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Abstract 
 
The objectives of this study were to characterize OSB panel permeability in comparison with plywood 
and low density fiberboard; to determine the effect of panel characteristics on the speed of moisture 
movement through the thickness of the OSB panels; to create a finite element model of the permeability 
of OSB; to suggest improvements of the OSB panel structure in function of permeability. 
 
The introduction of current report presents extracts of the theory of moisture transfer in wood materials 
and introduces the concept of water potential and the instantaneous profile method as adapted to OSB to 
be used for the determination of the diffusion coefficient (D).  
 
The experimental part is divided into three stages. In the first stage the permeance of the OSB panels, 
plywood and low density fiberboard is compared according to the dry cup method. The experiments 
showed that the low-density fiberboard panels’ permeance is more than twice as high as compared with 
the permeance of the OSB panel; the Western Red Cedar has an approximately equal permeance with the 
OSB panel, which is in turn higher as compared with the permeance of the Aspen plywood. The Aspen 
plywood produced with parallel plies shows approximately 30 % higher permeance as compared to the 
regular plywood.  
 
In the second stage, the effects of density, strand geometry and orientation level, panel density and 
moisture content on the permeance and on the diffusion coefficient are determined. The experiment is 
organized based on an experimental design. For the permeability (permeance and diffusion coefficient), 
the lower the strand thickness, the lower the permeability; the lower the level of strand orientation, the 
higher the permeability; the larger the strand width and length (surface area), the lower the permeability, 
the higher the permeability.  
 
During the third stage, the dynamics of moisture movement in the panel is modeled with a finite element 
model based on an unsteady-state moisture transfer equation and the results from simulations are 
compared to experimental results in order to validate the model.  Ten cases of adsorption and two cases of 
desorption are considered. Seven of the cases are duplicated with experimental results to serve for 
validation of the model. The closeness of the experimental and simulation results allow concluding the 
validity of the finite element model, which can be used to optimize the OSB panel structure by selecting 
practical layer characteristics leading to desired moisture permeability. 
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1 Objectives 
 

1) Characterize OSB panel permeability in comparison with plywood and low density fiberboard; 
2) Determine the effect of panel characteristics on the speed of moisture movement through the 

thickness of the OSB panels; 
3) Create a finite element model of the permeability of OSB; 
4) Propose improvements of the OSB panel structure in function of permeability. 

 
 
2 Introduction 
 
2.1 Significance of the permeability in OSB  
 
Oriented Strand Boards (OSB) have been used in external applications, in which they are expected to 
sustain their physical and mechanical properties for very long periods of time. Furthermore, in the 
construction, the siding or roofing is fixed with one side practically sealed and the other side exposed to 
the ambient moisture.  As a result, a moisture gradient through panel thickness is created when the panel 
is exposed to changes in the ambient RH.  The OSB panels are expected not to be destroyed by mould or 
fungi, but to act in concert with the other elements of the wall structure to allow for a thermal isolation 
and for a humidity evacuation in a most efficient way. Therefore, one property which has been given a lot 
of attention lately is the permeability of the panels.  
 
The permeability of the materials installed on exterior walls is of capital importance to achieve a long-
term structural integrity and to assure a healthy indoor environment. Moisture-related problems now cost 
housing contractors in the United States of America some $ 9 billion a year (Derus 2003). The primary 
durability hazard with OSB is biodeterioration. The wood strands are a potential food source for a variety 
of fungi, which have the ability to break down the complex polymers that make up the wood structure. 
The wood-inhabiting fungi can be separated into moulds, stainers, soft-rot fungi and wood decay fungi 
(Canadian Wood Council 2000). Mould and decay do not necessarily occur together, nor are they 
indicators of each other. While mould does not significantly damage the wood, some types of moulds 
have been associated with human health problems, which have not yet been fully understood. The stainers 
discolour wood. Decay fungi are not associated with any human health problems. The soft-rot fungi and 
the wood decay fungi can cause strength loss of the wood structure, decay fungi being usually responsible 
for the deterioration problems in the buildings. Wood decay fungi require wood as their food source, an 
equable temperature, oxygen and water. Water is normally the only one of these factors that can be easily 
managed. It is easier to control decay fungi before decay has started since these pre-conditions can inhibit 
growth rates at the start.  
 
There have been many research projects relating to rot and structural deterioration of building structures 
with some major ones still under way. According to a recent study (Hazleden and Morris, 1999) in the 
event that moisture penetrates or circumvents the cladding and the moisture barrier (this includes also the 
initial construction moisture) walls should be designed to dry to the outside.  Systems of wall construction 
used in recent years may not provide adequate drying rates in specific climate zones of Canada (e.g. 
Vancouver B.C.) even if the evacuation of water can be minimized by proper construction. Once a piece 
of wood is infected with the spores of decay fungi, decay advances at a rate dependent on the temperature 
and moisture levels in the wood. In order to retard fungal growth moisture levels must be reduced 
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relatively quickly.   Based on (Hazleden and Morris. 1999) if the moisture level stays in the +30 % range, 
decay fungi may develop in as little as 3 months. 
 
In 1995, Canada Mortgage and Housing Corporation (CMHC) set up the Building Envelope Research 
Consortium (BERC) to research technical solutions to the decay and drying problems.  A field survey 
(Morrison Hershfield, 1996) confirmed that the major problem was rain penetration rather than 
construction moisture or air leakage leading to condensation. A 1998 best practice guide (Hazleden and 
Morris, 1999) indicates that walls require four features for effective moisture management: deflection, 
drainage, drying and durability. Another study (Hazleden and Morris, 2002) evaluated the improvement 
of the effective permeance of walls by creating one or two holes 75 mm diameter in the sheathing (known 
as vapour diffusion ports) at the top and the bottom of the stud spaces. It was observed that these holes 
sped up the wall drying by allowing vapour in the stud space to contact the sheathing protection 
membrane directly.  
 
The problems of decay have been the focus of attention also to the US government and various US 
organizations. The National Building Code (NBC A-9.25.1.2.) for example is stipulating that: "...If the 
material (low permeance) is located where the temperature is below the dew point of the interior air, the 
water vapour will condense and accumulate as water or ice. This reduces the humidity level and 
encourages the movement of more water vapour into the assembly. If this temperature remains below the 
dew point for any length of time, significant moisture could accumulate. When warmer weather returns, 
the presence of a material with low water vapour permeance can retard drying of the accumulated 
moisture. Moisture, which remains into warmer weather, can support the growth of decay organisms.” 
The same source, section A-9.25.3.1.(1) "...air leakage must be controlled to a level where an occurrence 
of condensation will be sufficiently rare, or the quantities accumulated sufficiently small, and drying 
sufficiently rapid, to avoid material deterioration and the growth of mould and fungi."  
 
2.2 Definitions 
 
The migration of moisture into and through building assemblies generally takes place by any of four 
moisture transport mechanisms: liquid flow, capillarity, convection or diffusion. Liquid flow and 
capillarity into the building envelope occur primarily with exterior source moisture such as rainwater and 
groundwater, whereas movement of moisture into the building envelope by diffusion or air movement can 
occur with interior or exterior source moisture. Liquid flow is the movement of water under the influence 
of a driving force (such as gravity or suction caused by air pressure differences). Capillarity is the 
movement of liquid water in porous materials resulting from surface tension forces. Capillarity, or 
capillary suction, can also occur in the small space created between two materials. Air movement refers to 
the movement of water vapour resulting from air flow through spaces and materials. Diffusion is the 
movement of water vapour resulting from a vapour pressure difference. 
 
