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ABSTRACT 

The strength and stiffness of a notched, cross-halved joint was investigated using a three-dimen- 
sional finite element method (FEM). Composites involved in t h i ~  research were laminated veneer 
lumber (LVL) and laminated strand lumber (LSL). The joint consisted of primary and secondary load- 
carrying elements notched and inserted into each other crosswise. A 3-D FEM technique predicted 
the deformations and stress developments under concentrated and distributed loads. E;xperimental 
validation of the model, based on deformation measurements, showed good to excellent agreement 
between predicted and measured values. Failure mode analysis revealed that the normal stresses (ten- 
sion) control the performance of the joint. 

The joint configuration can provide additional lateral stiffness and stability in structural applications 
including floor and roof systems. Furthermore. the in-plane moment resistance of the joint may provide 
better performance of such structures under dynamic loads such as earthquakes and excessive wind 
loads. 

Ke~~words: Wood-based structural composites, FEM, stress, deformation, joint 

INTRODUCTION 

As a major construction material supplier, 
the wood-based composite industry is under 
constant pressure to meet increasing demand 
using decreasing quantity and quality of ma- 
terial resources. New products such as orient- 
ed strandboard (OSB), laminated veneer lum- 
ber (LVL), parallel strand lumber (PSL), and 
laminated strand lumber (LSL) have been de- 
veloped to meet demands of the construction 
industry. Besides "engineering out" the nat- 
ural defects and inherent inconsistencies of 
solid wood, these products use short rotation 
trees and species previously neglected because 
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of unfavorable physical and mechanical prop- 
erties. 

Although the wood-based composite indus- 
try has aided better utilization of resources, 
there is still potential to decrease the volume 
of wood in residential and commercial struc- 
tures. Traditionally, load-bearing, structural 
composites were developed to replace solid 
wood in structural applications. Thus, the in 
situ usage is similar to that developed for lum- 
ber hundreds of years ago. The improved and 
more predictable engineering properties of 
these materials permit engineers to design 
lighter and more innovative structures that of- 
fer better performance. 

For structural applications, a reticulated lat- 
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tice structure, built with combinations of sev- 
eral types of wood composites, is envisioned. 
The proposed structure consists of two ele- 
ments, primary load-bearing members and 
load-transferring members. The width of the 
members is aligned perpendicular to the prin- 
cipal plane. Halving joints connect the ele- 
ments without any fasteners or gluing. Figure 
l a  shows the constructional principle of the 
proposed structure. The short, load-transfer- 
ring members provide lateral support for the 
slender load bearing beams. With appropriate 
spacing and systematically shifted load-trans- 
ferring elements, different lattice structures 
could be created including flat grids or hyper- 
bolic shells as shown in Figs. l b  and lc ,  re- 
spectively. Upon loading, the joints at the nod- 
al points of the lattice become self-locking, 
owing to the joint configuration. This action 
provides both in-plane and vertical strength 
and stiffness. The symmetric structure of the 
lattice allows the use of advanced engineering 
techniques, like matrix structural analysis and 
finite element modeling, to dimension the 
members and optimize the spacing. 

There are two major concerns regarding the 
final performance of such systems. Wood and 
wood-based composites are hygroscopic ma- 
terials that shrink and swell according to their 
fluctuating moisture content. The subsequent 
dimensional changes, mainly in the thickness 
direction, can alter the tightness of the joint, 
creating difficulties in assembly andlor gen- 
erating additional stresses during service. 
While the precision problem can be handled 
by notching the element in controlled environ- 
ment, the effect of in situ shrinkage or swell- 
ing on the system should be investigated on 
full-scale assemblies in changing environmen- 
tal conditions. Another consideration is the 
overall system behavior. The performance of 
a single joint may be modeled with reasonable 
accuracy. However, due to the cumulative ef- 
fect of any discrepancies at the individual el- 
ements (joints), the global analysis may be se- 
riously impaired as demonstrated by other re- 
searchers (ASCE 1976; Li and Schmidt 1997). 
All the same, it is assumed that the strength 

FIG. 1. The principle of the proposed joint system and 
two possible applications. I.-Primary load-bearing ele- 
ments; '.-Load transferring elements. 

and stiffness of the joints (i.e., material ade- 
quacy) can be explored using finite element 
modeling. The general load-supporting capac- 
ity of a lattice structure can be further evalu- 
ated by either modifying the local model or by 
structural matrix analysis. 
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BACKGROUND However, fewer works targeted the perfor- 

