
Chapter 5. Modeling the Transverse Compression of Wood-Based 
Composites

Summary

The  vertical  density  profile  has  been  identified  as  one  of  the  most  important
characteristics that determines panel strength and physical properties. The vertical density profile
formation is the result of many interacting process variables. During the compression process the
mat  is  in  an  unsteady  state  resulting in  continuously  changing internal  conditions  (temperature
and moisture content) as the pressing operation proceeds. Therefore, the vertical density profile
is  formed  not  only  during  the  consolidation,  but  well  after  the  panel  has  reached  the  target
thickness.  No satisfactory attempt was made to fully understand the process. A model can help
to address this need and infer the relationship between processing parameters and density profile
formation.  A  comprehensive  analysis  of  the  consolidation  process  during  hot-pressing  must
examine  the  viscoelastic  behavior  of  the  flakes  in  transverse  compression.  The  transverse
compression  behavior  is  highly  nonlinear  due  to  the  cellular  structure  of  the  flake  mat.
Additionally,  the  mechanical  properties  of  the  flakes  show  typical  viscoelastic  behavior,  with
time,  temperature,  and  moisture  dependence.  A  nonlinear  viscoelastic  compression  model  was
developed  which  separates  the  geometric  nonlinear  response  of  the  cellular  structure  of  the
flakes  from  the  linear  viscoelastic  response  of  the  cell  wall  polymers.  The  behavior  of  the
cellular  structure  is  modeled  with  the  modified  Hooke's  Law,  which  includes  an  additional
nonlinearizing  term.  The  viscoelastic  properties  of  the  flakes  are  described  by  the  time-
temperature-moisture  equivalence  principle  of  polymers.  Two separate  models  were  developed
based on the integration of the above theories. The first model is based on the representation of
material  behavior  with  a  series  of  Maxwell  ladders.  An  alternative  simplified  model  was
developed  due  to  excessive  solution  time.  The  nonlinear  viscoelastic  compression  model  can
simulate  the  formation  of  the  average  vertical  density  profile  under  a  wide  variety  of  pressing
conditions.
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5.1 Introduction

During the hot-pressing cycle, heat and pressure is applied simultaneously to consolidate
the  loosely  formed  flake  mat  to  the  final  panel.  The  heat  is  transported  from  the  hot  platens
vertically to the center of the mat by conduction and convection. The water content of the flakes
close  to  the  hot  platens  is  vaporized,  and  the  water  vapor  migrates  towards  the  cooler  center
vertically,  and  to  the  edges  of  the  mat  horizontally.  This  simultaneous  heat  and  mass  transfer
results in transient temperature,  gas pressure, and moisture content gradients in the mat, as was
demonstrated in the previous two chapters. Additionally, a high compaction pressure (4-13 MPa)
is imposed on the mat structure during the press closing time to consolidate the mat to the target
thickness.  Because  of  the  uneven  horizontal  thickness  distribution  of  the  mat,  the  localized
pressure can be above the compaction pressure. Although the press position is kept at the target
thickness  after  the  consolidation,  the  ram pressure  continuously  declines  during  the  rest  of  the
press period due to stress relaxation in the mat. The transient temperature and moisture content
gradient  result  in  non-uniform,  continuously  changing  compression  properties  of  the  wood
components. The viscoelastic (time, temperature, moisture dependent) properties of the adhesive
also  continuously  change  during  the  hot-compression,  while  the  adhesive  polymerizes  into  a
three  dimensional  network.  The  contribution  of  the  adhesive  viscoelastic  behavior  to  the
behavior of the wood-adhesive system is complex, and not clearly understood. Additionally, the
most  deformation  occurs  within  the  wood  part  of  the  composite  material,  and  therefore,  the
wood dominates  the viscoelastic  behavior of  the whole system. Consequently,  the effect  of the
adhesive on the  viscoelastic  properties  of  the composite  is  not  addressed in  this  study,  and the
main focus was given to the description of the wood material response during the compression.
As the compaction pressure is  coupled with the changing viscoelastic properties of the wood, a
density  gradient  develops  in  the  processed  panel.  The  venting  period  is  initiated  in  the  press
schedule after the resin is adequately cured in the center of the mat. The press slowly opens, and
the  compaction  pressure  is  relieved.  The  panel  gains  thickness  (spring  back)  as  the  residual
stresses are released, forming the final density profile in the panel. The vertical density profile is
one  of  the  main  characteristic  which  determines  the  mechanical  properties  of  the  panel.
Therefore,  the  establishment  of  the  relationship  between  pressing  parameters  and  the  final
density profile is crucial to optimize final panel properties.
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5.2 Background

In spite of the known effect of pressing parameters on the vertical density profile of the
final  panel,  only  a  few attempts  were  made to  model  the  formation  of  the  density profile.  The
limited  number of models concentrate on different aspects of the hot-compression process, and
most of them make oversimplifications about the involved mechanisms.

Several researchers modeled the nonlinear stress-strain behavior of the cold compression
process based on  transverse compression theories of  cellular materials (Wolcott 1989, Dai and
Steiner  1993,  Dai  et  al.  1997,  Lenth  and  Kamke  1996a,  b,  Lang  and  Wolcott  1995,  1996).
Although these models are capable predicting the rapid increase of compression stresses during
the  consolidation  process  with  varying degrees  of  accuracy,  they miss  an  important  element  of
the pressing operation, that the compression behavior of the flakes is changing with temperature
and  moisture  content.  Consequently,  these  models  are  not  applicable  to  hot-compression
simulation  and unable to  predict  the vertical  density profile  formation through the thickness of
the  mat.  Therefore,  it  has  been  recognized  that  a  computer  simulation  model  is  needed  to
investigate the complex effect of heat and mass transfer on the final vertical density profile.

Harless  et  al.  (1987)  were  among  the  first  to  attempt  to  model  the  development  of  the
density profile  in  particleboard.  Their  model  included the heat conduction,  gas transport,  water
phase  change,  and  layer  compaction   mechanisms.  The  model  is  essentially  a  one-dimensional
model and it terminates as the target thickness of the board is reached, excluding the influence of
the changing internal environment on the differential relaxation of the flakes in the remainder of
the press cycle.

Suo and Bowyer (1994) simulated the formation of  the density profile of particleboard.
They subdivided the mat through the thickness to thin uniform density layers. The compression
properties  of  these  layers  were  determined  as  a  function  of  the  changing  temperature  and
moisture  content  conditions.  The  strain  of  each  layer  was  calculated  during  the  consolidation,
and the changing thickness of the layers formed the density profile. 

A  modular  finite-element  computer  simulation  of  the  hot-compression  of  wood-based
composites  was  developed by  Hubert  and Dai  (1997).  The model  is  one-dimensional  and  only
final  density  profile  predictions  were  reported,  with  no  reference  to  the  time  dependent
formation of the profile. 

All  of  the  previous  models  consider  the  dynamic  conditions  during  the  consolidation
process, but ignore the density profile formation after the compaction period. However, Wolcott
and Kamke (1990, 1994) provided ample evidence that the density profile is formed during the
entire pressing cycle. 
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Additionally, several experimental studies with a g-ray in-situ density measurement system also
reinforced  that  the  profile  is  formed after  the press closing (Winistorfer  et  al.  2000,  Wang and
Winistorfer 2000a, b).

The  deficiencies  of  the  previous  models  were  recognized  by  Humphrey  and  Thoemen
(2000)  and  the  most  comprehensive  continuous  hot-compression  model  for  wood-based
composites, which can predict the density profile formation during the entire pressing operation,
was  developed.  The  model  includes  heat  and  mass  transfer,  adhesion  kinetics,  and  the  hygro-
thermo-compressibility of the flake mat.

