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ABSTRACT 

A finite element (FE) analysis was performed to investigate the flexural properties of a structural 
composite lumber-Moso bamboo (Phyllosruchys pubescens) reinforced southern pine oriented strand- 
board (OSB). Parametric analyses were conducted to investigate the stress and displacement distri- 
butions. Various beam configurations as affected by glue, web structure, flange composition, and 
bambowOSB combination were considered. The comparison of the numerical results from the selected 
models with those from bending tests was also performed. Finally, a rational design criterion for this 
type of composite beam was proposed based on the analytical and experimental studies. Bamboo is 
capable of improving the flexural properties of the OSB for use as a structural beam or joist. At a 
given cross section of about 30 X 140 mm, for instance, two-layer (6.4-mm thickness each) laminated 
bamboo flange can increase the OSB beam's maximum bending stress by 60 to 70% and double its 
stiffness. The total flange thickness, rather than the thickness of each layer, controls the beam deflection 
while the flange with a thinner layer (3.2 mm) resulted in higher bending, vertical, and transverse 
stresses but lower in-plane shear stress. More reinforcing material in the composite beam could reduce 
the maximum bending stress but would likely increase beam weight and processing cost. From this 
study, it ir, suggested that a two-layer flanged composite beam would be favorable from a material 
processing standpoint as well as superior in engineering performance over other configurations of 
bamboo-OSB composite beam product. 

Keywords: Finite element analysis, experimental bending test, bamboo-OSB composite beam, fex- 
ural behavior, stress distributions. 
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IN'TRODUCTION 

A significant change in engineering tech- 
nology to utilize our renewable natural re- 
sources in the forest products industry has 
beefi taking place over the past forty years. 
More materials from commercially grown spe- 
cies, foresdmill residues, and by-products, as 
well as underutilized species are being used to 
produce various value-added engineered wood 
composite products. Oriented strandboard 
(OSB) is known .as a cost-efficient, environ- 
mentally friendly, and material-saving struc- 
tural product. However, it has relatively poor 
flexural performance when used as a beam 
member. Previous studies have been focused 
on increasing the strength of OSB by using 
steel, aluminum, fiber-glass plastics, or higher 
strength wood products as reinforcing mate- 
rials (Davalos et 211. 1993; Bulleit et al. 1989; 
Koenigshof 1986). However, these materials 
are costly, either in materials or in processing. 
With the continuously increasing demands for 
timber-based structural materials in the boom- 
ing construction market, further research work 
is needed to develop new engineering products 
from available natural resources. Since bam- 
boo possesses much higher tensile strength 
than common wood material along the longi- 
tudinal direction (Lee et al. 1994), this study 
attempts to analyze and demonstrate the char- 
acteristics of bamboo-reinforced southern pine 
OSB as a structural beam member. 

Moso bamboo ~(Phyllostachys pubescens), a 
renewable and fast-growing natural resource, 
has been successfully grown in the southeast- 
ern United States for more than seventy years 
(Adamson et al. 1978). Native in Asia, Moso 
bamboo can reach over 20 m in height and 15 
to 18 cm in diameter, and can tolerate tem- 
perature to -15OC. In the past decades, re- 
searchers in the United States have been 
studying the propagation, plantation, and fun- 
damental characteristics of this species regard- 
ing processing and potential industrial appli- 
cations (Lee et al. 1994; Adamson et al. 1978; 
Glenn 1956). It has been found that, compared 
to commercial wood species such as loblolly 

pine and yellow-poplar, Moso bamboo gener- 
ally has the following specific charactristics: 

Faster growing and fully mature within 
3-5 years 
More dimensionally stable in longitudinal 
direction 
Higher tensile strength along the culm di- 
rection 
Higher specific stiffness and specific 
strength. 