Of the four transport mechanisms, liquid flow and capillarity are the most significant. Thus, it is not 
surprising that rain penetration and groundwater control have been the primary focus of builders and 
designers for generations. Air movement and vapour diffusion are important, though less significant and 
obvious contributors to moisture problems. 
 
Moisture sources in and around buildings are abundant. Interior moisture sources include building 
occupants and their activities. Some studies have concluded that a family of four can generate 10 gallons 
of water vapour per day (Canadian Wood Council 2000). 
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Exterior moisture sources include precipitation, irrigation systems and groundwater. Water vapour is 
also present in the exterior environment and may significantly affect the building envelope in some 
climates.  
 
An additional source of moisture is often called construction moisture. This is water contained in 
concrete, grout, wood and other building materials during the time of construction. This amount of 
moisture can be substantial and allowance must be made for drying before or after the building envelope 
is enclosed.  
 
Rainwater, especially wind driven, is the moisture source that impacts the performance of the envelope 
most 
 
Reverse Vapour Drive is the process, which occurs when water vapour is driven into a wall from the 
outside. An example of this is when stucco is wet from an overnight rainstorm and is then warmed by the 
sun during the following day. The warm moist stucco will create a high vapour pressure at its surface, 
which will liberate vapour from both its outer face and its inner face. The vapour leaving the inner face 
will condense on colder surfaces inside the wall. It will condense on the outer face of the sheathing 
membrane firstly, and then proceed further into the wall and condense on the OSB sheathing. 
 
The amount of moisture which condenses on the wood sheathing will depend upon the permeance of the 
sheathing membrane. Membranes, which are too permeable, will allow easy penetration of the vapour to 
the wood surface, thus permitting condensation on the wood to occur. 
 
Water vapour permeance is the rate of water vapour diffusion through a sheet of any thickness of material 
(or assembly between parallel surfaces). It is the ratio of water vapour flow to the differences of the 
vapour pressures on the opposite surfaces. Permeance is measured in perms (ng/Pa.s.m2). Lower perm 
numbers show greater resistance to moisture transmission. In metric units (SI), a perm is equal to the 
transfer of 1 nanogram of water per square metre of material per second under a pressure difference of 1 
Pascal. In imperial units, a perm is equal to the transfer of 1 grain (0.002285 oz.) of water per square foot 
of material per hour under a pressure difference of 1 inch of mercury.  
 
Materials which have a sufficient resistance to the flow of water vapour can be used as vapour diffusion 
retarders (VDR's). VDR's are rated in terms of their permeance. The lower the rating of a material, the 
more effectively it will retard diffusion.  
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Table 2.2.1 Comparative permeance values found in the literature.  
 

 VAPOR PERMEANCE 

Material Metric 
(ng/Pa.m²s) 

Imperial 
(grain/ft²hr (in.Hg)) 

Common Vapour Diffusion Retarders 

0.03 mm (1 mil) aluminium foil 0.0 0.00  

0.15 mm (6 mil) polyethylene  3.4 0.06 

0.05 mm (2 mil) polyethylene 9.1 0.16 

Paint 

2 coats asphalt paint on plywood 23 0.40 

2 coats aluminium paint 17-29 0.30-0.50 

1 coat latex VDR paint 26 0.45 

Insulation 

25 mm (1 in.) extruded polystyrene 23-92 0.40-1.60 

25 mm (1 in.) polyurethane 69 1.20 

Other Materials 

100 mm (4 in.) glazed tile masonry 6-9 0.10-0.16 

19 mm (3/4 in.) board (wood) 17-232 0.30-4.03 

6.4 mm (1/4 in.) CDX plywood 40 0.70 

100 mm (4 in.) brick 46 0.80 

200 mm (8 in.) concrete block 137 2.38 

3 mm (1/8 in.) hardboard (standard) 630 10.96 

12.7 mm (1/2 in.) insulating board 1150-2875 20.00-50.00 

 
 CONVERSION: perm (permeance) = 57.45 ng/ (s.m².Pa) 
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Permeability is the measure of the ease with which water vapour passes through a unit thickness of a 
material.  The ASTM E96 “dry cup” test method is traditionally used for obtaining fundamental 
properties of membranes. Generally speaking the cup tests provide valuable information about the 
constant speed of moisture transfer though of sheath material, however they do not specify the MC 
distribution through the panel thickness. Therefore, they are not very useful for modelling purposes of the 
structure of the panel. The following Table 2.2.1 gives literature data about specific materials used in the 
construction. 
 
The equilibrium moisture contents (EMC) corresponding to a specific RH can be determined when the 
“sorption isotherms” for the specific hygroscopic material are available. The sorption isotherm is the 
expression of equilibrium of the bound water with the relative humidity of the air.  As the relative 
humidity of the air changes, wood and its derivatives gain or lose water. The methodology necessary to 
determine sorption isotherms is well established (e.g. Wu and Suchsland, 1996). It is usually built by 
determining the EMC of samples exposed to various levels of RH, maintained in conditioning chambers 
or in desiccators over saturated salt solutions. The specimens are periodically weighed until equilibrium is 
reached. The EMC is determined by the gravimetric method. 
 
2.3 Theory related to the moisture transfer 
 
Most of the traditional studies use sorption isotherm as a tool for characterization of moisture diffusion in 
a wood composite panel. This is not adequate, since it does not provide any indication on the dynamics of 
water movement. A more sophisticated method determines the rate of water vapour flow through a unit 
area of flat material (‘cup test”, standardized in ASTM E 96-94). The result from such a test (permeance 
in g.Pa-1.s-1.m-2), however, also do not allow for conclusions on the moisture content profile inside the 
material at different points in time. Therefore this method can not provide indications on the effect of MC 
or of the density profile on moisture distribution; therefore it is not a convenient tool for analyzing the 
potential effect of the panel layers on the overall panel permeability. When transient moisture distribution 
has to be predicted, a characteristic called the diffusion coefficient of the material needs to be determined. 
 
A methodology for determining the effective water conductivity in solid wood has been developed in 
Université Laval (Fortin, 1979).  The movement of moisture in wood and wood composites during drying 
or wetting is described by diffusion-type equations. The driving force is regarded either as the gradient in 
chemical potential or the gradient in water potential. The water potential concept can be applied to both 
bound and free water provided that the moisture content – water potential relationship (M- ψ) is known.  
The case with bound water concerns composite panels like OSB when considering the phenomenon 
permeability.  
 
The water potential ψ (Pa) is derivates from the classical thermodynamic. The complete description of the 
water potential concept is given in a publication of Fortin (1979). With this theory the following final 
expressions are obtained for one-dimensional isothermal moisture movement: 
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Where:  Kx (M, T) = effective water conductivity function across the thickness, x. 

D (C, T) = moisture diffusion coefficient (m²/s); 

C = moisture concentration (kg/m³). 

 

Equation (2.2.2) allows working with D instead of K. 

These equations limit the phenomenon consideration to the isothermal case. In non-isothermal conditions, 
an equation should be added for energy transport and the effect of the temperature gradient on moisture 
movement.   
 
According to the literature for other wood composites (e.g. Ganev 2003) the diffusion coefficient (D) 
depends among other panel characteristics on density, wood element (strand) geometry, orientation and 
panel moisture content (MC). In a typical OSB panel structure the high density zones of the density 
profile typically coincide with the layers of oriented strands (surface layers) of the panel, although this 
may not always be the rule.  Being very positive for the mechanical performance, some three-layer 
structures may not be at their optimum regarding the permeability of the panels due to the MC-profile (Xu 
et al., 1996), which is created, and especially due to the vapour barrier effect, which the surface layers 
may play. The above effects of the tree-layer structure and of strand geometry and orientation on the 
dynamics of OSB permeability have not been systematically studied.  The phenomenon of moisture 
movement can be described by partial differential equations which could be solved by transformation into 
systems of algebraic equations. The algebraic equations are solved by numerical methods. The principal 
stages of such a modeling of a physical system called the Finite Element Method (FEM) are presented in 
Figure 2.2.1.  
 