The  following  chapter  summarizes  the  third  stage  of  the  research,  which  was  the
development  of  a  transverse  compression  model  for  the  consolidation  of  wood-based
composites.  The  time,  temperature,  and  moisture  dependence  of  wood  under  transverse
compression, together with the nonlinear stress development, were incorporated in the model.
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5.3 Model Development

5.3.1 Nonlinear Transverse Compression Behavior of the Wood Flakes

Cellular  materials  generally  show a  characteristic  non-linear  behavior  during  transverse
compression, resulting from the collapse of the cellular structure. Figure 5.1 shows a typical non-
linear stress-strain curve of a cellular solid in transverse compression. 
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Figure 5.1. Characteristic stress-strain diagram for cellular materials.

Three  characteristic  regions  can  be  observed  in  both  man-made  and  natural  cellular  materials:
linear elastic, cellular collapse, and densification. The material at the beginning of compression
deforms in a linear elastic manner. At the onset of cellular collapse, the cell wall material yields,
and due to the cumulative collapse of the cell walls, the material continues to deform at a nearly
constant stress level. Cellular collapse occurs either by elastic buckling, plastic yielding or brittle
crushing, depending on the type of the cell wall material. Different fracture mechanisms result in
different stress-strain behavior. However, Wolcott (1989) demonstrated that elastic buckling is a
viable assumption as the form of collapse of the wall  of wood cells. At the end of the collapse
region the cell wall structure starts to consolidate.  At this point most of the cells are collapsed,
and opposing cell walls are in good contact. The characteristic of the densification region is the
rapid  stress  increase  as  the  compression  continues.  These  regions  are  present  in  all  types  of
cellular  structures,  but  the  initiation  and  the  length  of  the  regions  are  a  function  of  the  cell
geometry. The cell geometry is characterized by the relative density HrrL, which is defined as the
ratio of the density of the cellular material to the density of the cell wall material. 
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The Young's  modulus  of  the cellular  material  is  related  to  the Young’s  modulus  of  the
cell  wall  HEcwL  and  the  cellular  geometry  represented  by  the  relative  density  HrrL,  as  follows
(Gibson and Ashby 1997):

(5.1)E = Ecw rr
3

where

E = Young' s modulus of the cellular material,
Ecw = Young' s modulus of the cell wall,
rr = relative density.

This equation states that the Young's modulus HE L of any wood species could be derived
as the product of the constant cell wall  modulus (variation of the cell wall modulus is negligible
for  different  species)  and  the  relative  density  (related  to  the  specific  gravity)  of  the  species.
Consequently,  the  modulus  of  the  wood  species  is  only  a  function  of  the  cellular  structure,  as
represented by the relative density. This has utmost importance; once it is possible to determine
the temperature and moisture dependence of the cell wall modulus, the Young's modulus of any
species  at  any  temperature  and  moisture  content,  could  be  determined  by  the  above  equation
without  additional  testing.  The  mechanical  testing  of  separated  cell  wall  material  has  not  yet
been  solved.  Therefore,  the  time,  temperature,  moisture  dependence  of  the  Young's  modulus
(relaxation modulus) of each species has to be determined with separate mechanical testing. The
experimental determination of the relaxation modulus of yellow poplar (Liriodendron tulipifera)
will be discussed in the following section (see Deriving the Stress Relaxation Curve).

The  characteristic  shape  of  the  stress-strain  curve  can  be  described  by  a  non-linear
multiplier (y(e)) in the modified Hooke's Law, called the nonlinear strain function, as follows:

(5.2)s = E e yHeL
where

s = stress,
E = Young' s Moduls,
e = strain,
yHeL = nonlinear strain function.

The influence of the geometry of the cellular structure on the consolidation behavior of
the  material  is  accounted  for  by  the  non-linear  strain  function.  It  can  be  determined
experimentally (Meinecke and Clark 1973) or from the characteristic plastic strain observed in a
stress-strain diagram (Rusch 1969). 
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However, Maiti et al. (1984) derived a relationship between the nonlinear strain function and the
applied strain based on the yield strain of the cell wall material, as follows:

(5.3)

yHeL = 1; e § ey

yHeL =
ey
ÅÅÅÅÅÅÅ
e

ikjjj 1 - rr
1ê3

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
1 - rrHeL1ê3 y{zzz3

; e > ey

where

ey = yield strain of the cell wall,
e = applied strain,
rr = relative density,
rrHeL = relative density function.

The  nonlinear  strain  function  y(e)  is  a  nonlinear  multiplier  of  the  stress  calculated  by
assuming linear behavior.  It  depends on the strain and relative density. Therefore,  it  essentially
monitors  the  cellular  collapse  in  the  material  as  a  function  of  the  cellular  structure.  Figure  5.2
depicts the non-linear strain function at different relative densities. 
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Figure 5.2. The nonlinear strain function y(e) as a function of relative density rr.

This  nonlinearizing  function  separates  the  linear  elastic  region  from  the  collapse,  and
densification  regions.  Therefore,  it  is  capable  of  describing  the  stress  development  during  the
full range of the transverse compression of cellular materials. The yield strain of the cell wall of
wood was determined by Wolcott  (1989) as 0.015. The nonlinear strain function has a value of
unity when the strain is below the yield strain of the cell wall. In this case the modified Hook’s
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Law returns  to  the  ordinary  Hook’s  Law describing  the  linear  elastic  behavior  of  the  cell  wall
under  low  levels  of  strain.  During  the  cellular  collapse  region  the  non-linear  strain  function
decreases until it reaches a minimum value at the onset of densification of the cell wall material.
During  the  densification region,  the  nonlinear  strain  function  increases  and approaches  infinity
with increasing strain.

The  relative  density  of  the  material  increases  during  the  transverse  compression  of  the
cellular  structure.  The  relative  density  function  HrrHeLL  takes  into  consideration  this  dilatation
effect. In the case of elastomeric foams, no significant lateral expansion occurs, even within the
nonlinear  region  of  the  stress-strain  curve.  Therefore,  the  following  equation  adequately
monitors the relative density changes:

(5.4)rr HeL = rr H1 - He - eyLL-1

However,  in  the  case  of  wood,  a  lateral  expansion  can  be  observed  in  the  radial  or
tangential  direction  during  transverse  compression,  called  the  “barrelling  effect”  (Kasal  1989).
When the loaded surfaces are restrained, the shape of the lateral expansion can be described by a
parabola (Figure 5.3). 
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Figure 5.3. The "barrelling effect" of wood under transverse compression. W0 and h0 
are the initial width and height of the specimen.

Therefore the previous equation has to be modified as follows (Kasal 1989):

(5.5)rr HeL = rr J1 - He - eyL +
2
ÅÅÅÅÅ
3

m He - eyL - m He - eyL2N-1
,

where

m = expansion ratio.
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A new term,  called expansion ratio (m) is  defined,  which is  the ratio of lateral  strain to
compressive  strain  in  the  nonlinear  stress-strain  region.  It  was  found  experimentally  that  the
expansion  ratio  is  a  function  of  specimen height (Wolcott  1989).  The expansion  ratio  is  larger
for  taller  specimens,  because  the  frictional  restrictive  effect  of  the  loading  surfaces  is  not  as
pronounced. Figure 5.4 depicts the non-linear strain function as a function of the expansion ratio.
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Figure 5.4. The nonlinear strain function y(e) as a function of expansion ratio m.