Strength and stiffness of notched, solid 
wood beams have been intensively investigat- 
ed in the past. Stieda (1966) studied the stress 
concentrations around holes and notches and 
their effect on the strength of wood beams. 
Murphy (1 986) studied the strength and stiff- 
ness reduction of large notched beams. Zalph 
and McLain (1992) used a critical filet hoop 
stress model for predicting the failure loads of 
notched beams. Design equations were devel- 
oped by Foliente and McLain (1 992a) to better 
approximate the load-supporting capacity of 
end-notched beams. A finite element model 
was presented by Foliente and McLain 
(1992b) for predicting the strength of end- 
notched wood beams. Although the structure 
analyzed in the present study had no unfilled 
notches, the above-mentioned works provide 
vital information regarding stress concentra- 
tions, failure modes, and design approaches. 

Goodman et al. (1974) investigated the 
composite and two-way actions in wood joist 
floor systems. They concluded that the ply- 
wood sub-flooring fixed to the joists signifi- 
cantly improved the strength and stiffness of 
the entire system. The additional lateral stiff- 
ening by the load-transferring element in the 
proposed structure may further improve the 
stability and load-supporting capacity of light 
frame buildings. 

Other possible applications of the proposed 
joint include reticulated shells and lattice 
domes. Such structures were studied inten- 
sively over the past two decades. A Task Com- 
mittee of the American Society of Civil En- 
gineers presented a comprehensive review of 
lattice structures (ASCE 1976). In this work 
the historical development, analyses of lattice 
structures, and design practices are discussed. 
The authors pointed out the importance and 
economic significance of the non-planar joints 
in the framework. 

Most of the numerous publications ad- 
dressed the analysis, stability, and design of 
reticulated lattice structures created from 
rolled, extruded, or tubular metal elements. 

mance of wood composites in complex sys- 
tems. The most comprehensive paper was pub- 
lished by Holzer et al. (1991). The authors re- 
viewed different stability investigation~ of 
spatial wood structures. 

Several research projects conducted on re- 
ticulated load-bearing systems were initiated 
in Japan, where the imminent danger of earth- 
quakes requires lightweight and ductile build- 
ing constructions. Yamada (1989) evaluated 
the effects of joint flexibility and loading con- 
ditions on the buckling characteristics of lat- 
ticed domes. Takashima (1993) developed a 
numerical simulation of elasto-plastic behav- 
ior of reticulated domes. Suzuki et al. (1994) 
proposed a woven lattice, shell structure made 
of flat steel bars and investigated the mechan- 
ical properties by means of analytical and ex- 
perimental methods. Results indicated the su- 
perior load supporting capabilities of such 
structures. 

OBJECTIVES 

The ultimate goal of this research is to de- 
velop a fully engineered, lightweight, unique 
load-supporting system for residential and 
commercial building constructions and other 
applications. The primary goal of the present 
work was to confirm that notched, structural 
composite lumbers could support significant 
loads. Furthermore, the investigation focused 
on the stress concentration and distribution 
patterns around the critical areas of the pro- 
posed joint demonstrating the applicability of 
finite element analysis to wood-based com- 
posite materials. Specific objectives of this 
phase of the research were as follows: 

1. To explore the engineering properties of the 
composites that govern the structural be- 
havior of the proposed joint; 

2. To develop a database of engineering prop- 
erties of the materials for future use by 
standard testing procedures; 

3. To develop analytical methods for predict- 
ing the behavior of the proposed joint via 
finite element modeling and; 
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FIG. 2. Schematic and dimensions of the test specimens with the superimpored FEM mesh. 

experimentally validate the model. DEVELOPMENT OF THE FINITE ELEMENT 

The preliminary investigation, completed to 
date, was aimed at investigating the stress and 
deformation behavior of the proposed joint 
configuration. The analytical and experimental 
works focused on the behavior of the smallest 
unit of the system (i.e., cross-halved joint) un- 
der concentrated and distributed loads. Figure 
2 shows this unit of the system, which was the 
concern of the present analysis. 