The finite element simulations, based on the equations for mass transfer, use inputs generated from the 
experiments for physical and mechanical characteristics of the panel layers to predict the MC distribution 
and dynamics. An error in the simulation can originate from the selected equations, the level of 
refinement of the FE discretization or the input values. Experimental results should ensure confidence in 
the input values.  The most reliable and direct method for validating the model would be to generate and 
measure the MC-profile of laboratory-produced OSB panels with controlled characteristics.  
 
An example of the MC movement dynamics simulated with the FEM is given in figure 2.2.2. 



Controlling Moisture Permeability of OSB  
 
 
 
 

 
 

7 of 42 
 

    

 

Equations
Formulation

Equations
Transformation

Numerical
Solution

Physical System

Law of Physics

Partial Differential Equations

Approximate
Solution

System of Algebraic Equations

Numerical Solution
of the System

Approximation of the unknown
functions by finite elements and
matrix organization

Discretisation by finite element

  

Discretization by the finite element 

 
 

Figure 2.2.1 Schematic drawing of the principal stages of modeling by the finite element 
method. (Adapted from Dhatt and Touzot, 1981.) 
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Figure 2.2.2 Illustration of results obtained with FEM: Moisture content profile across 
panel thickness (10.5 mm) after 3.5 h, 52 h and 240 h of moisture adsorption 
from the exposed (bottom) surface 

The different shades of grey represent different levels of MC (%). 
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Louis Gravel senior technologist 
Marie-Claude Giguère technologist 
 
 
4 Material and Methods 
 
All measures were made in general agreement with the specified standards and protocols. The precision 
levels were in accordance with the technical requirements. 
 
4.1 Experimental design 
 
This study benefits from a previous research on the controlling the warping of OSB panels (Ganev 2004). 
The sorption isotherms and the diffusion coefficients of OSB panels at three levels of density without 
density profiles and with random strands were readily available for the current study. The finite element 
model also has been developed in previous research projects, but has not been validated for MC 
distributions through thickness. 
 
This study was structured into three stages: 
 
In the first stage the permeance of random OSB, plywood and low density fiberboard (LDF, isolation 
board) were compared.  
 
In the second stage the effect of the following factors on OSB permeability (both permeance and diffusion 
coefficient) were studied: strand thickness between 0.4 and 0.9 mm (0.016 to 0.035 “); strand width 
between 15 and 35 mm (0.59 to 1.37 “); strand length between 70 and 150 mm (2.7 to 5.9 “); strand 
orientation with respect to the panel axis, between 40 and 80 %. To determine the number of panels 
necessary for the analysis a central composite experimental plan was prepared by means of the software 
"Design Expert". According to the experimental design, Figure 4.1.1, 21 panels with various density 
profiles, strand geometry and orientation needed to be produced.  
 
In addition to this experiment, the effect of OSB panel density was studied based on trials with panels at 
three density levels without density profiles, all other characteristics corresponding to the central points of 
the above central composite experimental plan.  
 
During the third stage various OSB structures were simulated with the FEM and the model was validated 
with panels with three-layer structure and density profiles. 
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4.2 Material 
 
For the comparison of OSB with plywood and LDF, OSB and plywood panels with thickness of 10.5 mm 
(3/8”) were produced. A commercial liquid PF resin both for the OSB panels and for the plywood was 
provided by Borden Canada.  
 
The wood raw material for the OSB panels were industrial commercial Aspen strands with dimensions 
100 mm (4.3”) x 25 mm (4.3”) x 0.9 mm (0.035”).  The strands were blended with the adhesive and then 
laid into one-layer or three-layer mats. The pressing was done in a Dieffenbacher laboratory hot press 
controlled by a PressMAN control system, which allows continuous monitoring of the gas pressure, mat 
pressure, mat thickness and core temperature.  The panels were edge-trimmed to discard the low-density 
area next to the edges.  
 
The plywood panels were made from industrially produced Aspen and Western Red Cedar veneer with 
thickness 1 mm. Half of the panels were made from incised veneer. Three panels from Aspen veneer were 
made with the plies laid parallel to each other instead of a cross-lamination as it is the usual plywood 
technology.  
 
Since the production of low density fiberboard requires a specific technology, which is not available at 
Forintek, reference LDF panels were obtained by a member-company. 
 
Based on the experimental design, for the main trial a total of 31 laboratory OSB panels were produced 
(Figure 4.2.1). The random forming was accomplished by hand-laying of the strands. For this stage of the 
study, the aspen strands were produced at the Forintek Eastern Laboratory. No specific technical device 
was used to assure comparable randomness between panels. The strands for the random panels were with 
dimensions: Length 110 mm (4.5”) Width 25 mm (1”); Thickness 0.65 mm (0.025”). For the oriented 
panels, the strand orientation was achieved by dropping the strands through a mesh with adjustable 
parallel plates. A software developed in Forintek (Vancouver laboratory) with a camera was used to 
compare with approximation the levels of orientation in the oriented panels. Examples of photographs of 
the mats are given in Figures 4.2.2, 4.2.3 and 4.2.4. In the one-layer panels the strands had constant 
orientation through the entire thickness. The panels with density profiles and with different alignment in 
the two surface layers were produced with random strands in the core layer. For the panels with flat 
density profiles, press closing without application of heat was used. After the target thickness was 
reached, the temperature of the platens was raised to achieve the required temperature in the centre of the 
panels. Panel dimensions after trimming were 838 mm x 838 mm x 10.5 mm (33 in x 33 in x 7/16 in).  
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Figure 4.2.1 Plan of the panel preparation 
* The random forming was achieved without a specific device 
 

 
 
Figure 4.2.2 Photograph of the mat for factor combination # 2 of the model design 
The darkened space corresponds to the sampling for orientation measurement. 
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Figure 4.2.3  Photograph of the mat for factor combination # 5 of the model design 
The darkened space corresponds to the sampling for orientation measurement. 
 

 
 
Figure 4.2.4 Photograph of the mat for factor combination # 16 of the model design 
The darkened space corresponds to the sampling for orientation measurement. 
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4.3 Methods 
 
4.3.1 Testing the permeability and the diffusion coefficient of the 
Panels 
 
Permeance was determined according to the ASTM E 96 “dry cup” test method. The assemblies (cup with 
specimen) were exposed to 80 % RH.  The weight gain by the assembly was used to measure the water 
vapour flow through the material.  
 
Equilibrium moisture contents (EMC) at 50 % RH and at 80 % RH were generated during the study on 
the warping of OSB (Ganev, 2004). They were obtained using the equilibrium moisture contents of the 
corresponding specimens (specimen dimensions: 50 mm x 50 mm x 10.5 mm) after exposure to 50 % and 
80 % RH levels at 20 °C. 
 