The  applicability  of  the  cellular  material  compression  theories  to  describe  the
nonlinearity  of  the  transverse  compression  of  solid  wood  was  demonstrated  by  several
researchers  (Wolcott  1989,  Kasal  1989,  Esterling  et  al.1982,  Lenth  1994,  Lenth  and  Kamke
1996a,  1996b).  This  theory  will  characterize  the  nonlinear  stress  development  during  the
consolidation of the flake mat.
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5.3.2 Viscoelastic Behavior of the Wood Flakes

5.3.2.1 Plasticization of the Wood Flakes

The  rapidly  changing  internal  environment  affects  the  mechanical  properties  of  the
flakes  during  the  hot-pressing.  In  spite  of  the  large  variety  of  wood  species,  all  of  them  are
formed from the  same polymers,  namely  cellulose,  lignin,  and hemicelluloses.  Considering the
wood  flakes  as  a  polymer  system  opens  up  the  possibility  to  unify  the  effect  of  time,
temperature,  and  moisture  on  the  mechanical  properties  based  on  the  viscoelastic  theory  of
polymers.

Viscoelastic  theory  states  that  amorphous  polymers  can  show  a  range  of  mechanical
properties  from  viscous  fluids  to  elastic  solids  depending  on  the  time  scale,  the  ambient
temperature,  and  the  diluent  concentration  (Figure  5.5).  The  polymer  changes  from  a  "glassy
phase", which is characterized by high modulus, to a "rubbery phase" where the modulus is three
orders  of  magnitude  lower  as  time,  temperature,  and  moisture  content  increase.  Between these
two  extreme  conditions  the  polymer  is  at  a  transition  "leathery  phase".  In  this  region  a  small
change  in  time,  temperature,  and  moisture  content  can  result  in  a  large  change  in  polymer
properties.

Figure 5.5. Typical change of the relaxation modulus HEHtLL of an amorphous polymer 
with time and temperature. 
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The  material  property  which  describes  the  phase  change  in  the  polymer  related  to
temperature  increase  is  the  glass  transition  temperature  HTgL.  Below  the  glass  transition
temperature  the  molecular  motion  is  limited  and  the  mechanical  properties  are  only  slightly
affected by temperature. The polymer is in the glassy state. As the glass transition temperature is
approached the molecules have increasing mobility and the mechanical properties, especially the
stiffness of  the material,  are  decreased substantially,  and the polymer is  at  the transition phase.
Further increase in temperature causes the polymer to enter the rubbery phase. The magnitude of
the  glass  transition  temperature  has  been  attributed  to  the  free  volume  of  the  polymer  (Ferry
1980).  The  free  volume  is  defined  as  the  difference  between  the  occupied  volume  and  the
specific  volume  of  the  polymer  (Billmeyer  1984).  The  slope  of  the  specific  volume  versus
temperature  curve  increases  at  the  glass  transition  temperature.  The  free  volume  is  relatively
constant  in  the  glassy  phase,  and  increases  linearly  with  the  temperature  above  Tg.  The
increasing free volume above Tg can be related to the increasing molecular mobility.

The  free  volume  is  also  affected  by  the  diluent  concentration  (moisture  content).  Free
volume  increases  together  with  the  diluent  concentration.  Consequently,  the  Tg  of  the  polymer
decreases.  Kwei  (1984)  investigated  the  effect  of  diluent  concentration  on  the  Tg  of  diluent-
polymer mixtures. He derived a universally applicable model. This model accounts for, not only
the  effect  of  free  volume  changes  on  the  glass  transition  temperature,  but  also  the  effect  of
secondary interactions between the polymer molecules and the diluent. 

The equation proposed by Kwei (1984) is:

(5.6)Tg =
Tg1 W1 + k Tg2 W2
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

W1 + k W2
+ q W1 W2

where

Tg = glass transition temperature of the polymer - diluent mixture,
W = weight fraction,
k = adjustable parameter for free volume effects Hlignin : 10, hemicellulose : 13L,
q = adjustable parameter for secondary interactions Hlignin : 585, hemicellulose : 355L,
1, 2 = denote polymer and diluent respectively,
Tg1 = 200 °C for lignin and hemicellulose,
Tg2 = -137 ° for water.

The  first  term of  the  equation  describes  the  free  volume dependence  of  Tg,  the  second
term  is  proportional   to  the  number  of  secondary  interactions  between  the  polymer  and  the
diluent.  Water  is  mainly  attached  to  the  free  -OH groups  of  the  lignin  and hemicelluloses  and
acts as a diluent. Increasing moisture content decreases the Tg  of the lignin and hemicelluloses in
wood  (Salmen  1984,  Kelley  et  al.  1987).  Kelley  et  al.  (1987)  proved  the  applicability  of  the
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Kwei  equation  to  describe  the  moisture  content  dependence  of  the  Tg  of  the  moisture-wood
system. Wolcott and Kamke (1990, 1994) applied the equation to predict the Tg  as a function of
moisture content of yellow-poplar flakes. Only the lignin component was considered during the
calculation  of  the  Tg  of  wood.  Figure  5.6  shows  the  moisture  dependence  of  the  Tg  of
hemicellulose and lignin based on the Kwei equation.

Based on the previous theories, when wood is in a high temperature environment in the
presence  of  water,  the  phenomena  of  plasticization  occurs.  The  modulus  of  the  material
decreases several orders of magnitude. Plasticization is  desirable during wood-based composite
manufacture, because it reduces the fracture of the wood particles under the applied compression
stresses and ensures more intimate flake contact, and therefore, better adhesive bonds. The glass
transition  temperature  HTgL  will  determine  whether  the  wood  constituent  polymers  (cellulose,
lignin, hemicelluloses) are in the glassy or rubbery phase. Several investigations focused on the
determination of the glass transition temperature of the separated chemical constituents of wood
(Salmen  and  Back  1977,  Salmen  1984,  Salmen  et  al.  1985).  Although  the  highly  crystalline
cellulose  includes  amorphous  regions,  the  contribution  of  these  regions  to  the  viscoelastic
properties  of   wood  is  negligible  (Salmen  et  al.  1985).  Hemicelluloses  are  branched  polymers
and their  Tg  is  low,  below room temperature.  It  can be  assumed that  hemicelluloses  are  in  the
rubbery  phase  throughout  the  temperature  and  moisture  range  during  hot-pressing  (Back  and
Salmen 1982, Funokashi et al. 1979). Therefore it can be concluded that the glass transition and
plasticization of wood are controlled by the amorphous lignin.
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Figure 5.6. Diluent dependence of Tg  of lignin and hemicellulose as described by the 
Kwei model.
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The  plasticization  phenomena  can  be  represented  with  the  viscoelastic  polymer
properties,  such as  the creep  compliance (D(t))  and relaxation modulus  (E(t)).  The viscoelastic
properties are affected by time, temperature,  and moisture.  The relationship is  described by the
time-temperature-moisture  equivalence  principle  (Williams  et  al.  1955).  The  basis  of  the
principle is that temperature and moisture merely accelerate the time-dependent response of the
material.  The  time-temperature-moisture  content  superposition  is  an  accelerated  testing
technique  based  on  the  equivalence  principle.  The  time-dependent  material  properties  are
determined at  different  moisture  and temperature  levels  and  shifted  horizontally  along the  log-
time axis through a time multiplier (shift factor), until  a smooth curve is created. The so called
"master  curve"  describes  the  time  dependence  of  the  investigated  property  at  a  reference
temperature and moisture content.  The property is calculated at other temperature and moisture
levels with the reduced time principle, and shift factors.