The objectives of this paper are: (1) to sim- 
ulate a bamboo-OSB composite beam and 
evaluate its flexural performance under a 
third-point loading pattern (ASTM 1994) us- 
ing three-dimensional (3-D) finite element 
(FE) analysis; (2) to study the effect of several 
selected composite configurations in terms of 
glue, web structure, flange layer and thickness, 
and bamboo-OSB combinations on the stress 
and displacement distributions; (3) to verify 
the model with tests of full-size beams; and 
(4) to develop a rational design criterion for 
this type of wood/bamboo composite whose 
structural performance will meet the commer- 
cial and industrial standards for engineered 
wood composite products. 

Although material properties and proposed 
dimensions are for bamboo-OSB composites, 
the modeling techniques and results are gen- 
erally applicable to other systems of orthotro- 
pic materials as well as to other geometric 
configurations of composite products, such as 
an I-beam and a structural wood component 
or system. The long-term goals of this effort 
are to provide additional material supply for 
the forest products industry and to make more 
productive use of diverse natural resources. 

FINITE ELEMENT MODELING 

Since physically testing enough samples to 
define material behavior for various structural 
sizes and configurations may be practically 
and economically infeasible, a mathematical 
model is often used. However, exact solutions, 
accounting for all material properties, the be- 
havior of joints or overlaps, and interactive 
performance among the composite compo- 
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Frc;. 1. Finite element mesh, boundary conditions, and element properties for bamboo-OSB composite beam. 

nents, would be very difficult to formulate. 
Therefore, a numerical approach is a choice 
for complementing the experimental results 
(Lee et al. 1997). In this study, the I-DEAS 
simulation software (SDRC 1994) is used to 
perform the 3-D finite element analysis of 
bamboo-reinforced OSB composite beams. 

Mesh generation 

A finite element mesh is schematically 
shown in Fig. I .  This bamboo-OSB composite 
beam contains two-layer (6.4-mm thickness 
each) bamboo laminates as the flanges and a 
three-layered (3SB as the web (Lee et al. 
1997). The beam has a dimension of 2.44 m 
(length) by 14.00 cm (depth) by 2.86 cm 
(width). Because of the symmetry about the 
midspan of the beam, only one-half of the 
beam is modeled. There are a total of 2,940 
nodes, and of 2,016 solid elements and 576 
thin shell elements for this particular mesh. 
The modeling considerations for each individ- 

ual component in the structure are described 
as follows. 

Bamboo Jlange.-Each layer in the lami- 
nated bamboo flange is assumed to be a 3-ID 
orthotropic material and its engineering elasti~c 
properties are presented in Table 1. The flange 
is modeled using a linear 8-node hexahedral 
solid element, which has a dimension of 25.4 
(length) by 9.5 (width) by 6.4 (depth) mm 
(Fig. 1). The elements are assumed to be con- 
tinuous with constant material properties 
throughout the flange. The upper and lower 
flanges are identical for the beam, and each 
includes 288 such solid elements uniformly 
distributed over the beam. 

OSB web.-The OSB is assumed to be a 
three-layered orthotropic material. Variations 
of material properties among the layers are as- 
sociated with different principal directions of 
the beam as indicated in Fig. 1. For instance, 
as its longitudinal (L), tangential (T), and ra- 
dial (R) directions are respectively parallel to 
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Mo\o  t x l ~ , ~ h ~ o ~  Snuthcrn plne OSH' Rrsorc~nol-phcnollormaldehyde' 
(Orlhr,trrrplc) (Orthotrop!~) (Icotroplc) 

El, = 10,350 Mpa 
ET = 690 Mpa 
ER = 500 Mpa 
GI7. = 900 Mpa 
GI,R = 830 Mpa 
GKr = 290 Mpa 
vl-y = 0.341 
vl,l< = 0.390 
VKT = 0.308 

EL = 4,000 Mpa 
ET = 2,400 Mpa 
ER = 690 Mpa 
GLT = 690 Mpa 
GLK = 170 Mpa 
GRT = 207 Mpa 
vur = 0.150 
VLR = 0.300 
V K . ~  = 0.300 