For determination of the diffusion coefficient, the methodology developed at Université Laval for solid 
wood ((instantaneous profile method, e.g. Cloutier and Fortin, 1993) and already applied for MDF and 
particleboard (Ganev and Cloutier, 2002) was used.  A schematic drawing of the method is given in 
Figure 4.3.1.1.  Only one surface of the specimen (specimen dimensions: 100 mm x 20 mm x 10.8 mm) is 
exposed to the ambient air. When a change in mass of the specimens of about 2 % is observed, the 
specimens are sliced into six layers with a band saw and the moisture content of each layer is determined 
by the gravimetric method. The procedure is repeated with other specimens until the masses of the control 
specimens remain constant. Profiles of moisture concentration (C) are obtained by the multiplication of 
the MC-value and the density level at a given position. The integral I of the function defined by the C-
profile at tj and the planes xi and xq=0 (Figure 4a) is determined by the method of rectangles. The term 
[ ]

jtxi
tI ∂∂

is determined by plotting I against t and calculating the slope at tj by 
differentiation of the regression equation (Figure 4b).  The diffusion coefficient represents the ratio of 
[ ]

jtxi
tI ∂∂

and 
[ ]

jtxi
x∂∂C

 (Cloutier and Fortin, 1993).  

  
  (a)       (b) 
 
Figure 4.3.1.1 Determination of the diffusion coefficient (D) 
(a) obtaining the “C”-profiles, the integral “I” and the slope ∂C/∂x; (b) obtaining the slope ∂I/∂t 
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The specific diffusion coefficients at desorption (drying) have not been determined at this study. They are 
expected to slightly differ from the diffusion coefficients at adsorption. In fact, for completeness of the 
study also the diffusion coefficients at exposure with liquid water would need to be determined. Still, the 
results obtained at adsorption should give a reasonable orientation on the effect of the key-factors on the 
permeability (diffusion coefficient) of the OSB panels. 
 
4.3.2 Finite Element Modeling of moisture permeability of OSB 
 
The finite element (FE) mesh uses a total of 245 hexahedral 8-node elements. The FE “solid” is divided 
into 2 surface layers (each with a thickness of 2.5 mm) and one core layer (with a thickness of 5.5 mm). 
Each layer can be assigned a different density level, strand geometry and alignment level with 
corresponding D. This allows for flexibility in designing various density profiles and attributing various 
diffusion coefficients through the panel thickness.  
 
The following initial and boundary conditions were used for Eq. (4.3.2.1): 
 
Initial condition              MC (x1, x2, x3, t0) = MC0     ∀ (x1, x2, x3)     
 
Boundary conditions     ( )∞−= MCMChq s            on exposed surface  (4.3.2.2) 
                                       q = 0                                    on edges and “sealed” surface             (4.3.2.3) 
Where q: moisture flux (kgwaterm-3

moist wood s-1) 
  MC0: initial moisture content (%);  
  MCs: surface moisture content (%); 

MC∞: equilibrium moisture content (%);  
h: convective mass transfer coefficient (kg m-2 s-1 %-1) 

 
For the convective mass transfer coefficient (h) a value of 0.000032 kg m-2 s-1 %-1 (Cloutier et al., 2001) 
was obtained by calculation based on a methodology proposed by Siau (1995) for still air.  The 
equilibrium moisture content was determined from the sorption isotherms obtained in a previous study 
(Ganev 2004). 
 
For the FE simulations of panels without profile, the MC0 and MC∞ were set at EMC values 
corresponding to 50 and 80% RH for the specific density levels and strand types.  For the three-layer 
panels with profile, MC0 was set at 6 % and MC∞ was set at 12.5 %.  
 
4.3.3 Experimental Validation of the Model 
 
The objective of the validation was to determine how well the experimental results based on laboratory 
panels followed the prediction of the finite element (FE) model. In this study, the experimental results 
were the dynamics of the MC profiles trough panel thickness, which were monitored by slicing OSB 
specimens. Each specific panel structure was considered as a separate validation case and was simulated 
by the FE model. Multiple samples were considered, including five cases validated by comparison with 
laboratory produced panels and five virtual cases without experimental back-up.  
 
Cases #1, 2 and 3 represent panels with randomly distributed strands and with flat density profiles but 
with various average densities (nominal density levels 500 kg/m³, 625 kg/m³ and 850 kg/m³). This allows 
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for an investigation of the effect of the panel average density (without the effect of density profile) on the 
MC-dynamics. The corresponding FE models consist of eleven layers with equal density. 
 
Case # 4 permits validation of the model for a “regular” industrial–type panel.  It corresponds to a 3-layer 
panel with a density profile characterized by aligned surface layers with high density and random core 
layer with low density. 
 
Cases ## 2 and 4 were tested in adsorption and in desorption (drying). 
 
Case # 5 represents a sample with asymmetrical alignment, in which the exposed surface layer has a 
lower level of alignment compared to the opposite surface layer or to a regular panel such as Case # 4. 
 
Case # 6 (virtual) simulates the opposite situation to case # 5, the surface layer with the lower alignment 
level being from the sealed side. 
 
Case # 7 (virtual) simulates a panel structure, where the strands of the exposed surface layer are two times 
shorter as compared to the strands from the sealed side. 
 
Case # 8 (virtual) simulates the opposite situation to case # 7, the surface layer with the shorter strands 
being from the sealed side. 
 
Case # 9 (virtual) simulates a panel structure, where the strands of the exposed surface layer are more 
then two times thicker as compared to the strands from the sealed side. 
 
Case # 10 (virtual) simulates the opposite situation to case # 9, the surface layer with the thicker strands 
being from the sealed side. 
 
The test specimens were with dimensions and exposure as specified for the determination of diffusion 
coefficient (section 4.3.1). The MC distribution was monitored at specified intervals by slicing four 
specimens per sample.  
 
 

5 Results and Discussion 
 
5.1 Comparison between OSB, plywood and LDF  
 
It can be seen from Figure 5.1.1, that the LDF panels have a much higher speed of mass gain compared to 
the other panels. In fact, LDF permeance is more than twice as high as the permeance of the OSB panel 
(Table 5.1.1). The Western Red Cedar (WRC) has an approximately equal permeability with the OSB 
panel and their permeances are higher as compared with the permeability of the Aspen plywood. The 
results obtained for comparison of the incised and non-incised veneers are inconclusive, since while for 
the Western Red Cedar the panels from incised veneers are more permeable, this is not the case for the 
Aspen plywood. The Aspen plywood produced with parallel plies showed approximately 30 % higher 
permeance as compared to the regular plywood. This could be explained with some level of alignment of 
pores and openings when the plies are parallel to each other. 
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Not surprisingly, the results show that OSB and plywood had similar levels of permeance, and that both 
products have a much lower permeability as compared to the low-density fiberboard. 
 

 
 

Figure 5.1.1  Mass gain dynamics for the principle panels subject to test 
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Table 5.1.1 Experimentally determined weight gain over time for OSB, plywood and LDF 
 

Diffusion 
Coefficient

(g/Pa.s.m²) (Perms) (m2/s)

OSB (800 kg/m3) 9.90E-08 1.73 3.23E-10

OSB (625 kg/m3) 1.13E-07 1.98 3.78E-10

OSB (500 kg/m3) 1.40E-07 2.45 4.78E-10

LDF 2.13E-07 3.72 n.a

Incised Aspen plywood 1.00E-07 1.75 n.a.

Non-incised Aspen plywood 1.03E-07 1.80 n.a.

Parallel-ply Aspen plywood 1.27E-07 2.22 n.a.

Incised Western Red ceder plywood 1.09E-07 1.91 n.a.

Non-incised Western Red Ceder plywood 9.21E-08 1.61 n.a.

Permeance
Material
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5.2 Equilibrium Moisture Contents 
 
The equilibrium moisture contents used in the current study are given in Table 5.2.1. 
 