The  observation  of  the  time-temperature-moisture  superposition  was  originally
empirical. However,  a theoretical basis has been developed based on free volume theory (Ferry
1980). The temperature shift factors can be calculated based on the free volume concept. When
the  glass  transition  temperature  of  the  polymer  is  chosen  as  the  reference  temperature,  the
temperature shift factor can be determined below Tg by an Arrhenius-type equation:

(5.7)log aHTL =
DE

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
2.303 ÿ R

-
ikjjj 1

ÅÅÅÅÅÅ
T

-
1

ÅÅÅÅÅÅÅÅ
Tg

y{zzz ,

where

aHTL = temperature shift factor,
DE = activation energy,
R = universal gas constant,
Tg = glass transition temperature,
T = temperature.

Above Tg the Williams-Landell-Ferry (WLF) equation gives the temperature shift factor:

(5.8)log aHTL =
-C1 ÿ HT - TgL
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

C2 + T - Tg
,

where

C1 = universal WLF constant,
C2 = universal WLF constant.
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The constants HC1, C2L of the WLF equation were determined experimentally for several
amorphous  polymers  (Alkonis  1983,  Rosen  1993).  It  was  found  that  different  polymers  have
very  similar  WLF  constants.  Therefore,  “universal”  constants  were  established  for  cases  when
the  experimental  determination  is  not  feasible  (C1 = 17.44, C2 = 52.1).  A  drawback  of  the
theoretical  method  is  that  the  inclusion  of  the  moisture  dependence  of  the  shift  factor  is
complex.  Therefore,  the  temperature  and moisture  shift  factor,  a(T,  M),  used  in  this  study was
determined by Wolcott (1989) experimentally.

5.3.2.2 Mathematical Representation of  Viscoelastic Behavior

According to the linear viscoelastic theory, the time-dependent response of a viscoelastic
material,  for an arbitrary loading history, can be expressed either in an integral or a differential
form,  if  a  single  creep  or  relaxation  curve  for  a  prolonged  time  period  is  available  (e.g.
experimentally collected).

The integral form of the mathematical representation of linear viscoelasticity is based on
the superposition principle. It states that the effect of a complex loading history can be equated
to  the  sum  of  independent  contributions  of  smaller  load  steps.  Therefore,  the  time  dependent
response to the sum of  independent load steps is expressed by a convolution integral, called the
Boltzmann Superposition Integral. The Boltzmann Integral takes the following form to represent
the time dependent strain e(t) during the creep phenomenon

(5.9)eHtL = DHtL sH0L + Ÿ0
tDHt - xL dsÅÅÅÅÅÅÅdx  HxL „ x .

The time dependent stress relaxation s(t) can be described as

(5.10)sHtL = EHtL eH0L + Ÿ0
tEHt - xL deÅÅÅÅÅÅdx  HxL „ x .

The  use  of  the  integral  requires  that  either  the  creep  compliance  (D(t)),  or  the  stress
relaxation  modulus  (E(t))  be  expressed  analytically  (e.g.  a  function  fitted  to  measured  data).
Additionally,  the  Boltzmann  Integral  is  restricted  to  linear  materials.  Direct  derivation  of  the
integrals  to  describe  the  behavior  of  nonlinear  materials  is  not  reported.  The  extension  of  the
Boltzmann Integral for nonlinear materials was proposed by Meinecke and Clarck (1973). If the
material  is  not  strained  initially,  the  time  dependent  stress  response  of  a  nonlinear  material  is
described by the following equation:

(5.11)sHtL = Ÿ0
tEHt - xL deÅÅÅÅÅÅdx  HxL yHeHxLL „ x ,

where

y(e(x)) = nonlinear strain function.
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The  solution  of  this  integral  depends  on  the  complexity  of  the  y(e(x))  term.  It  was
pointed  out  by  Meinecke  and  Clarck  (1973)  that  the  simplification  of  the  integral  still  reaches
sufficient accuracy:

(5.12)sHtL = yHeHtLL Ÿ0
tEHt - xL deÅÅÅÅÅÅdx  HxL „ x .

This  equation  indicates  that  once  the  solution  of  the  integral  of  linear  viscoelastic
behavior is known, the result only has to be multiplied by the nonlinear strain function y(e(t)).

The differential form of the mathematical representation of linear viscoelasticity is based
on  the  governing  differential  equations  of  mechanical  analogies,  such  as  combined  spring  and
dashpot  elements.  The  analogies  are  phenomenological,  therefore,  they  describe  the  observed
phenomena  adequately,  but  there  is  no  physical  insight  into  the  problem.  A  Kelvin  element  (a
spring and a dashpot in parallel) represents the creep behavior, and a Maxwell element (a spring
and a dashpot in series) represents the stress relaxation. The governing differential equations for
the Kelvin and Maxwell element are respectively:

(5.13)
∑e
ÅÅÅÅÅÅÅÅÅ
∑ t

=
D
ÅÅÅÅÅÅÅ
t

 s -
1
ÅÅÅÅÅ
t

 e ,

(5.14)
∑ s
ÅÅÅÅÅÅÅÅÅÅÅ
∑ t

= E
∑ e
ÅÅÅÅÅÅÅÅÅ
∑ t

-
1
ÅÅÅÅÅ
t

 s ,

where

t = retardation or relaxation time = hÅÅÅÅÅE ,
E = modulus of the spring,
h = viscosity of the dashpot,
D = compliance of the spring = 1ÅÅÅÅÅE .

The solution of the previous differential equations provide the time dependent response
of the Kelvin and Maxwell element for a step load as follows:

(5.15)eHtL = sH0L D I1 - e
-tÅÅÅÅÅÅt M ,

(5.16)sHtL = eH0L E e
-tÅÅÅÅÅÅt .
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In order to  produce a more realistic  time dependent material response,  Kelvin elements
are combined in series and Maxwell elements in parallel. These are referred to as a Kelvin chain,
and Maxwell ladder (Figure 5.7). 

E1 h1

E2 h2

En hn

E1

h1

E2

h2

En

hn

Figure 5.7.  Linear viscoelastic models: Kelvin chain and Maxwell ladder.

Ten  to  fifteen  connected  elements  are  adequate  to  reach  good  agreement  between  the
experimental and the predicted creep and stress relaxation curves. 

The time dependent creep of a Kelvin chain for a step load is given by

(5.17)eHtL = sH0L ‚
i=1

n 1
ÅÅÅÅÅÅÅÅ
Ei

I1 - e
-tÅÅÅÅÅÅti M ,

while the time dependent stress relaxation for a step load is given by

(5.18)sHtL = eH0L ‚
i=1

n

Ei e
-tÅÅÅÅÅÅti .

For more complex loading conditions than a step load, the partial differential  equations
(E.q. 5.13, E.q. 5.14) have to be solved numerically.
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5.3.2.3 Deriving the Stress Relaxation Curve

In order to calculate the time-dependent response of the flakes to a loading history, either
with  the integral  or  the  differential  form,  the creep  or relaxation  response of  the material  for  a
prolonged  time  period  is  necessary.  However,  the  prolonged  testing  of  the  material  is  not
feasible. Therefore, the time-temperature-moisture superposition technique was used by Wolcott
(1989)  to  experimentally  determine  the  relaxation  curves  for  a  long  time  period.  Wolcott
measured  the relaxation modulus (E(t)) of yellow-poplar (Liriodendron tulipifera) specimens in
tension at six moisture content levels (3, 6, 8, 10, 12, 16 %) in the temperature range from 39-99
°C at  3  °C intervals.  The separate curves measured at different  temperatures,  but  at  a common
moisture  content,  were  shifted  on  the  log-time  axis  to  a  reference  temperature  of  60  °C.  The
individual temperature master curves were shifted again to a reference moisture content of 3 %
to construct an overall master curve (Figure 5.8). 

