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Abstract. Oriented strandboard (OSB) panels were tested under a concentrated static load (CSL). A
finite element (FE) model with variation of stresses and strains in the thickness direction was established
to simulate the deflection of OSB under 890-N CSL. The CSL ultimate load of each OSB panel was
simulated by increasing the load in the FE model until the calculated stress met the corresponding
measured strength. Comparison of the calculated and the experimental data showed that the initial failure
had two modes: failure initiated by interlaminar shear stress in the major direction near the central layers
and edge of the panel when modulus of rupture (MOR) to interlaminar shear strength ratio in the major
direction was greater than 18.8, and failure initiated by bending stress in the major direction near the bottom
layers and the loading spot when MOR to interlaminar shear strength ratio in the major direction was less
than 17.4. Panel thickness determined the initial failure mode when the ratio of MOR to interlaminar shear
strength in the major direction was between 17.4 and 18.8. The vertical density profile affected the distri-
bution of bending stresses and MOR in the profile of panels and influenced the accuracy of the prediction
of the FE model.

Keywords: Finite element model, oriented strandboard, concentrated static load, shear stress, bending
stress.

INTRODUCTION

Past work has shown that oriented strandboard
(OSB) experiences both bending stresses and
shear stresses when subjected to a concentrated
static load (CSL) (Fig 1). As a result of the com-
plex stresses, the theory for the classic thin or-
thotropic plate cannot provide a closed-form so-
lution to describe the relationships among stress,
strain, force, and deflection of the OSB panels

under concentrated static loading conditions (Ti-
moshenko and Woinowsky-Kriegers 1959; Ash-
ton and Whitney 1970). Therefore, researchers
applied numerical methods such as finite ele-
ment (FE) models to find solutions for those
complex problems. Hoyle et al (1982) applied a
FE model using thin orthotropic plate theory to
study the deflection of composite wood panels
under CSL. They compared the FE model-
predicted theoretical deflection and the experi-
mentally measured deflection of the OSB panels
under CSL applied at the center of the midspan
of the panel and at midspan close to one edge of
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the panel. The comparison showed good agree-
ment between the theoretical and experimental
results for center-point loading, whereas for
edge loading, the agreement was quite poor. The
predicted deflection was larger than the experi-
mentally measured values. They attributed the
discrepancy to the fact that input parameters to
the FE model such as the modulus of rigidity and
Poisson’s ratios differed from the real panel
properties. Xu and Laufenberg (1988) conducted
a more detailed theoretical analysis using the
Navier-Levy approach for an orthotropic plate
supported on two opposite edges that was sub-
jected to a “patch” load. The deflection pre-
dicted by their FE model program was less con-
servative than the prediction by Hoyle et al and
agreed better with the experimental results. This
improvement was attributed to the fact that the
“patch” loading simulated the actual concen-
trated loading condition better than the “point”
loading method used by Hoyle et al in their FE
model analysis. This method provided an im-
proved prediction for situations in which the
CSL was placed near the free edge of the plate.

However, the applicability of their FE program
was limited by an assumed boundary condition
of simple support at two edges.

Moarcas and Nicholls (2002) established FE
models to determine the “effective width” and
”equivalent beam width” in the TRADA calcu-
lation method (Soothill 1984) for jointed and
unjointed decking subjected to a CSL. Their FE
models were based on the thin orthotropic plate
theory that included only the bending compo-
nent. However, it is known that CSL deflection
contains both flexural and shear components
(Zhang et al 2005; Chen et al 2008). In this
regard, Thomas (1996) conducted a parametric
study using the FE method to determine the flex-
ural and shear deflections for simply supported
and continuous OSB panels. Panels with unsup-
ported edge were not included in his study and
he studied only the loading condition with the
CSL applied at the center point of the panel.
However, the edge loading condition is the stan-
dard testing condition in North America and is
more demanding for OSB panels. Bozo (2002)

Figure 1. Stress components acting on an element of oriented strandboard panel under concentrated static loading.
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compared the tested CSL properties with the
prediction made by a FE model using both av-
erage and localized panel density and found that
the FE results obtained using the localized den-
sity were more accurate.