E = 6,900 Mpa 

G = 2,650 Mpa 

v = 0.300 

I 1.  and I' denote thc Iongjtud~n.~l  arrd trm\vcr\e <l~rncn\wn\ in  plane ol harnhuo i t r ip  and OSB. respecttvel>, w h ~ l e  R i\ dimension perpendicular to that 
pldlle 

I>at;b ate ttotn H;II (1996) 
' l>',t', :i,c lr,,,,, 'Tr,cI,c (l98>,) 

the x-, y-, and z-axis, the surface layer of OSB 
is represented by an x-y-z = L-T-R mode. 
Similarly, the core layer of OSB is denoted as 
an x-y-z = T-L-R mode, because its T, L, and 
R directions are cloincided with x-, y-, and z- 
axis, respectively. The material properties for 
OSB are given in Table 1. The OSB is mod- 
eled using the same type of solid elements as 
the bamboo flange. However, because a stress 
gradient is expected through the depth of the 
web, large elemeints are used in the central 
zone of the web, while small elements are dis- 
tributed close to the flange-web interfaces as 
shown in Fig. 1 .  As a result, the total number 
of elements is reduced from 2,592 for uniform 
mesh to 1,140 for gradient mesh without in- 
fluencing the accuracy of the result. 

Glue layer and bamboo/OSB-adhesive in- 
terphase zone.-Compared to other FE anal- 
yses of structural wood composite beams 
(Leitchi and Yoo 1992; Wang et al. 1992; 
Fawcett and Sack 1977), the model developed 
here is unique in that it tries to simulate the 
glue effect on the elastic performance of pro- 
posed composite beam. Theoretically, there 
may exist two kinds of action between the ad- 
hesive and porous substrate, such as wood. 
One is the interphase region including a mix- 
ture of adhesive and cell-wall material and the 
other is the interface adhesive layer between 
the substrates. 

As a mixed structure, the interphase zone 
can be assumed to have a similar orthotropic 

behavior to wood. There are nine independent 
elastic properties to be determined. Generally, 
a numerical analysis such as a sensitivity study 
of finite element modeling may help to esti- 
mate some of major properties, for instance, 
longitudinal modulus of elasticity (E,) in 
terms of approximate global characteristics of 
an adhesive-wood interaction zone. First, an 
initial EL is assigned to the interphase in finite 
element model while assuming other proper- 
ties of the substrates and mixture as constants. 
After simulation, the comparison between the 
predicted global EL and the average experi- 
mental value is made. The modification of as- 
sumed value is needed if the two values do 
not closely match each other. However, be- 
cause of the lack of experimental data, those 
minor properties must be assumed based upon 
the given wood and adhesive properties. To 
understand the real interaction mechanism and 
the properties of wood-adhesive interphase 
zone, further studies will be needed. 

In case of bamboo-bamboo bonding, the in- 
spection of some failed specimens indicated 
that a clear interphase zone was not found be- 
tween bamboo and adhesive because the resin 
could not easily penetrate into the highly den- 
sified structure of Moso bamboo (Bai 1996). 
Like bonding metal, a thin film of the adhesive 
is formed and may dominate bamboo bonding. 
In the bamboo-OSB bonding, a much more 
complicated situation is created. There is lim- 
ited access to the cell walls, most of which are 



Boi er a/.-FINITE ELEMENT ANALYSIS OF OSB BEAMS 407 

either crushed or already filled by the resin 
during OSB manufacturing. However, there 
are a lot of koids and gaps existing on the 
rough edge of OSB. Some of the resin may 
easily fill in these discontinuous voids, leading 
to developing some uneven gluelines under 
pressing. 

Many studies have contributed to determin- 
ing the characteristics of adhesive behavior. It 
has been reported that the resin for wood nat- 
urally is an isotropic material. The resin prop- 
erties defined in Table 1 are based upon Tri- 
che's study (1988) of aligned wood strand 
composite, in which the modulus of elasticity 
of phenol-formaldehyde resin is estimated to 
be 6,900 MPal and Poisson's ratio is simply 
assumed 0.300. 