Figure 5.8. Relaxation modulus E(t’) master curve plotted against reduced time 
(t’=t/a(T,M)). The master curve is shifted to a reference temperature of 60 °C  and a moisture 
content of 3%. (Wolcott 1989)
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The temperature shift factors were found to be linear functions of temperature at each moisture
content.  The  parameters  of  the  fitted  linear  equations  are  listed  in  Table  5.1.  The  moisture
content shift factors are repeated here in Table 5.2. 

Table 5.1. Parameters for the regression equations describing the temperature shift factor, log 
a(T) as a function of temperature for different moisture contents. The form of the equations are: 

log aHTL = Y0 - b T

Moisture Content H%L Temperature H°CL Y0 b
3 57 - 72 6.125 0.1024
3 72 - 99 1.647 0.0413
6 39 - 99 2.763 0.0432
8 39 - 99 5.413 0.0832

10 39 - 99 5.887 0.0933
12 39 - 90 6.547 0.1128
16 39 - 75 5.770 0.0937

Table 5.2. Moisture shift factor, log a(M).

Moisture Content H%L log a HML
3 0
6 -4
8 -4.8

10 -5.8
12 -7
16 -9.2

The  measured  temperature  and  moisture  shift  factors  were  combined,  and  a  second  order
equation was fit to the surface, as proposed by Maksimov et al. (1971, 1974, 1975, 1976):

(5.19)log aHT , M L = a + b1 ÿ T + b2 ÿ T2 + b3 ÿ M + b4 ÿ M2

where

aHT , M L = temperature and moisture shift factor,
T = temperature,
M = moisture,
a = 8.9361,
b1 = 1.027 x 10-1,
b2 = 1.361 x 10-4,
b3 = 1.1908,
b4 = 2.598 x 10-2 .
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The  "master  curve"  created  by  the  time-temperature-moisture  superposition  allows  the
prediction of the stress relaxation modulus (E(t)) of the material within 16 decades of time at the
reference  60  °C  temperature  and  3%  moisture  content  (Figure  5.8).  Furthermore,  with  the
experimentally  derived  temperature  and  moisture  shift  factors  (log  a(T,M)  Figure  5.9),  the
master  curve  can  be  shifted  to  different  temperature  and  moisture  levels  with  the  reduced
variable  principle,  as  will  be  discussed  in  the  following  section.  The  shifted  master  curve  can
predict  the  viscoelastic  properties  of  the  flakes  at  varying  internal  mat  conditions.The  fitted
temperature and moisture shift factor surface is depicted in Figure 5.9.
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Figure 5.9. The temperature and moisture content shift factor (log a(T,M)). The second 

order surface was fit to data derived by Wolcott (1989).

The measured time-dependent viscoelastic properties can be represented mathematically.
A convenient method to express E(t) and D(t) is with mechanical analogies. Creep is represented
by a Kelvin chain, and relaxation by a Maxwell ladder. Therefore, the creep compliance and the
relaxation modulus can be described with a finite exponential series form as follows:

(5.20)DHtL = ‚
i=1

n 1
ÅÅÅÅÅÅÅÅ
Ei

 I1 - e- tÅÅÅÅÅÅti M ,

(5.21)EHtL = ‚
i=1

n

Ei e- tÅÅÅÅÅÅti .

Chapter 5. Modeling the Transverse Compression of Wood-Based Composites

161



The experimentally determined relaxation modulus (E(t)) master curve (Figure 5.8) was
fit  to  a  14  element  Maxwell  ladder  (Wolcott  1989).  The  relaxation  times  HtiL  were  spaced
arbitrarily at one per decade of time. A nonlinear regression technique was used to determine the
spring moduli  HEiL  in  Eq.  5.21 from the experimental  data. The resulting retardation times HtiL,
and spring moduli HEiL are repeated here for completeness in Table 5.3. 

Table 5.3. Parameters for the Maxwell elements fit to the relaxation modulus master curve. The 
fitted master curve is shown in Figure 5.10.

Element E HPaL t HsL
#1 6.287 ÿ 107 4.742 ÿ 101

#2 8.530 ÿ 107 4.742 ÿ 102

#3 1.054 ÿ 108 4.742 ÿ 103

#4 1.280 ÿ 108 4.742 ÿ 104

#5 1.141 ÿ 108 4.742 ÿ 105

#6 5.165 ÿ 107 4.742 ÿ 106

#7 8.729 ÿ 107 4.742 ÿ 107

#8 1.244 ÿ 108 4.742 ÿ 108

#9 1.070 ÿ 108 4.742 ÿ 109

#10 1.150 ÿ 108 4.742 ÿ 1010

#11 1.052 ÿ 108 4.742 ÿ 1011

#12 1.189 ÿ 108 4.742 ÿ 1012

#13 3.160 ÿ 107 4.742 ÿ 1013

#14 2.028 ÿ 108 4.742 ÿ 1014
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Figure  5.10  shows  the  fitted  relaxation  modulus  to  the  experimentally  derived  relaxation
modulus curve (Figure 5.8) with the 14 element Maxwell model as a function of time.

10000 1. µ 106 1. µ 108 1. µ 1010

log Ht'L HsL

1

gol
EHt'LH

aP
G

L

Figure 5.10. The fitted relaxation modulus as function of reduced time (t' = t / a(T,M)). 
Both axes in logarithmic scale. (Wolcott 1989)

5.3.2.4 Method of Reduced Variables

The relaxation modulus "master curve" describes the long term response of the material
at the reference temperature (60 °C) and moisture content (3 %) (Figure 5.8). In order to derive
viscoelastic  properties  at  different  temperature  and  moisture  levels,  the  master  curve  has  to  be
shifted  on  the  time  scale  with  the  temperature  and moisture  shift  factor  (Figure  5.9).  The new
time scale is represented by the reduced time (t') which is given by the relation:

(5.22)t£ =
t

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
aHT, M L ,

where

t ' = reduced time
t = time
aHT , M L = temperature and moisture content shift factor HEq. 19L.
The creep compliance (D(t)) or relaxation modulus (E(t)) of the material can be derived

at  other  than  the  reference  temperature  and  moisture  content  conditions  by  substituting  the
reduced time in Eq. 5.20 or Eq. 5.21 respectively. Also, to determine the viscoelastic response of
a material at environmental conditions different than the reference conditions, t' is substituted for
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t  in  the  Boltzmann  Integral  (Eq.  5.9,  5.10),  or  in  the  solution  of  the  differential  equation  (Eq.
5.17,  5.18).  The reduced variable  method will  be  applied  to  account for  the time,  temperature,
and moisture dependence of the flake properties in the following compression model.

5.3.3 Nonlinear Viscoelastic Behavior of the Mat in Transverse Compression

The  loosely  formed  flake  mat  is  compressed  in  the  transverse  direction,  while  the
internal  environment  is  continuously  changing  during  the  hot-compression  process.  The  flakes
will  not  be  positioned  uniformly  on  the  area  of  the  mat.  If  the  randomly  formed  flake  mat  is
divided  into  small  cross  sectional  area  columns  it  is  apparent  that  within  each  column  the
cumulative  thickness  of  the  flakes  will  be  different  (Figure  5.11).  When  an  external  stress  is
applied  to  the  mat,  the  stress  will  be  transferred  unevenly  among  of  the  flake  columns.
Consequently, stress is not transferred through the mat uniformly. At thicker areas the stress will
be higher.

i

P

i,j column

Figure 5.11. Representation of the compression of the strand columns. No stress is 
required to compress the columns until the flakes form a continuous column (4th column). The 
stress development in each column is separately controlled by the nonlinear strain function 
from that position.
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Additionally,  two  levels  of  cellularity  can  be  identified  within  the  columns.  The  first
level  of  cellular  structure  is  the  consequence  of  the  random  flake  geometry  and  deposition
process.  Space  is  formed  within  the  mat  because  of  tilting  and  bridging  of  the  flakes.  At  the
beginning of the pressing process the space is gradually eliminated, however it does not require a
substantial pressure (Figure 5.11). As the flakes form continuous flake columns within the mat,
further  compression  starts  to  collapse  the  cellular  structure  of  the  flakes.  This  second  level  of
cellular structure has to be consolidated under high pressure to produce good quality boards. As
it  was mentioned above, the cumulative thickness of the flakes at  different horizontal positions
in the mat is different. Although the load is applied uniformly over the mat surface, it becomes
concentrated  in  only  a  small  portion  of  the  mat  area.  Therefore,  the  consolidation  of  the
continuous flake columns starts at different times during the press schedule. At the beginning of
the  pressing  process  the  compressed  area  is  small  and  the  localized  stresses  can  be  far  higher
than the applied load. As consolidation progresses, the compressed area rapidly increases and the
pressure  is  continuously  redistributed.  Consequently,  the  external  load  is  shared  by  more  and
more flake columns within the mat as the density increases. The total stress applied on the flake
mat  is  the  summation  of  the  stresses  applied  for  the  compression  of  the  individual  flake
columns. 