Table 5.2.1  Equilibrium Moisture contents of the OSB panels in function of relative 

humidity and nominal panel density 
 

 
 
5.3 Effect of strand geometry and orientation on the 

levels of permeability  
 
5.3.1 Permeance 
 
The experimental plan with factor combinations and their effect on the peremeance and diffusion 
coefficient is given in Table 5.3.1 
 
For the permeance, the following model equation was obtained based on the experiments:  
 
Permeance  =  6.0E-7 -2.2E-7 x1 - 1.6E-9 x2  + 1.0E-8 x3 - 1.8E- 8 x4  + 6.7E-7 x1

2  -  
1.0E-11x2

2  - 2.3E-10 x3
2  -1.9E-11x4

2  - 4.7E-9x1 x2  - 4.1E-10x1 x3    -  (5.3.1) 
+ 4.7E-9x1 x4   - 8.7E-12x2 x3   + 1.2E-10 x2 x4  + 2.6E-11 x3 x4 

 
Where:   

   x1 = Strand nominal thickness (mm); 
   x2  = Strand nominal length (mm); 
   x3 = Strand nominal width (mm); 
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   x4 = Strand orientation (%) 
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Table 5.3.1  Experimental plan with factor combinations and responses 
 

Orienatation Diffusion 
Coefficient

(mm) (in)* (mm) (in)* (mm) (in)* (%) (g/Pa.s.m2) (Perms)* (m²/s)
1 0.90 0.035 150 5.9 35 1.38 40 5.39E-08 0.94 1.80E-10

2 0.90 0.035 150 5.9 15 0.59 40 9.89E-08 1.73 4.85E-10

3 0.90 0.035 70 2.8 35 1.38 80 8.48E-08 1.48 2.59E-10

4 0.40 0.016 150 5.9 15 0.59 80 7.15E-08 1.25 1.69E-10

5 0.90 0.035 70 2.8 15 0.59 80 9.48E-08 1.66 2.11E-10

6 0.40 0.016 70 2.8 35 1.38 40 8.44E-08 1.48 3.46E-10

7 0.40 0.016 150 5.9 35 1.38 80 5.16E-08 0.90 9.78E-11

8 0.40 0.016 70 2.8 15 0.59 40 1.11E-07 1.95 4.77E-10

9 0.40 0.016 110 4.3 25 0.98 60 3.96E-08 0.69 4.58E-11

10 0.90 0.035 110 4.3 25 0.98 60 2.41E-07 4.22 2.30E-10

11 0.65 0.026 70 2.8 25 0.98 60 7.10E-08 1.24 3.00E-10

12 0.65 0.026 150 5.9 25 0.98 60 9.35E-08 1.64 8.20E-11

13 0.65 0.026 110 4.3 15 0.59 60 7.62E-08 1.33 2.91E-10

14 0.65 0.026 110 4.3 35 1.38 60 7.41E-08 1.30 2.13E-10

15 0.65 0.026 110 4.3 25 0.98 40 1.44E-07 2.52 1.26E-09

16 0.65 0.026 110 4.3 25 0.98 80 3.77E-08 0.66 3.83E-10

17 0.65 0.026 110 4.3 25 0.98 60 7.76E-08 1.36 2.74E-10

18 0.65 0.026 110 4.3 25 0.98 60 9.32E-08 1.63 3.28E-10

19 0.65 0.026 110 4.3 25 0.98 60 6.21E-08 1.09 2.19E-10

20 0.65 0.026 110 4.3 25 0.98 60 6.99E-08 1.22 2.46E-10

21 0.65 0.026 110 4.3 25 0.98 60 8.54E-08 1.49 3.01E-10

PeremeanceStandard 
order

Strand 
thickness  Strandth length Strand width

 
 
The Model F-value of 6.63 implies the model is significant.  There is only a 1.40% chance that a "Model 
F-Value" this large could occur due to noise. 
 
The ANOVA table (Table 5.3.2) indicates the factors having a significant effect (with a Prob >F lower 
than 0.05) on the permeance.  Exemplary response surfaces are given in Figure 5.3.1. Combined with 
Figure 5.3.1, Table 5.3.2. suggests that the lower the strand thickness, the lower the permeance. At the 
same time, the lower the level of strand orientation, the higher the permeance.  
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Table 5.3.2  Analysis of variance for response surface quadratic model of permeance 
 

 
 
Finally, the larger the strand width and length (surface area), the lower the permeance. The strand 
thickness factor has the highest effect on permeance followed by strand orientation and strand width. 
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(a) 
(b) 

(c) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3.1  Typical response surfaces obtained for the permeance. Permeance in function of: (a) strand thickness and orientation; (b) strand 

thickness and length; (c) strand width 
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5.3.2 Diffusion coefficient 
 
For the diffusion coefficient, the following model equation was obtained based on the experiments:  
 
Diffusion Coefficient = 4.0E-10 + 9.6E-9 x1 + 3.9E-11 x2 + 4.4E-11 x3 - 1.7E-10 x4  - 3.5E-9 x1

2  -  
1.1E-13 x2

2  - 1.1E-12 x3
2  + 1.2E-12 x4

2  - 3.5E-11 x1 x2  - 2.7E-12 x1 x3    -  (5.3.2) 
1.3E-11 x1 x4   - 9.1E-14 x2 x3   + 1.1E-13 x2 x4  + 2.6E-13 x3 x4 

Where : 
  x1 = Strand nominal thickness (mm); 

   x2  = Strand nominal length (mm); 
   x3 = Strand nominal width (mm); 
   x4 = Strand orientation (%) 
 
The Model F-value of 16.01 implies the model is significant.  There is only a 0.13% chance that a "Model 
F-Value" this large could occur due to noise. 
 
The ANOVA table (Table 5.3.3) suggests that the lower the strand thickness, the lower the diffusion 
coefficient. At the same time, the lower the level of strand orientation, the higher the diffusion coefficient; 
the larger the strand width and length (surface area), the lower the diffusion coefficient.  The strand 
orientation factor has the highest effect on diffusion coefficient, followed by strand thickness and strand 
width and length.  Factor combinations also play a role. In fact, the above factors are inevitably 
interdependent, since, the strand length for example can not be prevented from affecting the level of 
orientation and logically should affect the strand surface area as much as the strand width. 
 
As it could have been established, the factors have slightly different effects on the permeance and on the 
diffusion coefficient. To allow for comparison between the trends of the permeance levels and the levels 
of the diffusion coefficients, the values obtained have been standardised. The standardisation proceeded 
by division of each value to the smallest one in the group. For example, the diffusion coefficient value of 
the # 1 factor combination (Table 5.3.2) has been divided to the permeanace value of the # 9 factor 
combination, which is the smallest one for the entire group. The standardized values are plotted in Figure 
5.3.3. It can be seen from the figure, that the values of permeance (obtained with the “cup test”) and the 
values of diffusion coefficients obtained from the same factor combinations seem to move in a similar 
pattern. This observations is not statistically confirmed, since the coefficient of determination between the 
two groups of standardized data is very low (R2 = 0.12 ). Consequently, at this stage, we can not affirm 
that the two principles of determining permeability of the panels are interchangeable. 
 