As a result, this study assumes that the in- 
terface adhesive layer will make significant 
contributions to the beam properties and there- 
fore ignores the effect from the undefined in- 
terphase zone. Using the given material prop- 
erties in Table 1, a sensitivity study of finite 
element analysis based on a 2-ply laminated 
bamboo specimen approximately gives a glue 
layer thickness of 0.0025 mm between the 
bamboo. It is expected that more glue will be 
needed at the interface between the flange and 
web in order to take account for the losses of 
adhesive into  he edge voids of OSB as well 
as to avoid shear delamination. Then, a thick- 
ness of 0.0038 mm, 50% more than 0.0025 
mrn, is assigned to the adhesive layer between 
the flange and web. The linear 4-node thin 
shell elements are used to model these adhe- 
sive layers (Fig. 1). There are a total of 288 
such elements for each type of glue element. 

Loading and boundary conditions.-A load 
resultant of 2,;!24 N is applied as a uniformly 
distributed load across the beam width. This 
load is about one-half of the average load at 
proportional limit obtained from a preliminary 
test on bamboo-OSB composite beam (Lee et 
al. 1997), and is placed at the one-third point 
along the longitudinal dimension of the beam. 

At the support located 7.62 cm from the end 
of the beam, the vertical deflection along the 
y-axis is completely prevented as shown in 

Fig. 1. Due to the symmetry about midspan, 
only one half of the beam is modeled, and the 
longitudinal displacement along the x-axis is 
constrained at the center of the beam. 

RESULTS AND DISCUSSIONS 

Analysis of jlexural behavior 

A linear static analysis of this FE model is 
performed to estimate the flexural and shear 
behavior of the composite beam. It is indicated 
that the reinforcing flanges support a part of 
the stress concentrations around both the sup- 
port and the load zones. For instance, in Fig. 
2, normal stress a,, and in-plane shear stress 
T,, are significantly high at these critical lo- 
cations as expected, but the general distribu- 
tions of a,, and T,, along the span obey beam 
theory under a third-point loading. The trans- 
verse stress u,,, however, only exists inside the 
flanges with a maximum value located at the 
middle of flanges for a given cross section (C-  
S) plane, while extreme high values of vertical 
stress a,, can be found at the supporting artd 
loading points. Interlaminar shear stresses T,, 
and T,, would be ignored due to their relatively 
small value across the beam domain. 

The detailed distributions of stress compo- 
nents within the C-S plane at the one-six1.h 
span of the beam are presented in Fig. 3 for 
several composite configurations. As illustrat- 
ed, the component a,,, having an antisynl- 
metrically distributed stress about the neutr,al 
axis, increases from zero at the neutral plane 
of the beam to the interfaces of the web and 
flange and then, due to discontinuity of ma- 
terial, jumps up to maximum value at the sur- 
face of the beam. The vertical stress a,, di:i- 
tribution is also antisymmetric about the neu- 
tral axis with larger magnitude existing at the 
top of the flanges. The T,, component, how- 
ever, has a parabolic distribution with a max- 
imum shear stress at the neutral axis of th~e 
beam. 

Results from this study indicate that bam- 
boo flanges can improve OSB's flexural per- 
formance by significantly increasing the max- 
imum bending stress a,, of the beam (Fig. 3a), 
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-3.63 

-7.46 
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The Half Span of the Composite Beam (m) 

FIG. 2. Stress distributions along the length of bamboo-OSB composite beam: (a) Bending stress; (b) In-plane shear 
strcss. 

but they also reduce the maximum in-phase 
shear stress T , ~  of the structure (Fig. 3b). The 
maximum magnitudes of other stress compo- 
nents are summarized in Table 2. 

Effects 13f the components 

The effects of adhesive, OSB's web struc- 
ture, and layer number and thickness of bam- 
boo flanges on stress components are evalu- 
ated based on a C-S plane at the one-sixth 
span, or the middle of the C-S plane between 
the support and load. 

