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ABSTRACT

A solid mechanics model is developed to predict the static stress-strain behavior of randomly formed
wood-strand mats during pressing. The procedure includes a Monte Carlo simulation for reconstructing
the mat structure. During the early stages of mat displacement, the model computes the cumulative
stress development from strand bending. As consolidation continues, the overlapping strands form
solid columns. Hooke’s Law, modified by a nonlinear strain function, governs the stress development
in a finite number of these imaginary columns comprising the mat. Experimental results showed good

agreement with the predicted stress response.
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INTRODUCTION

Recently, several publications have dealt
with a theoretical (Steiner and Dai 1994) and
empirical (Lang and Wolcott 1995) description
of mat structure. These works provide a ra-
tionale for the statistical description of mat
structure and are based on the conceptual
model of mat deformation that was developed
by Suchsland (1959, 1962). Both the mat struc-
ture and the conceptual model have provided
a basis for a mathematical model of mat con-
solidation (Dat and Steiner 1993). This model
can be used to predict a number of variables
important to panel consolidation including:
panel void volume, densification of the wood,
bonded area, horizontal density distribution,
and internal stress distribution. Although this
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model adequately predicts the behavior of ide-
al flake mats, it does not account for the cu-
mulative effect of flake bending, which dom-
inates the lower stress region of consolidation.
In addition, the description of mat structure
is dependent on a theoretical description, which
may not accurately represent real strand mats.

This paper presents a detailed description of
a mat consolidation model that incorporates
cumulative bending stresses and an empirical
characterization of mat structure. Although the
early stages of consolidation appear insignifi-
cant when viewing an average mat stress-strain
relationship, they are crucial to the effective
production of low density panels.

OBJECTIVES

The objective of this research is to develop
a model, based on solid mechanics, to predict
the static stress-strain behavior of simulated
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wood-strand mats. A Monte Carlo simulation
has already been developed to describe the
spatial structure of such mats (Lang and Wol-
cott 1995). The specific objectives of the re-
search presented here are:

1. Develop a mathematical model based on
solid mechanics to approximate the stress
response of randomly formed strand mats
in compression.

2. Experimentally validate the model by com-
paring the behavior of realistic mats to the
model predictions.

3. Determine the sensitivity of the model pre-
diction to changes in variables describing
the mat structure.

THEORETICAL BACKGROUND AND
MODEL DEVELOPMENT

During manufacture of nonveneer wood-
based composites, a loosely formed mat is
compressed to a target thickness. This pressing
reduces the voids within the mat and provides
contact between adjacent particles to promote
adhesion. The compression force applied to
the mat can be plotted against time as shown
in Fig. 1a. This curve can be divided into three
different regions: (1) press closing, (2) stress
relaxation, and (3) venting (Wolcott et al. 1990).
During press closing, stress develops nonlin-
early with displacement from the structural and
material nonlinearity of the mat. This region
can be converted into a stress-strain diagram
as shown on Fig. 1b. Note that the stress is
plotted in logarithmic scale to magnify the low-
er stress region. By examining this diagram,
the following observations can be made:

1. The stress development is minimal at the
beginning of the consolidation.

2. As the displacement continues, the stress
increase becomes continuous and smooth
as the individual strands deform in bend-
ing.

3. Rapid stress development can be observed
for mat strains greater than 60%, where
consolidation is dominated by the com-
pression of solid wood strands.
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Fig. 1. Typical load-time diagram of random strand
mat in cold pressing. a. full pressing cycle: 1. press closing,
2. stress relaxation, 3. venting; b. stress-strain relationship
of the press closing regime.

Studying the changes in a real mat structure
during consolidation leads to similar conclu-
sions. Figure 2a shows the initial structure of
a random strand mat. At a mat strain of ap-
proximately 30%, the void heights decrease
and the curved strands flatten (Fig. 2b). When
the total mat strain is approximately 60%, the
void heights approach a minimum value (Fig.
20).
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FiG. 2. Structural changes in a random strand mat dur-
ing consolidation. a. initial bulk structure; b. at total mat
strain ¢ = (.3; c. at strain € = 0.6.

Based on the previous observations and re-
sults of earlier research projects (Suchsland
1962; Harless et al. 1987; Suchsland and Xu
1989; Dai and Steiner 1993, 1994a, b), it is
assumed that the static compression response
of'a strand mat can be separated into two com-
ponents. In the early stage of the consolidation,
the cumulative stress development results from
the bending resistance of the individual strands.
As consolidation continues, overlapping
strands form solid columns of varying height
that deform in transverse compression.