The compression behavior of the flake columns can be modeled with theories developed
to  predict  the  nonlinear  response  of  cellular  materials  in  transverse  compression.  Additionally,
the temperature  and moisture  are  continuously  changing within  the mat  during the press cycle.
The high temperature and moisture content plasticizes the flakes. Consequently the compression
properties  of  the  flakes  are  functions  of  time  and  space.  The  time,  temperature,  and  moisture
dependence  of  the  properties  of  the  flakes  can  be  described  with  linear  viscoelastic  models.
Wolcott  (1989)  proposed  that  the linear  viscoelastic  response of  the cell  wall  material  to  time,
temperature,  and  moisture  changes  has  to  be  separated  from  the  nonlinear  response  of  the
cellular  structure.  The  following  two  sections  summarizes  two  different  approaches  for  the
mathematical  representation  of  the  linear  viscoelastic  and  nonlinear  transverse  compression  of
the mat.

5.3.3.1 Maxwell Ladder Representation of the Compression Behavior of Flake Columns

The time-dependent response of a viscoelastic material for a complex loading history is
provided  either  by  the  numerical  evaluation  of  the  Boltzmann  Convolution  Integral  or  by  the
governing  differential  equation  of  a  finite  series  of  Kelvin  or  Maxwell  elements.  Several
problems  arise  during  the  numerical  evaluation  of  the  Boltzmann  Integral:  the  solution  time  is
long due to the small time step required for a stable solution, and the full stress or strain history
has to be stored to reach a solution. Therefore this solution technique was not considered.
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An alternative method  is  the solution  of  the  governing differential  equations of  a  finite
series  of  Maxwell  or  Kelvin  elements.  The  following  discussion  will  demonstrate  the  model
development. However, the computation time of this solution also is prohibitive.

During  hot-compression  the  movement  of  the  hot  plate  is  controlled.  Therefore,  the
strain  in  the  mat  is  known.  The  unknown  is  the  stress  relaxation  in  each  flake  column.
Consequently several  14 element Maxwell  ladders were  connected in  series to  model  the time,
temperature,  and  moisture  dependent  response  of  individual  flake  columns.  The  viscoelastic
model is depicted in Figure 5.12.

The governing differential equation of a single Maxwell element is repeated here:

(5.23)
∑ s
ÅÅÅÅÅÅÅÅÅÅÅ
∑ t

= E
∑ e
ÅÅÅÅÅÅÅÅÅ
∑ t

-
1
ÅÅÅÅÅ
t

 s .

After discretization:

(5.24)Ds = E De -
1
ÅÅÅÅÅ
t

 s Dt .

Therefore the iteration formula for a single Maxwell element is

(5.25)si, j,k,nHt + 1L = si, j,k,nHtL + En Hei, j,kHt + 1L - ei, j,kHtLL -
Dt
ÅÅÅÅÅÅÅÅ
tn

 si, j,k,nHtL .

The temperature  and the  moisture  dependence  of  the  relaxation  of  the element is  taken
into  consideration by the method  of  reduced variables.  The relaxation  time  (t)  is  reduced with
the temperature and moisture shift factor (a(T,M)) as follows:

(5.26)
si, j,k,nHt + 1L =

si, j,k,nHtL + En Hei, j,kHt + 1L - ei, j,kHtLL -
Dt

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
tn aHTi, j,k, Mi, j,kL  si, j,k,nHtL .

The  second  term  in  the  derived  iteration  formula  is  the  induced  stress  due  to  elastic
deformation,  and  the  third  term  takes  into  consideration  the  time,  temperature,  and  moisture
dependent  stress  relaxation.  The temperature  and moisture  content  were calculated at  the mesh
points. The Maxwell ladder representing the material response was positioned between the mesh
points, and therefore, the average of the temperatures and moisture contents at the two bounding
mesh  points  were  used  to  calculate  the  shift  factor.  The  principle  of  isostrain  is  valid  in  each
Maxwell element and the resulting stresses are additive in the 14 element Maxwell ladder

(5.27)si, j,k = ‚
n=1

14

si, j,k,n .
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Figure 5.12. Representation of the compression of a flake column by a series of Maxwell ladders.
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The  principle  of  isostress  would  be  valid  for  the  Maxwell  ladders  in  series.  However,
due to the cellular structure  of the material, the induced stress in each Maxwell  ladder will  be
different. The nonlinearity of the stress development in the cellular structure of the flake column
has  to  be  accounted  for  by  the  nonlinear  strain  function  y(e).  As  it  was  stated,  the  nonlinear
strain function is a simple multiplier of the linear stresses. It is only a function of the strain in the
cellular  material  and  independent  of  moisture  or  temperature.  However,  the  relaxation,  and
therefore,  the  strain  in  each  Maxwell  ladder  will  be  different,  which  is  due  to  the  different
temperature and moisture content levels with respect to the vertical position in the flake column.
The linear stress, modified with the nonlinear strain function, is equal for each Maxwell ladder,
which  in  turn  is  equal  to  the  resulting  stress  on  the  flake  column.  The  stress  induced  by  the
compression on each column is

(5.28)si, j = yHei, j,1L si, j,1 = yHei, j,2L si, j,2 =. .. = yHei, j,kL si, j,k .

A total of k independent equations are written for the Maxwell ladders in series to calculate the
strains as follows:

(5.29)yHei, j,kL si, j,k - si, j = 0 ,

where si, j,k is calculated according to Equation 5.27.

The unknowns are the strains at each of the Maxwell ladder Hei, j,kL, and the stress in the
column  Hsi, jL.  Therefore,  one  more  equation  is  needed.  It  is  known  that  the  summation  of  the
displacements  in  each  Maxwell  ladder  is  equal  to  the  displacement  of  the  press  plate,
consequently:

(5.30)‚
i=1

k

DLi, j,k = DLi, j .

Knowing the initial  length of the Maxwell ladders HLi, j,kL,  the strains in each ladder can
be calculated as follows:

(5.31)ei, j,k =
DLi, j,k
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
Li, j,k

.
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The solution of the following algebraic equation system will provide the displacements of each
Maxwell ladder  HDLi, j,kL, and the stress in each flake column Hsi, jL:

(5.32)

yHei, j,1L ÿ si, j,1 - si, j = 0 ,
yHei, j,2L ÿ si, j,2 - si, j = 0 ,

yHei, j,kL ÿ si, j,k - si, j = 0 ,‚
i=1

k

DLi, j,k = DLi, j ,

where si, j,k  is calculated according to Equations 5.27, and 5.28, and ei, j,k  according to Equation
5.31.