The adhesive considerably contributes to re- 
ducing the potentla1 delamination between the 
flange and web as well as between the two 

layers of the flanges. Based on the assump- 
tions, Fig. 4 illustrates that a model with con- 
sideration of a glue layer in the structure re- 
sults in reducing a,, and T,, by increasing a,, 
within the flanges of the beam. However, the 
glue element does not influence the beam's 
maximum values of major stress components, 
a,, and T , ~  A slight effect of glue element on 
the other stress components exists. Figure 5 
indicates that the distributions of the a,, within 
the flanges are different between a uniform 
OSB web and a layered one. As shown in Fig. 
6, for a given thickness of the flange, increas- 
ing the number of the layers does not signifi- 
cantly influence any stress components. This 
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-14.30 -10.85 -7.4 1 -3.96 -0.5 1 2.94 6.39 9.83 13.28 
(a) Normal Bending Stress ox, (MPa) 

-0.82 -0.68 -0.54 -0.4 1 -0.27 -0.13 
(b) In-Plane Shear Stress z,, (MPa) 

-4.5 -2.4 
(c) Vertical Normal Stress ow (kPa) 

FIG. 3. Comparisons of major stress distributions of several bamboo-OSB beam configurations within a cross- 
scctlon plane at the one-sixth of the beam (x = 0.46 m or 18 nodes from the left end of beam). 
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TABLL 2. Surntntlry of'tnaxitnum stresses and dej?rctions from different bamboo-OSB cotnpo.rite beams. 

Flnltc c l c ~ n c ~ l t  mc\h!ng Maximum magnitude\ of thc \trc\s component\ 
M a x ~ r n u m  

( ' i ,~npo\~tc heam codcl Node 1;lemrnl (Tx- 
T x )  "SY 7 x 1  , detlrctlon (A,)  

MPa -mm- 

3-Layered OSB' 2,548 1,728 21.08 0.96 8.90 0.15 0.22 1.06 10.06 
Tk2-3-2 2,940 2,5923 33.72 1.38 7.69 0.86 0.90 4.05 22.48 
Tn4-3-4 3,724 3.744j 35.52 0.94 9.21 1.02 0.39 6.39 22.43 
Tk4-3-4 3,332 3,4563 29.28 1.47 7.63 0.92 0.92 4.18 17.65 
TkLaminate 4,508 6,152 23.37 0.85 4.13 0.23 0.49 1.41 13.62 

' Tk and TI) dcrlotc Ihc thlch (46.4 mm) and rhln ( C 3  2 mm) hamboa strips as the rrtnfo!eicd flangc5. rcsprctively. thc fir51 and lhtrd n u m h c ~ . ~  ~ndlcate the 
top and hottom flange layer, whble the mnddle orrc rcprcsents the OSH layeled 5tructurc. 
' A loail !e\oltanl of  I40 pounds. one-half of the average load at proponional ltrnit f"r I h r  OSH heam loaded edgcwlw ~n cxpcrlmcntal Ic\t, was appllud a\ 

,I un~torrnly dx\t-lhutcd load acl-r,\s Ihe beam width (Hal 1996) 
' Onc - i l ~n~e r~ \~ona l  \hell elen~cnt\ for ndhc\i\c arc ~ncludcd 

could lead to a significant saving in glue by 
using thicker flanges. On the other hand, in- 
creasing the flange thickness results in chang- 
ing all stress distributions and magnitudes 
within the composite beam as shown in Fig. 
7. When using thicker flanges, the maximum 
a,, at the beam surface is significantly re- 
duced, and a more uniform distribution of the 
u,, through the depth of the beam is presented, 
which is not an effective design for a struc- 
tural beam member. In addition, the distribu- 
tion of shear stress T , ~  becomes narrow within 
the web region, but its maximum value re- 

mains constant. The minor stress components 
are also varied due to an increase in flange 
thickness (Fig. 7). 