To facilitate numerical solution for the stress
development, a 19- X 19-mm base column
was chosen as the smallest theoretical unit of
the mat (Fig. 3a). Each column is characterized
by the number of overlapping strands (N,,;) and
the void heights (A,,) between consecutive
strands. In addition, the connectivity between
adjacent columns is determined by quantifying
the distance of the column centroid to the
strand end (X,;). A mat is divided into ex-
perimental units (152 X 152 mm) termed as
a mat block. Each block contains 64 columns,
32 at the edges, from which the stochastic pa-
rameters of the mat structure were obtained
for simulation (Lang and Wolcott 1995). Thus,
subscripts b, j, k are the experimental block,
column and strand indexes, respectively. The
following theories were used to predict the
stress response of a column to compression
strain.
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Fi1G. 3. The theoretical unit of the static stress-strain
model. a. idealized initial structure of a column; b. the
‘beam’ model; c. the solid strand stacking.

Stresses due to strand bending

To maintain the simplicity and mathemat-
ical tractability of the model, several assump-
tions were made. Each strand was considered
as a small, simply supported beam under dis-
tributed load (Fig. 3b). The beam deflection
was determined at the column centroid, and
the location variable (X,;) identified the po-
sition of an individual strand relative to the
column centroid. The maximum deflection of
the strand beam was defined by the adjacent
void height. An inverted form of a beam de-
flection equation was used to determine the
distributed load necessary to deflect the strand
beam and form a solid strand column.
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The limitation of this idealized strand bend-
ing model is that in reality, several strands in
each column support point loads at the begin-
ning of the consolidation. Furthermore, as
consolidation proceeds, the spacing and num-
ber of supports for a strand beam will change.
These phenomena were modeled by propor-
tionally decreasing the beam (strand) span and
modifying the location variable with the ap-
plied displacement.

To quantify the stress development in a col-
umn, the total mat displacement is propor-
tionally assigned to each strand. The necessary
distributed load to cause this deflection is then
calculated as follows:

DX 24E1

“ I—'ijk3 - ZLijkz + Xuk3 =
where:
wy = distributed load (N/m)
Ajx = proportional deflection of the strand
(m)
Xijx = location of the column centroid (m)
E = MOE in bending of the strand (Pa)
I = moment of inertia (m*)
Lijx = changing length of the beam (m)

; = index of the total mat strain (e)
column and strand index, respec-
tively

II

The obtained distributed load values can be
converted into stress by the following sum-
mation:

Nj
w;:
o5 = 5% 2)
k=1

a;; = stress in column j at strain i (Pa)

N; = number of overlapping strands in
column j

width of the column (strand) (m)

»
Il

The total mat displacement is distributed
proportionally to the strands until the total
void height is eliminated or the target thick-
ness has been achieved. Since each strand has
adifferent maximum deflection value (i.e., dif-
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ferent void heights between the strands), the
stress computation stops when the propor-
tional displacement is equal to the void height
(A;x) associated with the strand. Then, this par-
ticular strand is assumed to be perfectly flat
and in a horizontal position. The correspond-
ing stress value is preserved, and the propor-
tional displacements are increased for the re-
maining strands. The procedure continues un-
til all void spaces are eliminated and the col-
umn is compressed to a solid, layered strand
block (Fig. 3¢). Note, while using this approach
to describe the stress-strain relationship during
the early stage of consolidation, the strand ori-
entation has no explicit influence on the stress
development.

Stress development in solid strand columns

When the voids in a column have been elim-
inated by mat compression, the strands have
developed bending but not compression stress-
es. As consolidation continues toward the tar-
get mat thickness, columns begin to undergo
compression strain.

The compression behavior of wood strands
can be modeled using theories of cellular ma-
terials. The characteristic stress-strain curve of
wood in transverse compression has been dis-
cussed in detail by several authors (Maiti et al.
1984; Wolcott et al. 1989b; Wolcott 1990; Dai
and Steiner 1993). Hooke’s Law modified with
a nonlinear strain function (®(¢)) can be used
for a constitutive relation (Rush 1969; Wolcott
et al. 1989a):

g = Ee®(e) (3)
where:
o = compressive stress
€ = strain
E = Young’s modulus of the cellular ma-
terial
®(¢) = nonlinear strain function

The nonlinear strain function can be deter-
mined experimentally by compressing strand
columns. The linear regime of the correspond-
ing stress-strain relationship is analyzed to de-
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termine the Young's modulus. The values of
the nonlinear strain function can then be cal-
culated by rearranging Eq. (3) and described
using an empirical polynomial (Dai and Stein-
er 1993).