The objectives of this study were: 1) to establish
FE models containing both bending and shear
components to simulate the CSL deflection and
ultimate CSL of OSB panels according to E661
(ASTM 1997); and 2) to analyze the stress dis-
tribution and failure initiation mode by compar-
ing the calculated shear stress and bending stress
with the shear strength and bending strength
measured by standard tests. The stress and strain
variations along the thickness direction of the
panels were also considered in this analysis.

FINITE ELEMENT ANALYSIS METHODS

In this study, modulus of elasticity (MOE) and
modulus of rupture (MOR) (ASTM 1999), shear
strength (ASTM 2000), and deflection under
890-N CSL and ultimate CSL (ASTM 1997) of
15 groups of commercial OSB specimens were
measured. The measured MOE and the thickness
of the specimens were used as input values for
the FE model. MOE in z direction, �xy, and
Poisson’s ratios were estimated according to
published values (Shresha 1999; Youngquist
1999). The estimated deflection of each OSB
panel under 890-N concentrated static load from
the FE model was compared with the CSL de-
flection measured using the standard CSL tests
to validate the effectiveness of the model. The
ultimate CSL of each panel was simulated by
increasing the CSL in the FE model until any
type of stress calculated by the FE model
reached either the bending or shear strength of
that panel. To analyze the influence of panel
density on the stress distribution in the panel, the
vertical density profile (VDP) of the panels was
measured and used as input into the FE model.

FINITE ELEMENT MODEL DEVELOPMENT

The FE model was developed using the com-
mercial FE analysis program (ANSYS INC

2006). To calculate the distribution of the bend-
ing stress, interlaminar shear stress, and edge-
wise shear stress along the thickness direction of
the panel, the 2-D, eight-noded, nonlinear lay-
ered quadrangle element (shell 91 in ANSYS
program) was used in the FE modeling together
with the h-method (Fig 2). Twelve layers of each
element were specified according to each pan-
el’s thickness. The model dimensions were 406
mm (span of CSL test) × 610 mm (length of the
supported edges in the tested panel). There were
4769 nodes and 1536 elements in one model.
Two supported edges in the FE model were con-
sidered as fixed edges. In the actual test, CSL
was applied to the panel through a 76-mm-dia
disk. This was simulated in the FE model by
applying loading through a 76-mm-dia circle at
the same position as the actual disk. Total load
applied through the circle was equal to the CSL
specified by the test standard.

To study the influence of VDP on the stress
distribution in the thickness direction of the
panel, the modulus of each layer in the thickness
of the panel is assumed to vary according to its
corresponding density. The regression equations
between MOE and panel density and MOR and
panel density were established according to the
standard bending test results. The vertical den-
sity profile was measured using an X-ray density
profiler. According to the measured VDP, the
MOE of each layer of the element was calcu-
lated using the obtained regression equations.
The stress calculated using the FE model con-
taining varying MOE with the thickness of the
panel was compared with the stress obtained
from the FE model using the average MOE for
the whole panel.

BACKGROUND OF ELEMENT SHELL 91 IN

ANSYS PROGRAM

The geometry, node locations, and the coordi-
nate system for this element are shown in Fig 2.
The element is defined by eight nodes, layer
thicknesses, layer material direction angles, and
orthotropic material properties. The stresses and
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strains are variables along the thickness direc-
tion.

It is assumed that normal axis to the center plane
remains straight after deformation, but not nec-
essarily normal to the center plane. Each triad of
integration points (in the r direction) has the
same orientation. There is no significant stiff-
ness associated with rotation about the element r
axis. The material property matrix, [D]j, for the
layer j is:

�D�j =

�
BEx,j Bvxy,jEx,j 0 0 0 0

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 Gxy,j 0 0

0 0 0 0
Gyz,j

f
0

0 0 0 0 0
Gxz,j

f

�
(1)

where:

B =
Ey,j

Ey,j − �vxy,j�
2Ex,j (2)

f = � 1.2

1.0 + 0.2
A

25t2
� ,

whichever is greater.

The in-plane forces are computed as:

Tx = �
j=1

N�

tj��x,j
t + �x,j

b

2 � (3)

Ty = �
j=1

N�

tj��y,j
t + �y,j

b

2
� (4)

Txy = �
j=1

N�

tj��xy,j
t + �xy,j

b

2 � (5)

The out-of-plane moments are computed as:

Figure 2. Two-dimensional finite element (FE) model for oriented strandboard under concentrated static loading and its
element, shell 91 geometry (ANSYS INC 2006) where, xIJ � element x-axis if element coordinate system number is not
supplied. x � element x-axis if element coordinate system number is supplied. LN � layer number. NL � total number
of layers. In this study, NL � 12. FE model was automatically meshed. All elements have the same size. Each element size
is 12.7 × 12.7 mm.
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The transverse shear forces are computed as:

Nx = �
j=1

N�

tj�xz,j (9)

Ny = �
j=1

N�

tj�yz,j (10)

In this study, the material property matrix, [D]j,
was obtained by measurement or by estimation
using published data.