According to a third-point loading and 
boundary conditions of FE mesh, the maxi- 
mum displacement of the beam is expected to 
occur at the midspan of the composite beam. 
It is found that, from this study, adding ad- 
hesive and increasing flange thickness could 
result in higher beam stiffness and therefore 
reduce the deflection of the beam. However, a 
multilayer OSB web could result in reducing 
the beam stiffness. 

-1434 14.34 -0.732 -0.116 -0.012 0.012 -0.014 0.014 -0.003 0.003 -0.121 0.121 

Stress Distributions through the Beam Depth, MPa 

1 x with glue element without glue element 1 
FIG. 4. Effect oT gluc layer on the stress distributions in a cross section plane at one-sixth of composite beam. 
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-14.30 14.30 -0.732 -0.1 16 -0.01 1 0.01 1 -0.014 0.014 -0 002 0.0023 -0.121 0.121 

Stress Distributions through the Beam Depth, MPa 

FIG. 5. Effect of OSB web structure on the stress distributions in a cross section plane at one-sixth of co~nposite 
beam. 

]Mesh convergence 

The replaccsment of the actual physical 
problem by a numerical model introduces ap- 
proximations. However, the convergence of 
the FE analysiis can be improved by meshing 
techniques. There are at least two ways to al- 
low FE approximation to converge to the 
mathematical model of the physical problem, 
that is, reducing the size of linear element (H- 
version) or increasing the order of the poly- 
nomial interpolation functions (P-version). 

Five FE meshes, including four models with 
different linear isoparametric 8-node solid el- 
ements and one with quadratic isoparametric 
20-node solid elements, were analyzed. The 
convergence of the major stress components 
and displacements is evaluated based on their 
maximum values. The convergence of the 
flexural properties based on a selected point 
on the composite beam, which is located at the 
position between the lateral surface plane and 
the upper interface of the flange and the web 
cross the C-S plane of one-sixth span, is also 
investigated. 

Table 3 presents the results of the conver- 
gence study. As indicated, the FE models are 

converged with respect to the u,, and T,, as 
well as the deflection of the beam at the se- 
lected location. However, although the maxi- 
mum deflection of the beam converges, the 
maximum a,, and T,, do not. This is perhaips 
because the locations of maximum stresses are 
changed as influenced by the stress concentra- 
tions around the supporting and loading zones. 
It has been found that an increase in nodal 
number resulted in increasing both maximum 
a,, and T , ~  Compared with analytical solutions 
based on the theory of composite materials, 
the results from the FE analysis are fairly good 
in terms of stress magnitudes as well as dis- 
placements of this bamboo-OSB composite 
beam as shown in Table 3. 

COMPARISON OF FE MODEL T O  BENDING TEST 

A test on the flexural properties of full-size 
bamboo-wood composite beam was conduct- 
ed to verify the numerical FE analysis. Eight 
each of two-layer and four-layer reinforcled 
beams, having the same dimensions as simu- 
lated in FE model, were fabricated, and .an 
edgewise third-point loading test was appli~ed 
after the beams were conditioned. Also, eight 
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-14.30 14.30 -0.732 -0.059 -0.01 1 0.011 -0.015 0.015 -0.003 0.001 -0.121 0.121 

Stress Distributions through the Beam Depth, MPa 

1 x 2 lavers with 0.25" each in thick + 4 laver with 0.125" each in thick I 
R c i .  6 .  Effect of the thickness of flange layer on the stress distributions in a cross section plane at one-sixth of 

composite beam. 

full-size three-layer OSB beams were tested as It is found that the predicted maximum 
a control. The comparison of maximum bend- bending stress of composite beam is fairly 
ing stress and deflection from FE analysis to close to tested value. However, the FE model 
those from flexural test is listed in Table 4. underestimates bending stress by about 19% 