In the absence of experimental data, struc-
tural theories developed for honeycomb and
closed cell foams may be applied to determine
®(e) with the resulting equation (Wolcott et al.
1989b):

®(e) (4)

€

_C/G[1=pn ]
= pl0"”

where:

€ = compressive strain

p. = relative density of the wood
p.(¢e) = changes of relative density
C; = yield strain (e,)
C, = linear elastic constant
$(¢) = nonlinear strain function in trans-

verse compression

In this equation the relative density is de-
fined as the ratio between the solid wood den-
sity and the cell-wall density. The linear elastic
constant is a function of the strand thickness.
The changes of relative density (p.(¢)) can be
computed from the relationship between the
plastic strain and the expansion ratio as fol-
lows:

0@ = pll — & + Puey, — w62t (5)

where:

€, = plastic strain =€ — ¢,
4 = expansion ratio

The expansion ratio is defined as the ratio of
lateral strain to compressive strain in the non-
linear stress-strain region (Wolcott et al. 1989a).

In both approaches, the value of ®(¢) is equal
to unity for strains less than ¢, Equation 4
becomes singular as the relative density (p,)
approaches 1 (i.e., total densification of the
cellular material). However, total densification
seldom occurs during manufacture of wood-
based composites.
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Mat behavior

The constitutive relationships have been de-
fined to predict the stress response of strand
columns in compression. This model must now
be extended to include the stochastic nature of
spatial characteristics within the mat as input
values for the computations. To achieve this,
Dai and Steiner (1993) based their prediction
on Eq. (3) combined with the formula for the
Poisson(\) probability distribution to obtain
the nominal stress development through an
infinite summation. The model presented here
combines the bending resistance of strands
early in consolidation with an empirically de-
rived mat structure. The spatial mat structure
is defined by three variables: overlapping strand
numbers (Ny,;), void heights (), and strand
location (X,;). For computational purposes, a
multiple-step simulation is used to generate
these variables from normal, lognormal, and
Poisson probability distributions (Lang and
Wolcott 1995). The nominal stress response is
then computed as the average stress develop-
ment in the strand columns.

One advantage to this approach is that con-
solidation can be predicted from the individ-
ual experimental units (sample blocks) by us-
ing actual measured parameters as inputs.
These predictions can then be compared to the
experimental results for validation.

Different computational steps are required
for simulation and stress prediction. In the ini-
tial stage of the model (steps 1-3), the mat
structure is reconstructed on a probabilistic
basis as reported by Lang and Wolcott (1995).
Steps 4-8 are the stress calculations for a mat
section (block). Step 9 improves the resolution
and usually n = 5 was found to be adequate.
The following list summarizes the model struc-
ture:

1. Generate the mean overlapping strand
numbers (\,) in a mat block: A\, € N(, ¢2).

2. Generate the number of overlapping strands
(Ny;) for the 64 columns in block b: N; €
Poisson(Ay).

3. Generate and assign location (Xy;) and void
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height (Ay;) data for each strand in each
COlumn: ijk € 1I‘l(,u., 0'1) and Abjk € 11‘1(#, UZ).

The stress is then calculated for a mat as fol-
lows:

4. Assign an incremental total mat displace-
ment.

5. Compute the proportional deflection of each
strand in a column. Calculate the cumula-
tive stress in the column according to Egs.
(1) and (2).

6. IfZ Ay = the total mat displacement, com-
pute the stress by Eq. (3).

7. Repeat steps 5 and 6 for the 64 columns.
Calculate the average stress. Print total mat
strain (¢) and stress (o).

8. Repeat steps 4-7 until the target mat thick-
ness is reached.

9. Repeat steps 1-8 for each of n blocks com-
prising a mat and calculate the average stress
response.

The stress prediction requires inputs for the
Young’s modulus of strands in bending and
transverse compression. The bending modulus
E, = 1.58 x 106 (psi) value was obtained from
the literature (USDA Forest Service 1982). The
compression modulus E, was determined ex-
perimentally.

EXPERIMENTAL VALIDATION OF THE MODEL
Materials

Yellow-poplar (Liriodendron tulipifera)
strands (0.8 X 19 x 70 mm) were manufac-
tured using a laboratory flaker. The faces of
the strands were random cuts between the ra-
dial and tangential directions. After manufac-
ture, the strands were oven-dried and precon-
ditioned at 25°C and 65% relative humidity
assuring 11 *= 1% moisture content.

