.

3) Face layer stiffness increases in a nonlinear
fashion with face SG for both aligned and nonaligned
flakes.

4) Fast-closing combined with “steamed shock”
treatments, though increasing face SG, may be
detrimental to stiffness properties of the face layer and
consequently the total board.

5) Stiffness of the composite board may be
predicted from its layer thicknesses and stiffness

2OD–VPS linear expansion is approximately 3 times the ex-
pansion measured from 50 to 90 percent relative humidity. 

characteristics. Prediction precision varies with the 
type of board and the refinements of analysis. 

6) A 30 percent addition of high-quality face 
flakes will result in achieving more than 30 percent of 
the possible gain in MOE. The amount of increase is in 
part dependent on the type of materials used and on 
board thickness. 

7) A 40 percent addition of aligned face flakes to a 
nonaligned core can be made before linear expansion 
perpendicular to the grain becomes excessive. 
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