-14 30 14.30 -0.739 -0.1 17 -0.009 0.010 -0.002 0.001 -0.001 0.000 -0.095 0.095 

Stress Distributions through the Beam Depth, MPa 

I 
A 2 layer with 0.25" each in thick 4 layers with 0.25" each in thick I 

FIG. 7. Effect of thc number of flange layer on the stress distributions in a cross section plane at one-sixth of 
composite beam. 
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T A B L ~  3. Convergence study for finite element analysis of bamboo-OSB composite beam1 

Rcsults from thc selected potnt2 Rcsults for m a x ~ m u m  magn~tuder 
Finite clement modellng - 

IleHection Bending stress Shear stress Ilcflection Bendlng stress Shear stress 
Mesh type No. of node No ot element (A,) (uyyl  (7"") (Av) (crrr) (7,") 

H-version 
Coarse 900 720 11.51 8.33 0.2 1 21.74 27.41 0.69 
Medium 1,764 1,440 1 1.48 8.19 0.23 21.57 27.41 0.84 
Standard 2,940 2,592 1 1.47 7.96 0.25 21.54 32.97 1.39 
Finc 4,508 3,744 1 1.47 7.92 0.26 21.58 39.95 3.95 

P-version3 3,653 672 1 1.47 8.18 0.28 21.59 34.77 2.46 
Analytical Soluticln4 11.1 1 7.27 0.29 21.15 28.75 0.84 

- 
' Thc rc~ul t ,  arc harrJ  on a composite heam of 3-layered southern pnnc OSB reinforccd at the edges hy ?-ply hamhoo laminate, uwng resorcinol-phenol- 

form;kldehyrle rrsln. 
'The  location IS at the point hetwccr~ the lateral surface and the interface of the Hangc and weh acrocs the cross sectton plane at the one-sixth span of the 

hcam. 
' Quadrauc lsoparametric elemcnts with 20 nodes are used. 
'Tkmo\henko Beam l'hcory 19 appl~ed for the caloulatton of thc dcflect~on and Tvansformed-Section Theory of Compoblte Materials for the strer\e\. 

and 16% for two-layer and four-layer beams, 
respectively, as shown in Table 4. This is 
probably due to uncertainty of glue properties, 
lack of inform.ation on glue-wood interface be- 
havior, and the setup of analytical model as 
well as experimental errors. In general, reduc- 
ing element size or using higher-order element 
could significantly improve the convergence 
of the analysis. As shown in Table 4, using 
refined elements in an FE model reduces the 

appropriately account for these properties, 
may need to be investigated later. 

In Table 4, the comparison of maximum de- 
flections from finite elernent models to those 
from physical tests is also conducted. AL1- 
though FE model overestimates the deflection 
of four-layer flanged composite beam, there is 
a fairly good match for that of two-layer 
flanged beam. 

difference between analytical and experimen- 
SOME IMPLICATIONS FOR THE DESIGN OF 

tal results to about 4%. For OSB beam, the BAMBOO-OSB COMPOSITE BEAMS 
model overestimates the maximum bending: - 
stress by about 40%. This may be due to the The allowable tensile stress of the flange 
nature of OSB product containing consider- and shear strength of the web are two impor- 
able gaps andlor overlaps among strands. tant parameters for the design of a composite 
Therefore, more accurate models, which may beam. Based on the results of this FE analysis 

TABLL: 4. Compclrison ofjexural hel~uvior of Bamboo-OSB beam ,from FE model and bending tests'. 

Maximu~n bcnd~ng stress (rr,,) Maximum deflection (A,) 
- 

Cnmlx'\~tc hearrt code' Predlctrd Tested Error Prrdtcted Tested Error 
- 

-MPa- -%- -mm- -%- 

3-Layered OSB3 21.08 12.47 +69.05 10.06 10.21 -1.5 
Tk2-3-2 33.72 41.65 - 19.04 22.48 21.76 +3.3 
Tn4-3-4 35.52 42.26 - 15.95 22.43 18.07 +24.1 
Refined Tk2-3-24 39.95 41.65 -4.08 21.58 21.76 -0.8 - ' Rclcr 11, the paper pijhlirhcd by Lrr  rt  al (19971 for the dr ta~led  cxperimenval rtudy. 