An important characteristic of the diffusion coefficient is its dependence of the MC (unsteady-state 
condition). As with other wood panel composites (Ganev 2003) also in OSB the diffusion coefficient in 
adsorption decreases when the MC level increases. This phenomenon leads to a deceleration of the speed 
of moisture penetration when the MC increases, and needs to be taken into consideration when modeling 
the process. An example of the function observed is given in Figure 5.3.4. 
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Table 5.3.3  Analysis of variance table for response surface quadratic model of Diffusion 
Coefficient 

 
 

Source Sum of squares DF Mean square F value Prob > F

Model 1.2E-18 14 8.5E-20 16.01 0.0013

x1 5.3E-21 1 5.3E-21 1.00 0.036*

x2  3.3E-20 1 3.3E-20 6.29 0.046*

x3 2.9E-20 1 2.9E-20 5.45 0.058*

x4 2.7E-19 1 2.7E-19 50.30 0.00039*

x1
2 5.7E-20 1 5.7E-20 10.81 0.017*

x2
2  3.3E-21 1 3.3E-21 0.62 0.46

x3
2 1.3E-21 1 1.3E-21 0.24 0.64

x4
2 5.5E-19 1 5.5E-19 103.64 < 0.0001*

x1x2 1.9E-19 1 1.9E-19 36.27 0.00095*

x1x3 3.8E-22 1 3.8E-22 0.07 0.80

x1x4 6.5E-21 1 6.5E-21 1.22 0.31

x2x3 1.1E-20 1 1.1E-20 1.99 0.21

x2x4 1.2E-20 1 1.2E-20 2.24 0.18

x3x4 2.1E-20 1 2.1E-20 4.02 0.092

Residual 3.2E-20 6 5.3E-21

Lack of Fit 2.4E-20 2 1.2E-20 6.51 0.055

Pure Error 7.5E-21 4 1.9E-21

Cor Total 1.2E-18 20  
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Figure 5.3.2  Typical response surfaces obtained for the diffusion coefficient. Diffusion coefficient in function of: (a) strand thickness and 

orientation; (b) strand thickness and length; (c) strand width 

(a) 
(b) 

(c) 
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Figure 5.3.3.  Comparison between the trends of permeance and diffusion coefficient  
(standardised values) 
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Figure 5.3.4.  Diffusion coefficient versus moisture content 
 (example with # 13, Table 5.3.1)  
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5.4  Experimental Validation of the Finite Element 
Model  
 
The inputs (diffusion coefficients) calculated in function of strand geometry, alignment level and the 
nominal density of the panels are given in Table 5.4.1. 
 
Table 5.4.1 Experimental plan with factor combinations and responses 
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* The values in inches and in perms are given for orientation purposes only. 
 
Examples of MC dynamics with specimens # 3 and # 4 and specimen # 4 at drying (Table 5.4.1) are given 
in Figure 5.4.1. The graphs represent the MC dynamics monitored at central nodes of the model at six 
positions corresponding to the five slices produced for monitoring of the MC with the experimental 
specimens: at the surface (exposed, in this case the bottom specimen surface); 2 mm below the surface, 4 
mm below the exposed surface, 6 mm below the exposed surface, 8 mm below the exposed surface and at 
opposite (sealed, in this case top) surface.  The graph allows for observation of the gradual change in MC 
for each of the 6 points. For the benefit of the comparison the time frame of 1,000,000 s (approximately 
11.5 days) has been selected. Exception makes the case # 3, which has been calculated also to 20,000,000 
s (approximately 230 days) to illustrate the moment of the complete equilibration of the sample, which 
occurs somewhere after approximately 200 days. The time to complete EMC is not of a practical interest 
since the final picking of several tents of a percentage point extends during multiple tens of days without 
actually having an effect on the OSB properties, including its susceptibility. It can be observed that in the 
cases of adsorption, the exposed surface immediately equilibrates at the moisture level (here 12.5 % MC) 
corresponding to the exposure RH of 80 %. It is obvious that sample # 3 (which has the lowest density, 
Table 5.4.1) takes up moisture faster as compared with sample # 4, which has a three layered structure. 
The further from the exposed surface (the deeper) the sampling, the slower the MC increase and the lower 
its level as compared with the “shallower” levels. Also at desorption, the exposed surface layer dries very 
fast to EMC corresponding to the exposure RH of 50 %, and, the deeper the OSB layer the slower it’s 
drying. 
 
The example of sample # 4 at drying (Figure 5.4.1 (c)) is given as an illustration that the model is capable 
of simulating the dynamics of drying of OSB samples.  Actually, it is the drying, which is the key-
property controlling the OSB resistance to fungi. Since the specific diffusion coefficients at desorption 
(drying) have not been determined at this study, the values for adsorption have been used with the 
boundary conditions reversed.   
 
The results from all simulations and from the experiments are given in Table 5.4.2. The differences 
between the experimental data and the results from simulations are within 10 %, which we consider to be 
a good match. These differences are explained with the normal human error at sampling and with the 
inevitable dissimilarities between the actual panels and the FE model: fluctuations in strand alignment, 
panel density profile, and deviations of the actual panel diffusion coefficient from that used in the FE 
model.  Therefore, we conclude that the model is valid and that the diffusion coefficient correctly 
characterizes the laboratory OSB panels considered in this study. 
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Table 5.4.2 Comparison between the FEM predictions and the results from experiments 
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Figure 5.4.1.  Examples of MC dynamics calculated with the FE model 
(a) case #3; (b) case # 3 to complete saturation; (b) case # 4; (c) case # 4 at drying. 

(c) 

(b) 

(d) 

(a) 
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5.5  Maximization of the permeability  
 
The trends in results obtained by the FE simulations and the corresponding experiments somehow 
correspond to the effects of the factors summarized in Equation 5.3.2.  However, the absolute values of 
the MC allow us to estimate the efficiency of modifying the factors in order to manipulate the 
permeability. For example, changing the symmetry of the panel by reducing the level of strand alignment 
in the exposed (bottom) layer from 80 % to 60 % (case 5 from Table 5.4.1) leads to an insignificant 
increase of the speed of moisture adsorption, therefore it seems that it does not make cense to trade the 
stability and the mechanical properties of the panels trying to increase the permeability. From the other 
side, having thicker strands in the exposed surface layer, as compared to the sealed surface layer may 
significantly increase the permeability (diffusion coefficient) and from there, the drying rate of the OSB 
panels (e.g. case # 9 from Table 5.4.1 with the results in the corresponding Table 5.4.2). Having thicker 
strands from the sealed surface, when leaving thinner strands from the exposed surface does not make 
sense (case # 10 from Table 5.4.1 and the corresponding Table 5.4.2) since the speed of moisture 
movement (the permeability) will be reduced.  
 
Examples of factors combinations, which may lead to maximization of permeability in terms of 
permeance (measured with the dry cup test), are given in Table 5.5.1. 
 
Table 5.5.1  Factor combinations leading to maximum permeance calculated with “Design 

Expert” software 
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The corresponding examples of factors combinations, which should lead to maximization of permeability 
in terms of diffusion coefficient (measured with the instantaneous profile method), are given in Table 
5.5.2. 
Obviously, optimization criteria for the factors should be selected in order to find the most practical 
solution. In this case all factors are fixed at the mid-points of their range.  
 
Table 5.5.2  Factor combinations leading to maximum permeance calculated with “Design 

Expert” software 
 
 Thickness Length Width Orientation Diffusion Coefficient

(mm) (mm) (mm) (%) (m2/s)

1 0.87 81 21 42 1.30E-09 1.00

2 0.80 82 16 41 1.40E-09 1.00

3 0.82 93 21 41 1.30E-09 1.00

4 0.83 89 29 40 1.30E-09 1.00

5 0.88 73 32 41 1.30E-09 1.00

6 0.83 78 19 42 1.40E-09 1.00

7 0.79 84 16 41 1.40E-09 1.00

8 0.81 81 26 80 3.60E-10 0.25

9 0.81 82 26 80 3.60E-10 0.25

10 0.59 120 23 80 3.30E-10 0.22

Solution # Desirability

 
 
 
6 Conclusion 
 
The objectives of this study were to characterise OSB panel permeability in comparison with plywood 
and low density fiberboard; to determine the effect of panel characteristics on the speed of moisture 
movement through the thickness of the OSB panels; to create a finite element model of the permeability 
of OSB; to propose improvements of the OSB panel structure in function of permeability. 
 