The sample mats (blocks) were hand-formed
in a 305- x 305-mm box using 702-g strands.
The 76.5-mm-wide mat edges, where the strand
alignment might be influenced by the forming
box, were removed with a large paper shear.
The final dimensions of the experimental mat
blocks were 152 X 152 mm at base and ca. 75
mm in height (Lang and Wolcott 19935), with
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an average bulk density of 100 kg/m?. The
average target density was 600 kg/m?® when
pressed to a 13-mm final thickness.

For determining the compression modulus,
twelve 19-mm-square strands were stacked to
form a solid column. Nine strand columns were
conditioned and prepared for compression
testing,.

Methods

Compression tests for both mat blocks and
solid strand columns were conducted on a uni-
versal servo-hydraulic testing machine
equipped with a 90-kN load cell. The machine
compliance was determined prior to testing,
and the test results were corrected accordingly.
The loading rate for both tests was 6 mm/min.
A computerized data acquisition system col-
lected the load and displacement data in real
time.

RESULTS AND DISCUSSION
Material property tests

From the nine solid strand columns tested
in compression, the mean of E, was estimated
to be 4.2 MPa, while the mean yield strain (e,)
was found to be 0.14. These values are com-
parable to those reported by Wolcott et al.
(1989a) with yellow-poplar strands.

An empirical strain function (®(e)) was ap-
proximated by fitting a tenth-order polyno-
mial to the data above the yield strain. Table
1 contains the approximated regression coef-

TABLE 1. The approximated regression coefficients for the
empirical strain function (®(e)).

Coefficient Value
Bo 0.71
81 5.19
B2 —53.13
B3 295.24
B4 =1,114.44
Bs 2,917.08
Be -5,269.65
87 6,578.05
Bs -5,307.15
Bo 2,459.07
B1o —528.69
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FiGg. 4. Comparison of the strain functions obtained
by polynomial fitting and by theory (Eq. 4).

ficients. The theoretical strain function defined
by Eq. (4) is graphically compared to the em-
pirical result in Fig. 4. Good agreement can be
observed between the two strain functions.

Experimental and model predicted
behavior of mat blocks

For wvalidation, the average overlapping
strand numbers (\,) were experimentally de-
termined for five sample blocks and used as
input for simulating the mat structure. This
parameter provided a link between the exper-
imental and predicted data for each block.
During this procedure, the average stress-strain
behavior of 64 strand columns was modeled.
The five experimental and predicted stress-
strain relationships are compared in Fig. 5. In
general, good agreement was found. For the
mat blocks used, approximately 60-65% com-
pression was required to initiate a rapid stress
development. The model tends to overpredict
stress in the densification region, although this
error does not appear to be major.

Mat stress-strain behavior

To simulate a larger mat, another five sam-
ple blocks were prepared and tested. The mean
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overlapping flake number from 160 columns
along the perimeters of the five sample blocks
was used to generate A, values for each block
(step 1). Figure 6a shows the comparison of
the average predicted and the experimental
stress-strain behavior of the five mat blocks.
A significant improvement is observed in the
prediction quality of the model as compared
to the individual blocks. In this case the model
prediction is based on the average stress re-
sponse of 320 theoretical units (columns). Al-
though the model still slightly overpredicts the
stress response, this error is not as severe as
in the individual blocks, and the slope of the
predicted and experimental curves shows good
agreement. Improving the resolution (i.e., sim-
ulating more than five sample blocks) did not
result in a better approximation of the stress
response, but the computation time increased
significantly.

Low stress consolidation

To amplify the response of the low stress
region, the average experimental and predicted
responses are shown in logarithmic scale (Fig.
6b). While no significant deviation could be
observed on the normal scale, below 0.01 MPa
the cumulative strand bending does not prop-
erly predict the stress response. Dai and Stein-
er (1993) reported accurate prediction down
to 1.5 MPa of mat stress. Their model was
adapted to the yellow-poplar mat used in this
research (Fig. 6). By including the contribution
of strand bending to dissipate voids, the model
presented here predicts accurately to stress of
0.1 MPa. This strand bending model approx-
imates the stress-level when the individual
strands are connected in each column; how-
ever, it does not predict the entire process.
Although both approaches predict the me-
chanical behavior of mats in high stress regions,
an understanding of the low stress consolida-
tion is not yet complete. Further research is
needed to explore the consolidation mecha-
nism in the low stress region, which is extreme-
ly important when pressing low-density ma-
terials.
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FiG. 5. Results of the model validation. The stress prediction was based on 64 columns simulation in a mat block
using the average overlapping strand numbers (\,) obtained from measurements of the actual mats. Symbols and lines
represent the experimental and predicted data, respectively.
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FiG. 6. Final result of the model validation. The av-
erage experimental stress response of five sample mats
compared to the model prediction. a. linear scale; b. log-
arithmic scale.