This  algebraic  equation  system  has  to  be  solved  simultaneously  for  each  of  the  flake
columns under compression at each time step (Dt)  to calculate the stress in the column and the
displacements  in  each  Maxwell  ladder.  The resulting algebraic  equation system (Eq.  5.32)  was
solved  by  HYBRD,  a  public  domain  nonlinear  equation  system  solver,  developed  by  Burton
(1980).  The  vertical  midplane  of  the  mat  was  discretized  to  361  mesh  points,  19  in  each
direction.  Therefore,  19  flake  columns  were  compressed  in  a  row,  and  18  Maxwell  ladders
represented the compression behavior of the flakes between the mesh points within each column.
The input parameters of HYBRD were adjusted according to the program description. The error
tolerance was set to 10-4, and the stress variable was normalized in order to reach a more stable
solution. A solution was calculated within 20 hours on a DEC Alpha workstation with specifics
of the computer given in Chapter 3. As the number of the mesh points  in the vertical direction
was  increased,  together  with  the  number  of  equations  in  the  algebraic  system,  Dt  had  to  be
reduced substantially to obtain a stable solution. The computing time increased to a level which
was  clearly  prohibitive  to  further  pursue  this  solution.  Therefore  a  simplified  computational
method was developed.

5.3.3.2 Simplified Compression Model

The second method is based on the discretization of the modified Hooke's Law in time.
The modified Hooke's Law states that the stress calculated by assuming linear behavior has to be
multiplied  by  the  nonlinear  strain  function  to  represent  the  nonlinear  response  of  a  cellular
material to an induced strain:

(5.33)s = E e yHeL
In  this  method  the  stresses  in  the  flake  columns  are  calculated  by  assuming  linear

behavior. These stresses are multiplied  by y(e)  only in the last  step of the solution to calculate
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the  nonlinear  response  of  the  material.  The  flake  columns  were  discretized  in  the  vertical
direction as depicted in Figure 5.13. 

It  was  assumed  that  the  relaxation  modulus  of  the  material  (E(t))  between  two  mesh  points  is
calculated  according  to  Eq.  5.21.  The  reduced  time  principle  was  used  to  calculate  the  time,
temperature,  and  moisture  dependence  of  the  relaxation  modulus  using  the  fitted  shift  factor
equation (Eq.5.19).

The  linear  Hooke's  Law was  considered  to  describe  the  linear  response of  the  material
between two mesh points. The Hooke's Law was discretized in time using a backward scheme as
follows:

(5.34)
∑ si, j
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

∑ t
=

∑
ÅÅÅÅÅÅÅÅ
∑ t

 HEi, j,k ÿ ei, j,kL =
∑Ei, j,k
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

∑ t
 ei, j,k + Ei, j,k  

∑ ei, j,k
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

∑ t

(5.35)Dsi, jHtL = DEi, j,k ÿ ei, j,kHt - 1L + Ei, j,kHt - 1L Dei, j,k

where

DEi, j,k = Ei, j,kHtL - Ei, j,kHt - 1L,
Dei, j,k = ei, j,kHtL - ei, j,kHt - 1L.

Substituting into Eq. 5.35:

(5.36)
Dsi, jHtL =HEi, j,kHtL - Ei, j,kHt - 1L L ÿ ei, j,kHt - 1L + Ei, j,kHt - 1L ÿ Hei, j,kHtL - ei, j,kHt - 1LL.

Collecting terms:

(5.37)Dsi, jHtL = Ei, j,k HtL ÿ ei, j,kHt - 1L + Ei, j,kHt - 1L ÿ ei, j,kHtL - 2 ÿ Ei, j,kHt - 1L ÿ ei, j,kHt - 1L.
The definition of strain is:

(5.38)ei, j,kHtL =
DLi, j,kHtL

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
Li, j,kHt - 1L ,

and substituting into Eq. 5.37, and solving for DLi, j,k gives:

(5.39)
DLi, j,kHtL =HDsi, jHtL - Ei, j,kHtL ÿ ei, j,kHt - 1L + 2 ÿ Ei, j,kHt - 1L ÿ ei, j,kHt - 1LL ÿ Li, j,kHt - 1L

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
Ei, j,kHt - 1L .

This  equation  provides the displacements between the vertical  mesh points  within  each
flake column. All  the values at the previous time step (t-1) are known. The relaxation modulusHEi, j,kHtLL  was  calculated  from  Equation  5.21,  and  the  time,  temperature,  and  moisture
dependence of the modulus was accounted for using the reduced time principle. 
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Figure 5.13. Representation of the compression of a flake column by a series of springs. The relaxation modulus of the 
springs is time temperature and moisture dependent .
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The change in the stress on the flake column (Dsi, jHtL) is determined by recognizing that the sum
of the displacements between the mesh points is equal to the displacement of the press platen:

(5.40)

‚
k

DLi, j,kHtL =

„
k

HDsi, jHtL - Ei, j,kHtL ÿ ei, j,kHt - 1L + 2 ÿ Ei, j,kHt - 1L ÿ ei, j,kHt - 1LL ÿ Li, j,kHt - 1L
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

Ei, j,kHt - 1L
= DLi, jHtL

Collecting terms:

(5.41)

DLi, jHtL =„
k

Li, j,kHt - 1L
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
Ei, j,kHt - 1L Dsi, jHtL - „

k

ikjjj Ei, j,kHtL
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
Ei, j,kHt - 1L - 2y{zzz Hei, j,kHt - 1L ÿ Li, j,kHt - 1LL ,

and solving for Dsi, j gives:

(5.42)Dsi, jHtL =
ikjjjjjjj DLi, jHtL + ‚

k
I Ei, j,kHtLÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅEi, j,kHt-1L - 2M Hei, j,kHt - 1L ÿ Li, j,kHt - 1LL

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ‚
k

Li, j,kHt-1LÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅEi, j,kHt-1L
y{zzzzzzz

Eq. 5.42 gives the change in stress in each flake column assuming linear behavior. The
change in stress has to be multiplied by the nonlinear strain function yHei, jL to calculate the stress
change in the flake column due to the nonlinear response of the cellular structure.

Calculating the change in length according to Eq. 5.39 the final length between two mesh point
becomes:

(5.43)Li, j,kHtL = Li, j,kHt - 1L - DLi, j,kHtL.
The volume of the flake column between the mesh points is calculated as follows:

(5.44)Vi, j,k = Lx ÿ Ly ÿ Li, j,kHtL.
where

Lx = width of the flake column,
Ly = depth of the flake column.
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The mass of the flakes in the flake column was provided by the mat formation model. It
was  assumed  that  the  mass  of  the  flakes  is  uniformly  distributed  between  the  mesh  points.
Knowing the mass of the flakes between the mesh points, the density was calculated as follows:

(5.45)ri, j,k =
Wi, j,k
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ
Vi, j,k

.