To characterize the permeability of the OSB panels, both the permeance, according to the dry cup 
method, and the diffusion coefficient, according to the instantaneous profile method were monitored.  
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The effect of strand thickness, strand length, strand width, strand orientation and of panel nominal density 
on permeability of OSB panels were studied. The tests were organised according to an experimental plan. 
 
During the final (third) stage various OSB structures were simulated with the FEM and the model was 
validated with panels with three-layer structure and density profiles. 
 
The finite element model was based on an unsteady-state moisture transfer equation and simulated the 
moisture transfer in a “solid” divided into 2 surface layers and one core layer. Ten cases of adsorption and 
two cases of desorption were considered. Seven of the cases were duplicated with experimental results to 
serve for validation of the model. 
 
The results from the experiments can be summarizes as follows: 
 

1. The low-density fiberboard panels’ permeance is more than twice as high as compared with the 
permeance of the OSB panel; the Western Red Cedar has an approximately equal permeability 
with the OSB panel and their permeances are higher as compared with the permeability of the 
Aspen plywood. The Aspen plywood produced with parallel plies shows approximately 30 % 
higher permeance as compared to the regular plywood.  

 
2. Based on the experimental determinations of permeance and diffusion coefficients, the lower the 

strand thickness, the lower the permeability; the lower the level of strand orientation, the higher 
the permeability; the larger the strand width and length (surface area), the lower the permeability, 
the lower the nominal panel density, the higher the permeability. 

 
3. The diffusion coefficient decreases when the moisture content of the OSB sample increases. 

 
The agreement between the experimental results and the finite element results confirmed the validity of 
the proposed model in the conditions and for the OSB properties considered in this work.   
 
Based on the database available and on the valid finite element model it is now possible to optimize the 
OSB panel structure by selecting practical layer characteristics which lead to the desired moisture 
permeability. 
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*HEADING 
** 
** ABAQUS INPUT FILE UPGRADE: This input file was upgraded from 
** version 5.8 or later to version 6.3 with 1 warning(s) and 0  
** error(s). 
**  
** Search the input file for **WARNING. 
ABAQUS job created on 25-Sep-02 at 14:38:36 
** 
*NODE, NSET=ALLN 
        1,            0.,            0. 
       2,     0.0385714,            0. 
       3,     0.0771429,            0. 
       4,      0.115714,            0. 
       5,      0.154286,            0. 
       6,      0.192857,            0. 
       7,      0.231429,            0. 
       8,          0.27,            0. 
       9,            0.,     0.0385714 
      10,     0.0385714,     0.0385714 
      11,     0.0771429,     0.0385714 
      12,      0.115714,     0.0385714 
      13,      0.154286,     0.0385714 
      14,      0.192857,     0.0385714 
      15,      0.231429,     0.0385714 
      16,          0.27,     0.0385714 
      17,            0.,     0.0771429 
      18,     0.0385714,     0.0771429 
      19,     0.0771429,     0.0771429 
      20,      0.115714,     0.0771429 
      21,      0.154286,     0.0771429 
      22,      0.192857,     0.0771429 
      23,      0.231429,     0.0771429 
      24,          0.27,     0.0771429 
      25,            0.,      0.115714 
      26,     0.0385714,      0.115714 
      27,     0.0771429,      0.115714 
      28,      0.115714,      0.115714 
      29,      0.154286,      0.115714 
      30,      0.192857,      0.115714 
      31,      0.231429,      0.115714 
      32,          0.27,      0.115714 
      33,            0.,      0.154286 
      34,     0.0385714,      0.154286 
      35,     0.0771429,      0.154286 
      36,      0.115714,      0.154286 
      37,      0.154286,      0.154286 
      38,      0.192857,      0.154286 
      39,      0.231429,      0.154286 
      40,          0.27,      0.154286 
      41,            0.,      0.192857 
      42,     0.0385714,      0.192857 
      43,     0.0771429,      0.192857 
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      44,      0.115714,      0.192857 
      45,      0.154286,      0.192857 
      46,      0.192857,      0.192857 
      47,      0.231429,      0.192857 
      48,          0.27,      0.192857 
      49,            0.,      0.231429 
      50,     0.0385714,      0.231429 
      51,     0.0771429,      0.231429 
      52,      0.115714,      0.231429 
      53,      0.154286,      0.231429 
      54,      0.192857,      0.231429 
      55,      0.231429,      0.231429 
      56,          0.27,      0.231429 
      57,            0.,          0.27 
      58,     0.0385714,          0.27 
      59,     0.0771429,          0.27 
      60,      0.115714,          0.27 
      61,      0.154286,          0.27 
      62,      0.192857,          0.27 
      63,      0.231429,          0.27 
      64,          0.27,          0.27 
      65,            0.,            0.,        0.0022 
      66,     0.0385714,            0.,        0.0022 
      67,     0.0771429,            0.,        0.0022 
      68,      0.115714,            0.,        0.0022 
      69,      0.154286,            0.,        0.0022 
      70,      0.192857,            0.,        0.0022 
      71,      0.231429,            0.,        0.0022 
      72,          0.27,            0.,        0.0022 
      73,            0.,     0.0385714,        0.0022 
      74,     0.0385714,     0.0385714,        0.0022 
      75,     0.0771429,     0.0385714,        0.0022 
      76,      0.115714,     0.0385714,        0.0022 
      .. ............ .........  ..... 

.. ............ .........  ..... 

.. ............ .........  ..... 

.. ............ .........  ..... 
       
     379,     0.0771429,          0.27,         0.011 
     380,      0.115714,          0.27,         0.011 
     381,      0.154286,          0.27,         0.011 
     382,      0.192857,          0.27,         0.011 
     383,      0.231429,          0.27,         0.011 
     384,          0.27,          0.27,         0.011 
** 
** 
*ELEMENT, TYPE=C3D8T, ELSET=ALLELE 
       1,       1,       2,      10,       9,      65,      66, 
      74,      73 
       2,       2,       3,      11,      10,      66,      67, 
      75,      74 
       3,       3,       4,      12,      11,      67,      68, 
      76,      75 
       4,       4,       5,      13,      12,      68,      69, 
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      77,      76 
       5,       5,       6,      14,      13,      69,      70, 
      78,      77 
       6,       6,       7,      15,      14,      70,      71, 
      79,      78 
       7,       7,       8,      16,      15,      71,      72, 
      80,      79 
       8,       9,      10,      18,      17,      73,      74, 
      82,      81 
       9,      10,      11,      19,      18,      74,      75, 
      83,      82 
      10,      11,      12,      20,      19,      75,      76, 
      84,      83 
      11,      12,      13,      21,      20,      76,      77, 
      85,      84 
      12,      13,      14,      22,      21,      77,      78, 
      86,      85 
      13,      14,      15,      23,      22,      78,      79, 
      87,      86 
      14,      15,      16,      24,      23,      79,      80, 
      88,      87 
      15,      17,      18,      26,      25,      81,      82, 
      90,      89 
      16,      18,      19,      27,      26,      82,      83, 
      91,      90 
      17,      19,      20,      28,      27,      83,      84, 
      92,      91 
      18,      20,      21,      29,      28,      84,      85, 
      93,      92 
      19,      21,      22,      30,      29,      85,      86, 
      94,      93 
      20,      22,      23,      31,      30,      86,      87, 
      ..    ..  ..    ..  ..    ..  .. 
 ..    ..  ..    ..  ..    ..  .. 
 ..    ..  ..    ..  ..    ..  .. 
      ..    ..  ..    ..  ..    ..  .. 
 ..    ..  ..    ..  ..    ..  .. 
 ..    ..  ..    ..  ..    ..  .. 
 