MATERIALS AND EXPERIMENTS

The specimens for CSL tests and bending tests
were cut from 15 1220- × 2440-mm commercial
OSB panels that were manufactured by five
companies. Boards A, B, C, and D were from
four different companies. Boards HD, LD, MD,
and MR were made by the same manufacturer.
The panel thicknesses were between 10 and 12
mm. For CSL performance evaluation, 610 ×
610 mm specimens were cut from each original
panel and tested following E661-88 (ASTM
1997). The test span (support spacing) was 406
mm. CSL deflection was measured under an
890-N load and the ultimate CSL was recorded.

Two 318- × 76-mm specimens from each com-
mercial OSB panel were tested following the D
1037-99 standard bending test (ASTM 1999) to
obtain MOE and MOR of the panels. One was
cut in the major direction (parallel to surface
strand orientation) and one was cut in the minor
direction (perpendicular to the surface strand

orientation) of the panels. The test span was 267
mm and loading speed was 5.3 mm/min.

Interlaminar shear strength of the panels was
estimated using the D2718-00el (ASTM 2000)
standard 5-point test method. The specimens
were cut to 356 × 51 mm from the undamaged
areas of each panel with one each cut in the
major and minor directions. At the loading speed
of 1.3 mm/min, the ultimate load was reached
within 4–6 min. Only specimens that failed in
shear mode were used for the final evaluation of
shear effects on the CSL properties. All bending
and 5-point tests were done using a Zwick I
Z100 test machine (Zwick GmbH & Co, Ger-
many).

The vertical density profile of six specimens
from each commercial panel was measured us-
ing a QMS QDP-01X Density Profiler (Quintek
Measurement Systems Inc, Tennessee).

RESULTS

Simulated Deflection Under an 890-N
Concentrated Static Load

The simulated CSL deflection using the FE
model vs the experimentally measured CSL de-
flection are shown in Fig 3. CSL deflections
calculated by the FE model were in reasonable
agreement with the experimental results. When
the influence of VDP on the MOE of the panel
layers in thickness was included in the FE
model, the agreement improved slightly with the
R-square value increased from 0.5 to 0.6. Figure
3 shows that the deflection values estimated by
the FE models were lower than the experimental
results. Generally, in the FE analysis, the calcu-
lated results using the h-method are lower than
the actual data (Zienkiewicz and Taylor 2000),
and the finer the selected element, the closer the
calculated data should be to the actual data.
Moreover, in this study, the shear modulus and
Poisson’s ratio used in the FE model were esti-
mated according to the literature (Shresha 1999;
Youngquist 1999) rather than based on measure-
ments of the test material, and that can introduce
additional errors.
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Stress Distribution Profile and Influence
of Density

Figures 4–8 show the distribution of the calcu-
lated maximum shear stress and bending stress

in the thickness direction of the OSB panel ac-
cording to the FE model. The distribution pro-
files for the bending stress and interlaminar
shear stress of OSB under CSL are similar in

Figure 5. Distributions of the maximum bending stresses
in the minor direction under the ultimate concentrated static
load in the thickness direction as simulated by two different
finite element models.

Figure 3. Deflection under 890-N concentrated static load (CSL) simulated by the two finite element (FE) models vs
experimental CSL deflection. For FE model, using density varied along thickness of oriented strandboard panels, y � 0.9x,
R2 � 0.6. For FE models using average density, y � 0.9x, R2 � 0.5.

Figure 4. Distributions of the maximum bending stresses
in the major direction under the ultimate concentrated static
load along the thickness direction simulated by two differ-
ent finite element models.
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shape to the distribution profiles of the bending
stress and shear stress in a rectangular cross-
section of a beam under a simple bending load
(Bodig and Jayne 1982). The highest maximum
bending stress is in the bottom surface and the
highest maximum interlaminar shear stress is in

the central layer. However, the highest maxi-
mum edgewise shear stress lies in the bottom
surface of the bottom layer.