' T k  and T n  denote the thick ( 8 6 . 4  mml and think ( 8 7 . 2  mm) hamhoo \trlpr as the reinforced flanges, rerpeul~vrly; the first and third numbers ~ndl'atr 
thc Lop and hottorn Han;:r layer\ whale thc ln~ltdle one represents the OSR layered structure 

' A load resultant of 140 pound?. one-half of  the average load at proportional l i m ~ t  for the OSH beam loaded edgewise In exper~mental test. was appl~etl as 
a uniformly d ~ \ t r ~ h u t c d  load across the heam w ~ d t h  (Bal 1996). 

Refer to Tahlc 3. 
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as given in Table 3, it is recognized that the forcing material does not give a positive result 
maximum a,, of the OSB beam could be in- for this composite beam from the point of 
creased by 60 to 70% if a two-layer (6.4-mm view of structural properties (such as maxi- 
thick each) or a four-layer (3.2-mm thick each) mum value and distribution of bending stress), 
laminate is used as reinforcing flanges. How- material savings (glue and fiber), and process- 
ever, more reinforcing material such as a four- ing cost (energy and labor). 
layer flange with 6.4 mm each leads to only 
about 40% increase in maximum a,,. In ad- CONCLUSIONS 

dition, compared to the OSB beam, the max- 
imum a,, of the laminated bamboo lumber 
beam increases only about 20%. 

Although the a,, is not a critical design var- 
iable for a beam, its maximum value is found 
to be quite high in the bamboo-OSB compos- 
ite beam at the supporting and loading regions. 
Normally, the largest a,, at a C-S plane occurs 
at the web zones close to the flanges as shown 
in Fig. 3c. As shown in Figs. 4 to 6, the a,, is 
an insignificant stress within the proposed 
composite beam. 

The T,, in composite beam is considerably 
influenced by the ireaction and applied load. 
The maximum T,, in composite beam is higher 
than those in the OSB and laminated bamboo 
lumber beams. Figure 3b shows that bamboo 
flanges obviously reduced the maximum T,, at 
the center of the web. In general, the shear 
stresses T,, and T,, may be ignored in compos- 
ite beams. However, the maximum T,, and T,, 
are much higher in the composite beam than 
those in both OSB and laminated bamboo 
lumber beams. 

It is found that the flange thickness can af- 
fect the beam deflection. The longitudinal 
stiffness of the OSB web is a major contrib- 
utor to the stiffness of composite beam, and 
the different amounlt of glue is also a factor of 
the beam stiffness. 

Based on the above analysis, the proposed 
beam made from two-ply bamboo laminates 

A three-dimensional finite element analysis 
is conducted to evaluate the performance of 
an orthotropic composite lumber beam made 
from Moso bamboo-reinforcing southern pine 
OSB . An assumed one-dimensional adhesive 
layer element is introduced into the finite el- 
ement models. The bending test for full-size 
beams was performed to verify the accuracy 
of the model. It has been found that bamboo 
is a potential reinforcing material to improve 
OSB's flexural properties. A bamboo-OSB 
composite beam with two-layer laminated 
flanges provides favorable structural proper- 
ties not only in flexural performance but also 
in material savings and processing over other 
configurations of bamboo-OSB composite 
beams. This assessment is made using a para- 
metric analysis considering the effects of glue, 
web structure, and the number and layer of the 
flange. Due to the stress concentrations caused 
by the reaction and applied load, all maximum 
stress components from the FE analysis are 
significantly larger than those from theoretical 
solutions. This study suggests that the 3-D FE 
analysis is an effective tool for simulating the 
structural properties of composite beams, for 
analyzing the detailed interactions between in- 
dividual components and their contributions to 
the composite, and, furthermore, for assisting 
in design of high performance engineered 
wood composite materials. 
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