378,     377 
     240,     306,     307,     315,     314,     370,     371, 
     379,     378 
     241,     307,     308,     316,     315,     371,     372, 
     380,     379 
     242,     308,     309,     317,     316,     372,     373, 
     381,     380 
     243,     309,     310,     318,     317,     373,     374, 
     382,     381 
     244,     310,     311,     319,     318,     374,     375, 
     383,     382 
     245,     311,     312,     320,     319,     375,     376, 
     384,     383 
** 
*ELSET, ELSET=F_1, GENERATE 
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    1,     49,         1 
** 
** 
*ELSET, ELSET=C_1, GENERATE 
    50,    98,         1  
** 
** 
*ELSET, ELSET=C_2, GENERATE 
    99,    147,        1 
** 
** 
*ELSET, ELSET=C_3, GENERATE 
    148,    196,       1 
** 
** 
*ELSET, ELSET=F_2, GENERATE 
    197,    245,       1 
** 
** 
*ELSET, ELSET=CONVECTI, GENERATE 
    197,    245,       1 
** 
** direct_y 
** 
*BOUNDARY, OP=NEW 
      1,   2,,          0. 
      2,   2,,          0. 
      3,   2,,          0. 
      4,   2,,          0. 
      5,   2,,          0. 
      6,   2,,          0. 
      7,   2,,          0. 
      8,   2,,          0. 
      65,  2,,          0. 
      66,  2,,          0. 
      67,  2,,          0. 
      68,  2,,          0. 
      69,  2,,          0. 
      70,  2,,          0. 
      71,  2,,          0. 
      72,  2,,          0. 
      129, 2,,          0. 
      130, 2,,          0. 
      ... ..  . 
 ...   ..  . 
 ... ..  . 
      325, 2,,          0. 
      326, 2,,          0. 
      327, 2,,          0. 
      328, 2,,          0. 
** 
** direct_x 
** 
*BOUNDARY, OP=NEW 
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      1,   1,,          0. 
      9,   1,,          0. 
      17,  1,,          0. 
      25,  1,,          0. 
      33,  1,,          0. 
      41,  1,,          0. 
      49,  1,,          0. 
      57,  1,,          0. 
      65,  1,,          0. 
      73,  1,,          0. 
      81,  1,,          0. 
      89,  1,,          0. 
      97,  1,,          0. 
      105, 1,,          0. 
      113, 1,,          0. 
      121, 1,,          0. 
      129, 1,,          0. 
      137, 1,,          0. 
      145, 1,,          0. 
      153, 1,,          0. 
      161, 1,,          0. 
      169, 1,,          0. 
      177, 1,,          0. 
      185, 1,,          0. 
      193, 1,,          0. 
      201, 1,,          0. 
      ... ..  . 
 ...   ..  . 
 ... ..  . 
      353, 1,,          0. 
      361, 1,,          0. 
      369, 1,,          0. 
      377, 1,,          0. 
** 
** direct_z 
** 
*BOUNDARY, OP=NEW 
     1, 3,,          0. 
** 
** 
 
*INITIAL CONDITIONS, TYPE=TEMPERATURE 
ALLN,          6.0 
** 
** 
** F_1 
** 
*ORIENTATION,NAME=BIDON 
1,0,0,0,1,0 
3 
*SOLID SECTION, ELSET=F_1,ORIENTATION=BIDON, MATERIAL=TSL1 
 
          1., 
** 
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** C_1 
** 
*SOLID SECTION, ELSET=C_1, ORIENTATION=BIDON,MATERIAL=CL 
 
          1., 
** 
** C_2 
** 
*SOLID SECTION, ELSET=C_2, ORIENTATION=BIDON,MATERIAL=CL 
 
          1., 
** 
** C_3 
** 
*SOLID SECTION, ELSET=C_3,ORIENTATION=BIDON,MATERIAL=CL 
 
          1., 
** 
** F_1 
** 
*SOLID SECTION, ELSET=F_2,ORIENTATION=BIDON,MATERIAL=BSL1 
 
          1., 
** 
*MATERIAL, NAME=TSL1 
** 
*DENSITY 
        625., 
** 
*ELASTIC, TYPE=ENGINEERING CONSTANTS 
  4.00E+8  ,    4.00E+8 ,     2.00E+6,      0.3  ,     0.2   ,    0.2    ,   
1.50E+8  ,   4.40E+7 
     4.40E+7, 6.6 
  2.00E+8  ,    2.00E+8 ,     1.20E+6,      0.3  ,     0.2   ,    0.2    ,   
7.70E+8  ,   2.90E+7 
     2.90E+7, 9.0 
** 
*EXPANSION, TYPE=ORTHO, USER 
** 
*DEPVAR 
1, 
**  
*CONDUCTIVITY, TYPE=ORTHO 
  0.0, 0.0, 2.89E-10, 6.0 
  0.0, 0.0, 2.21E-12, 12.5 
** 
** 
*SPECIFIC HEAT 
        0.01, 
** 
** 
** 
*MATERIAL, NAME=CL 
** 
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*DENSITY 
        625., 
** 
*ELASTIC, TYPE=ENGINEERING CONSTANTS 
  4.00E+8  ,    4.00E+8 ,     2.00E+6,      0.3  ,     0.2   ,    0.2    ,   
1.50E+8  ,   4.40E+7 
     4.40E+7, 6.6 
  2.00E+8  ,    2.00E+8 ,     1.20E+6,      0.3  ,     0.2   ,    0.2    ,   
7.70E+8  ,   2.90E+7 
     2.90E+7, 9.0 
** 
*EXPANSION, TYPE=ORTHO, USER 
** 
*DEPVAR 
1, 
**  
*CONDUCTIVITY, TYPE=ORTHO 
  0.0, 0.0, 2.89E-10, 6.0 
  0.0, 0.0, 2.21E-12, 12.5 
** 
** 
*SPECIFIC HEAT 
        0.01, 
** 
** 
** 
*MATERIAL, NAME=BSL1 
** 
*DENSITY 
        625., 
** 
*ELASTIC, TYPE=ENGINEERING CONSTANTS 
  4.00E+8  ,    4.00E+8 ,     2.00E+6,      0.3  ,     0.2   ,    0.2    ,   
1.50E+8  ,   4.40E+7 
     4.40E+7, 6.6 
  2.00E+8  ,    2.00E+8 ,     1.20E+6,      0.3  ,     0.2   ,    0.2    ,   
7.70E+8  ,   2.90E+7 
     2.90E+7, 9.0 
** 
*EXPANSION, TYPE=ORTHO, USER 
** 
*DEPVAR 
1, 
**  
*CONDUCTIVITY, TYPE=ORTHO 
  0.0, 0.0, 2.89E-10, 6.0 
  0.0, 0.0, 2.21E-12, 12.5 
** 
** 
*SPECIFIC HEAT 
        0.01, 
** 
** 
**STEP 1 
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*STEP, INC=200 
*coupled temperature-displacement, creep=none, deltmx=11.0 
300, 200000000, 10 
** 
**convection 
** 
*FILM, OP=NEW 
CONVECTI, F2,        12.5,    0.000032 
** 
** 
** 
*NODE FILE, FREQ=2 
NT,  
*NODE FILE, FREQ=2 
U, 
**EL FILE, FREQUENCY=       2 
**HFL3 
*EL FILE, POS=INTEG, FREQ=2 
S, 
E, 
** 
*END STEP 
** 
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