The relationship obtained between MOE (MPa)
and density (kg/m3) using the standard bending
test results is as follows:

Exj = Dj
1.7951 � 1013 (11)

R2 = 0.47

Eyj = Dj1.4949 � 1011 (12)
R2 = 0.6

Using Eqs 11 and 12, the MOE distribution in
the thickness direction was estimated using the
VDP. Although the difference in structure (such
as strand orientation) between a layer within an
actual OSB panels and a single-layered panel
may influence the relationship between the panel
density and MOE for each layer along the thick-
ness direction, we assumed the effect of this dis-
crepancy is minor and evidently some errors
could result. The results of the FE model using
the MOE profile along the thickness direction
indicated that the highest maximum bending
stress layer was located near the bottom layer
rather than at the bottom layer (Figs 4 and 5).
However, the shape of the maximum shear stress

Figure 6. Distributions of the maximum interlaminar
shear stresses in the major direction under the ultimate con-
centrated static load in the thickness direction as simulated
by two different finite element models.

Figure 7. Distributions of the maximum interlaminar
shear stresses in the minor direction under the ultimate con-
centrated static load in the thickness direction as simulated
by two different finite element models.

Figure 8. Distributions of the maximum edgewise shear
stresses under the ultimate concentrated static load in the
thickness direction as simulated by two different finite ele-
ment models.
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was similar to what was calculated by the FE
model using the average MOE.

Based on the bending tests, MOR (MPa) was
also found to relate to the panel density (kg/m3)
as follows:

MORxj = 8Dj
2.4037 � 1013 (13)

R2 = 0.54

MORyj = Dj
1.5125 � 1013 (14)

R2 = 0.68

The measured VDP was used in Eqs 13 and 14
to estimate the bending strength (MOR) of the
different layers through the thickness of the
panel. The results indicated that the highest
strength was for the layer near the bottom layer
of the element. The comparison of the distribu-
tions of MOR and maximum bending stress
along the thickness direction is shown in Fig 9.
This indicated that the bottom surface of the
bottom layer of the panels was still the weakest
area, although it was not the location experienc-
ing the highest bending stress in the major di-
rection.

Finite Element Simulation of Concentrated
Static Load Failure Initiation Mode and
Ultimate Load

To simulate the failure under CSL of these 15
commercial OSB panels, the MOR measured in
the standard bending test was used as the critical
value for the bending stress to initiate failure.
The critical value of shear stress in-plane was
the shear strength measured using the 5-point
test. The critical edgewise shear stress was ob-
tained using published data (Shresha 1999;
Youngquist 1999). A series of failure initiation
stresses were calculated by increasing the CSL
step-by-step in the FE model until any type of
stress was equal to or larger than its correspond-
ing critical value. The applied CSL correspond-
ing to the stress that initiated failure was con-
sidered as the ultimate load simulated by the FE
model. Table 1 shows the calculated stress type
for each OSB panel that reached the critical
value first. It implies that the initial failure was
caused either by the bending stress in the major
direction exceeding the critical value or by the
interlaminar shear stress in the major direction
exceeding the critical value.

Table 1 also lists the ratio of MOR to interlami-
nar shear strength in the major direction and the
corresponding thickness value for each commer-
cial panel. It indicates that the failure was initi-
ated as a result of the interlaminar shear stress in
the major direction when the ratio of MOR to
interlaminar shear strength in the major direction
was equal to or greater than 18.8. The failure
was initiated by the bending stress in the major
direction when the ratio of MOR to interlaminar
shear strength in the major direction was equal
to or less than 17.4. The failure initiation mode
depended on the panel thickness if the ratio of
MOR to interlaminar shear strength in the major
direction was between 17.4 and 18.8. In this
range, failure in the thinner panels was initiated
largely by the bending stress in the major direc-
tion, whereas the failure in the thicker panel
originated primarily from the interlaminar shear
stress in the major direction.