Other mat characteristics

Predicting consolidation is not limited to the
overall mat stress-strain relationship. The five
sample blocks used for model validation de-
pict a 324- X 324-mm mat area. Using the
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FiG. 7. Horizontal density distribution of five sample
blocks (324 x 324 mm mat area). The coefficients of vari-
ation and mean values are listed. a. mat bulk density; b.
panel target density at 13 mm target thickness.

simulated N, b=1,...,5andj=1, ...,
64) data, the bulk (i.e., mat) and target den-
sities of the 320 columns were computed (Fig.
7). From simulation, the average bulk density
of the mat and the target density for the panel
are 102 and 601 kg/m?, respectively. These
values show excellent agreement with the ob-
served densities of 100 and 600 kg/m?, indi-
cating that the simulation procedure accurate-
ly reconstitutes the mat structure and pre-
serves the density characteristics. The coeffi-
cient of variation for the in-plane density is
slightly higher for the panel (17.72%) than the
bulk (17.58%) because some of the columns
undergo densification during pressing.

The residual void volume may be calculated
through the simulation by determining the col-
umns that do not fully consolidate. In 19 of
the 320 columns, the sum of the strand thick-
nesses is less than the panel target thickness.
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strand number (\p) in an experimental block (64 columns).

These nineteen columns represent 6% of the
total mat area where the adhesion might be
inadequate.

Sensitivity studies

The purpose of the sensitivity analysis was
to determine if the variability of a particular
input property has a significant effect on the
model prediction. When holding all other vari-
ables constant, the variability in the mean
overlapping strand number (\,) has the stron-
gest effect on the stress prediction by control-
ling the mat strain when strand compression
begins (Fig. 8). In turn, the E, for the wood
strand influences the slope of the rapid stress
development. In Fig. 9, the 25 MPa compres-
sion modulus represents aspen strands as re-
ported by Dai and Steiner (1993); 42 MPa was
experimentally determined for yellow-poplar
during this study and the 50 MPa may depict
the behavior of high density strands (i.e., SG
> ().5). The increasing standard deviation of
the location (Xy;,) variable slightly increased
the stress development during strand bending,.
The increasing variability of void height (Ay;)
resulted in decreasing stress development. No
significant effect of these variables could be
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FiG. 9. Model sensitivity to the compression modulus
of solid strand columns.

detected on the stress development in the high-
er stress region. However, it should be noted
that the shape, length, width, and orientation
of the strand may be strongly correlated to
these variables and might influence signifi-
cantly the low stress consolidation.

SUMMARY AND CONCLUSIONS

A mathematical model for predicting the
static stress-strain response of randomly
formed strand mats is presented. In this model
the mat structure is considered as a finite num-
ber of imaginary columns, varying numbers of
overlapping strands and size of void space.
The stress approximation is based on simple
beam theory and the compression behavior of
cellular materials. The non-linearity resulting
from the macro-structure of the mat is con-
sidered and modeled on a stochastic basis.

The described model can predict the stress
response of randomly formed mats with good
accuracy over 0.01 MPa. The experimental re-
sults and the analytical work resulted in the
following conclusions:

1. The compression modulus (E.) of the strands
and the nonlinear strain function (®(¢)) de-
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termine the slope of the mat stress-strain
curve in the cellular collapse and densifi-
cation region.

2. The mean value of the overlapping strand
numbers in a mat governs the strain when
strands begin to deform in compression.

3. The in-plane variability of the overlapping
strand numbers governs the horizontal
density distribution, residual void volume,
and unbounded area in the panel.

4. Because the strand deposition mainly de-
pends on the mat formation technique, the
panel structure may be improved by mod-
ifying the mat forming process.

This model was validated with random
strand mats constituted from uniformly sized,
yellow-poplar strands. The simulation rou-
tines are based on empirical probability dis-
tributions and do not generally apply to all mat
structures. However, theories for the structural
simulation and consolidation process have
universal value. The model is easily adaptable
to realistic mat structures. Since the model is
comparatively simple, it provides a good basis
for further improvement which includes the
time, temperature, and moisture interaction
during hot pressing and stress relaxation under
constant mat strain.
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