This  method did  not  require the solution  of a  system of  equations, and therefore,  a fast
solution  is  achieved.  The  density  distribution  of  the  columns  was  calculated  after  each  user-
defined time step to  calculate internal  mat  conditions.   The effect  of  the change of  the internal
mat conditions on the relaxation modulus was considered only after each user-defined time step,
which  further  reduced  the  computational  effort.  The  relaxation  modulus  HEi, j,kHtLL  was
recalculated as the function of time, temperature, and moisture. Eq. 5.42 and Eq. 5.39 were used
to calculate the displacement of the mesh points, and Eq. 5.45 to assess the new vertical density
distribution. This solution technique provided a result  within 2 hours. The following case study
provides the results of a typical simulation run.
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5.4 Results of a Simulation Run

The  previously  described  model  is  able  to  predict  the  evolution  of  the  vertical  density
profile  in  each  imaginary  flake  column within  the  structure  of  the  mat.  The  flake  columns  are
compressed  at  different  times  during  the  press  schedule.  Due  to  the  varying  thickness  of  the
columns,  the density profile  forms independently in each column. Hence, the density profile  of
the mat is calculated as the average of the density profiles of the individual flake columns. The
model performed well under several simulated compression operations. The basic capabilities of
the simulation will be demonstrated under the pressing conditions given in Table 3.1. It has the
advantage that the transient temperature and moisture content of the mat during the compression
process is readily available, and the influence of temperature and moisture on the density profile
formation can be followed. The additional input parameters of the transverse compression model
are  given  in  Table  5.4.  The density  profiles  predicted  by the  model  are  compared  to  measured
density profiles for various pressing conditions in Chapter 6.

Table 5.4. The compression parameters used in the simulation.

Name Symbol Value
Relative density of the flakes* rr 0.31
Yield strain ey 0.015
Expansion Ratio m 0.05

* rr = r fÅÅÅÅÅÅÅÅÅrcw

Figure  5.14  shows  the  development  of  the  density  profile  of  the  mat  as  a  function  of
pressing time and vertical position, where the vertical position refers to mesh points. Figure 5.15
shows the average vertical density profile at distinct times during the press cycle as a function of
vertical position. It is apparent from Figure 5.14 that the density profile formation occurs during
the  consolidation,  and  also  after  the  press  has  reached  final  position  due  to  the  effect  of  the
migrating heat and moisture on the compressibility of the flakes. Notice, that the density profile
has the typical M shape at  the end of  the compression process, which is  generally observed by
experiment. This profile is clearly the consequence of the effect of the internal mat conditions on
the  viscoelastic  properties  of  the  flakes.  Wang  et  al.  (2000)  recommended  a  methodology  to
subdivide  the  density  profile  formation  into  two periods  and five  stages in  order  to  investigate
the  transient  moisture  and  temperature  effects.  Figure  5.16  depicts  the  suggested  periods  and
stages.  The  consolidation  period  corresponds  to  the  press  closing  period,  while  the  adjusting
period lasts from the time the press closed to the target thickness till the termination of the press
cycle.
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Figure 5.14. The evolution of the average vertical density profile with time. The target 
mat thickness was 19 mm, and the press time was 480 s.

5 10 15
Vertical Position

400

450

500

550

600

650

700

r
Hgkêm3 L

480 s

200 s

100 s

40 s

20 s
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formation. 
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Figure 5.16. The five stages of vertical density profile formation during hot-
pressing.(T1 & T2 in-situ thickness of mat being pressed, T3 target thickness of panel, T4 
actual thickness of the panel after venting. T1>T2>T3, T4>T3). Stage I: Uniform compression 
stage. Stage II: Nonuniform compression. Stage III: Surface layer consolidation. Stage IV: 
Core layer consolidation.. Stage V: Springback. (Wang, S. 2000b)

The  first  stage  of  the  consolidation  period  is  represented  by  the  uniform  increase  in
density  through the  thickness  of  the  material.  The  uniform density  increase  is  the  result  of  the
elimination of the voids between the flakes. The migration of heat and moisture within the mat is
just initiated, therefore their influence on the density profile formation is negligible. The density
profile is flat, as is clearly the case in Figure 5.15 at 20 s in the press cycle.

During the second stage of the consolidation period the quickly rising temperature close
to the hot platens plasticizes the material. Flakes closer to the surface are consolidated more than
those  closer  to  the  center  of  the  mat,  resulting  in  a  nonuniform  consolidation  until  the  press
reaches  the  target  thickness.  At  the  end  of  the  press  closing  period  (40  s),  the  density  profile
shows a typical U shape, which is formed by the quickly increasing  temperature close to the hot
platens (Figure 5.15).

The  adjusting  period is  represented  by vigorous  temperature  and  moisture  migration in
the mat. The formation of the density profile continues during the remainder of the press cycle.
During the third stage of the density profile formation, the moisture continuously moves towards

Chapter 5. Modeling the Transverse Compression of Wood-Based Composites

176



the  center  of  the  mat  resulting  in  completely  dry  face  layers.  The  surface  temperature  is
approaching  the  platen  temperature,  forming  the  largest  vertical  temperature  gradient.  The
increasing  temperature  and  decreasing  moisture  at  the  face  layer  have  opposing  effect  on  the
compressibility  of  the  flakes.  Therefore  the  largest  consolidation  of  the  mat  will  not  be  at  the
surface, but at  some distance from the surface towards the center of the board as is  depicted in
Figure 5.15 at 100 s in the press cycle.

The  fourth  stage  of  the  density  profile  formation  can  be  explained  mainly  by  moisture
effects.  The  temperature  gradient  will  not  change  substantially  in  the  vertical  direction.
However,  the  moisture  content  of  the  core  layer  increases  continuously  forming  the  largest
vertical moisture gradient in the mat during this period. The moisture will plasticize the flakes at
the core,  and consequently an  increase in  core density can be observed in  Figure 5.15 at  200 s
and  480 s   in  the  press  cycle.  Also  the  highest  density  peak moves  slightly  towards  the center
during  the  press  cycle,  which  is  the  manifestation  of  the  plasticization  effect  of  the  vertically
migrating moisture. The predicted density profile at the beginning of the venting period (480 s)
shows  the  typical  M  shape  measured  by  experiment.  Note,  that  the  moisture  effect  on  the
compressibility of the flakes is smaller than the temperature effect. Therefore, the density peak is
formed closer to the high temperature face of the board than the high moisture content center.

The  fifth  period  is  the  venting  stage  in  the  press  schedule,  when  the  press  opens  up
slowly. The mat springs back because the stresses induced by the compression are released. The
springback is not uniform throughout the mat thickness. The bond strength of the adhesive has to
withstand the sudden increase in thickness, otherwise a panel blow occurs. The prediction of the
spring back phenomena requires further improvement of the model.

5.5 Conclusions

A  combined  nonlinear  viscoelastic  compression  model  for  the  simulation  of  the
consolidation of a wood-based composite  mat was presented. The vertical midplane of the mat
was  subdivided  into  continuous  flake  columns  of  varying  thicknesses.  The compression  of  the
imaginary  columns  commence  at  different  times  during  the  press  closure,  and  the  vertical
density  of  the  mat  was  considered  as  the  average  of  the  varying  density  of  the  flake  columns.
The time, temperature, and moisture effects on the compressibility of the columns were included
in the model through the viscoelastic theory of polymers, and the nonlinear behavior of the mat
during  consolidation  through  compression  theories  developed  for  man-made cellular  materials.
The model can predict  the development of the vertical density profile among different pressing
conditions.  A  simulation  run  demonstrated  the  capability  of  the  model  to  predict  the  typical
stages of the density profile formation observed during experiments.
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Nomenclature

D HtL = Creep Compliance H1 ê PaL
E HtL = Relaxation Modulus HPaL
E = Young' s Modulus HPaL
Ecw = Young' s Modulus of the cell wall HPaL
Ei = modulus of the spring HPaL
L = dimension of column HmL
M = moisture H%L
T = temperature HKL
Tg = glass transition temperature H°CL
a HT , M L = temperature and moisture shift factor
i = x direction
j = y direction
k = z direction
t ' = reduced time HsL
t = time HsL
e = strain
ey = yield strain of the cell wall H0.015 for woodL
hi = viscosity of the dashpot Hkg ê m ê sL
m = expansion ratio
rr = relative density
rr HeL = relative density function
s = stress HPaL
t = retardation or relaxation time HsL
y HeL = nonlinear strain function
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