When the failure was caused by the bending
stress in the major direction, the failure spot was

Figure 9. Distribution of the maximum bending stress and
modulus of rupture in the major direction along the thick-
ness direction according to the panel vertical density profile.
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found to be inside the loading disk area at the
bottom of the panel (Fig 10). When the initial
failure was produced by the interlaminar shear
stress in the major direction, the failure spot was

located within the center layer of the panel close
to the unsupported edge near the disk (Fig 11).
The actual failure point depended on the location
of the weak spot within the panel and the accu-

Table 1. Failure initiation mode and location of the initial failure under the CSL ultimate load simulated by the FE model
and the corresponding ratio of MOR to interlaminar shear strength in the major direction and thickness of the panels.

Panel
no.

The predicted stress responsible
for failure initiation

Failure location
(x axis (mm) Figure 2)

Failure location
(y axis (mm)

Figure 2)

Ratio of MOR
to interlaminar
shear strength

(major direction)
Thickness

(mm)

D1 Bending in major direction 203.2 38.1 14.2 11.44
D2 Bending in major direction 203.2 38.1 15.7 11.16
C2 Bending in major direction 203.2 38.1 16.1 10.7
A1 Bending in major direction 203.2 38.1 17.0 11.15
C1 Bending in major direction 76.2 and 330.2 38.1 17.4 11.11
A2 Bending in major direction 203.2 38.1 18.5 10.81
LD1 Interlaminar shear in major direction 76.2 and 330.2 0 18.3 11.01
LD2 Interlaminar shear in major direction 76.2 and 330.2 0 18.8 11.21
B1 Interlaminar shear in major direction 76.2 and 330.2 0 19.4 11.21
MD2 Interlaminar shear in major direction 76.2 and 330.2 0 22.7 11.29
HD1 Interlaminar shear in major direction 76.2 and 330.2 0 20.3 11.31
B2 Interlaminar shear in major direction 76.2 and 330.2 0 19.6 11.32
MR1 Interlaminar shear in major direction 76.2 and 330.2 0 21.1 11.37
MD1 Interlaminar shear in major direction 76.2 and 330.2 0 19.1 11.73
HD2 Interlaminar shear in major direction 76.2 and 330.2 0 20.8 11.84

Figure 10. Initial failure produced by the bending stress in the major direction under the concentrated static ultimate load.
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racy of the center positioning of the loading disk
between the two supported edges. Figures 12
and 13 show the distribution contour plots of the
bending stress and interlaminar shear stress in
the major direction in the panel under the ulti-
mate CSL.

Comparison of the simulated ultimate CSL with
the experimental measured ultimate CSL (Fig
14) showed that all calculated values were lower
than the experimental results. The estimation by
the FE model is more conservative. However,
the slope and the R-square value of the calcu-
lated data using the FE model vs the experimen-
tal data of the ultimate CSL were 1.0 and 0.7,
respectively. It indicates that the prediction of
the trend for the ultimate CSL by the FE model
is reasonable.

DISCUSSION

In this study, FE models were developed that
included both the bending and shear compo-

nents. The model, after incorporating the shear
component, gave a better prediction of the CSL
deflection than some other FE models previ-
ously reported in the literature that did not con-
sider the shear component (Hoyle et al 1982; Xu
and Laufenberg 1988). The FE model used in
this study also took into consideration the stress
and strain variations in the thickness direction.
Comparing the model predictions of this study
with that of a FE model in a previous study that
did not consider the variation in stress and strain
in the thickness direction (Bozo 2002), the R-
square value and the slope of the regression line
of the model predictions vs experimental mea-
surements for the CSL deflection are higher in
this study (slope of the regression line � 0.9,
R2 � 0.5 vs slope of the regression line � 0.6,
R2 � 0.47). Therefore, incorporating the varia-
tion of the stress and strain in the thickness di-
rection of the panel improved the prediction.
Thomas (1996, 2002) also neglected the varia-

Figure 11. Initial failure produced by the interlaminar shear stress in the major direction under the concentrated static
ultimate load.
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tion of the stress and strain along the thickness
direction when he used his FE model to calculate
the bending deflection and shear deflection of
the OSB flooring deck under a centrally located
point load. The FE model that Thomas used to
calculate the total deflection (both shear deflec-
tion and bending deflection) under a centrally
located CSL included shear deflection. How-
ever, he assumed that the transverse shear
stresses (�xz and �yz) were constant through the
thickness of the panel. It is well known that OSB
panels typically consist of different layers and
can vary widely in properties through the thick-
ness. Thus, if the stress and strain variations in
the thickness of the panel were included in the
Thomas model, the model predictions would
perhaps have been more accurate.

Although the predicted bending stress distribu-
tion in the thickness direction was influenced by
the VDP of the panel, it did not change the fact
that the bottom of the panel, as the weakest area,

initiated the bending failure. A more realistic
prediction of the bending stress and strain dis-
tribution could help to better describe the failure
propagation in the thickness direction of the
panel. The key influence of the ratio of MOR to
interlaminar shear strength in the major direction
on the failure initiation mode could provide the
OSB manufacturers with better insight into how
to improve the CSL performance of their OSB
panels.

CONCLUSIONS

An FE model that takes into account the varia-
tions of the stress and strain in the thickness
direction was developed to describe the CSL
performance of the OSB panels. Compared with
experimental results, the model gave reasonable
predictions of the CSL deflection and ultimate
CSL. Although the predictions of the FE model
were still more conservative than the actual CSL

Figure 12. Distribution of the bending stress in the major direction in the bottom of the bottom layer under the ultimate
concentrated static load as simulated by the finite element model.
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data, the results of this FE model were slightly
more accurate than those of the previously de-
veloped FE models that assumed stress and
strain were constant along the thickness direc-
tion.

The influence of VDP changed the distribution
of the bending stress in both major and minor
directions along the thickness of the panel. How-
ever, it did not change the distribution of the
shear stress in the thickness direction.

According to the FE model, failure of the panels
used in this study was initiated only by the bend-
ing stress in the major direction or by the inter-
laminar shear stress in the major direction. The
initial failure mode depended on the ratio of
MOR to the interlaminar shear strength of the
panel in the major direction and the thickness of
the panel. In this study, interlaminar shear stress
resulted in the initial failure when the ratio of
MOR to interlaminar shear strength was greater

Figure 14. Ultimate concentrated static load (CSL) simu-
lated by the finite element model vs the experimentally
measured ultimate CSL.

Figure 13. Distribution of the interlaminar shear stress in the major direction in the central layer under the concentrated
static ultimate load as simulated by the finite element model.
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than or equal to 18.8, whereas the bending stress
caused the initial failure when the ratio of MOR
to interlaminar shear was less than or equal to
17.4. With a ratio of MOR to interlaminar shear
strength between 17.4 and 18.8, the thinner pan-
els failed under the bending stress in the major
direction and the thicker panel failed under the
interlaminar shear stress in the minor direction.

The weakest spot in the OSB panel under a CSL
(ASTM 1997) was located in the loading disk
area at the bottom of the panel when the initial
failure was caused by the bending stress. When
the interlaminar shear stress was the cause for
the failure initiation, the weakest spot was lo-
cated within the center layer of the panel be-
tween the loading disk area and the closest un-
supported edge.

LIST OF NOTATIONS

x� major direction, aligned with the test
span direction and surface strand ori-
entation of the OSB panel

y� minor direction, perpendicular to the
test span and surface strand orienta-
tion of the OSB panel

z� thickness direction of the OSB panel;
z coordinate is normal to the basic
units of finite element structural sys-
tem: two-dimensional elements shell
in finite element structural system,
with z � 0 at the shell mid-surface

�x� bending stress in major direction
�y� bending stress in minor direction
�z� bending stress in thickness direction

�xz� interlaminar shear stress in major di-
rection

�yz� interlaminar shear stress in minor di-
rection

�xy� edgewise shear stress
Dj� density in layer j of the panel
Ex� modulus of elasticity in major direc-

tion
Ey� modulus of elasticity in minor direc-

tion
Ex,j� modulus of elasticity in major direc-

tion of layer j

Ey,j� modulus of elasticity in minor direc-
tion of layer j

MORx,j� modulus of rupture in major direction
of layer j

MORy,j� modulus of rupture in minor direction
of layer j

�xy,j� Poisson’s ratio in x-y plane of layer j
Gxy,j� shear modulus in x-y plane of layer j

A� element area (in s-t plane)
t� average total thickness

Tx� in-plane x force per unit length
N�� numbers of layers

�t
x,j� bending stress at top of layer j in el-

ement major direction
�b

x,j� stress at bottom of layer j in element
major direction

tj� thickness of layer j
Mx� x-moment per unit length
zb

j � coordinate of bottom layer j
zt

j� coordinate of top layer j
Nx� transverse x-shear force per unit

length
�xz,j� average interlaminar shear stress in

layer j in element x-z plane
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