This paper describes the finite element mod- 

MODEL 

The finite element method (FEM) is one of 
the most important engineering achievements 
of the 20th century. It was first introduced in 
the aircraft industry and later rapidly gained 
acceptance and applications in other fields of 
applied mechanics. The finite element method 
is well developed, and the interested reader is 
referred to established textbooks on the topic 
for detailed discussion of the approach (e.g., 
Zienkiewicz 1984; Bathe 1986). . . 

el development and predictions of stress and 
deformation responses of the joint under con- General approach 

centrated and distributed load by analytical so- The investigated cross-halved joint repre- 
lutions. Furthermore, the experimental work sented a typical discontinuous or contact prob- 
conducted and the validation of the model are lem. Generally, such problems can be ana- 
discussed, along with indications for further lyzed using the Hellinger-Reisner's function 
research. (Bathe 1986). This approach is based on the 
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FIG. 3. Solution of the contact problem by the finite 
element method. Legend described in text. 

modification of the potential energy function 
where a penalty factor is added to the La- 
grange multiplier term as follows: 

where: 

L(u,) = Hellinger-Reisner's function; 
n,,(u,) = total potential energy function; 

A, = contacting domain; 
p, = normal, contact stress; 
d l  = gap distance; 
E = penalty factor. 

During the iterative solution of Eq. ( I ) ,  the 
relative positions of the two contacting, elastic 
bodies are computed by identifying mutually 
corresponding contact points at the contacting 
domains. These point-pairs are usually re- 
ferred to as contact elements or pseudo ele- 
ments. Figure 3 shows the principle of the cal- 
culation where l is the basic domain and 2 is 
the target domain. The corresponding point- 
pairs are identified by selecting arbitrarily one 
point at the basic domain, and the direction 
normal (nl) from this point will intersect its 
pair at the boundary of the target domain. The 
distance between the points is given as fol- 
lows: 

where ul, and u2, are displacements of the 
points in the direction of n' and h is the initial 
gap. This distance indicates the contact or gap 

TABLE I. Discretization o f  the proposed joint for FEM. 

Number of Number of 
Structural element f rn~le  element\ nodal point, 

Primary beam 4,212 5,638 
Load transferring elements 1,000 1,472 
Contacting surfaces 660 -- 
Nodal constraints -. 107 
Degree of freedom 2 1,223 

development between the bodies as a result of 
deformations that are imposed by external 
loading. If d > 0, then there is a gap and the 
contact pressure, p = 0. On the other hand, if 
d = 0, the contact is existing and the pressure, 
p r 0. The commercial software used (Ansys 
Inc. 1998) had the capability to analyze such 
a discontinuous problem. 

Model specifications 

The performance analysis of the joint was 
approached as a three-dimensional, linearly 
elastic structural analysis modified for contact 
and frictional connections. We assumed geo- 
metrical linearity, i.e., only small displace- 
ments and deformations were considered upon 
loading. 

For geometric discretization, we used an 8- 
node, anisotropic, rectangular solid element. 
The developed mesh had smaller sized finite 
elements near the notches for better accuracy 
as shown in Fig. 2. Table 1 summarizes the 
features of the geometrical discretization. 

The primary load-bearing element was 
modeled as a simply supported beam that had 
side roller supports at the ends to prevent hor- 
izontal buckling. This resulted in 107 nodal 
constraints in the model. Considerations that 
governed the selection of load boundary con- 
ditions were: a.) the deformation of the pri- 
mary beam should remain within the linear 
elastic region; b.) measurable deflection 
should be achieved for model validation; c.) 
the stresses in the load-transferring element 
should not exceed the strength values; and d.) 
approximately the same stress level should be 
generated for both composites by both loading 
types. Preliminary calculations, based on basic 
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TABLE 2. Kelcrrionship h e n v r m  the global and mrzterial represent the real anatomical directions of the 
i.oordincrte sysrem.s. constituents of LVL. However, in the case of 

O r t h o ~ r o p ~ c  matcrlal coordinate \y\tem 
Oliihal coordln;~te 

LSL, these subscripts serve for identification 
\>alrrn Prlln:rry Bcam I.oad-transkrr~ng clerncnr only. Because of the materia] orthotropy, the 

X L R elastic constants of the primary load-bearing 
Y T T element and the load-transferring element are 
z R L different relative to the global coordinate sys- 

tem of the analysis. Table 2 describes the re- 
lationship between these coordinate systems. 

mechanics, indicated that the following design Numerical analyses included the computa- 

loads would satisfy the above requirements. tion of displacement's domain and stress ten- 

For both composites, two concentrated forces sor's domain under fixed loading. Because the 

(406 mm apafl), 3.0 kN of each were applied contact problem had physical non-linearity, 
on the load-transferring element as shown on the computation of the displacement within 
~ i ~ ,  2, ~h~ distributed design loads were set the domain required the solution of a non-lin- 
to 0.7 NImm2 and 0.8 ~ 1 ~ ~ 2  for LVL and ear equation system. The solution used the 

- ~ - - -  

LSL, respectively. 
Based on the properties of raw materials, an 

orthotropic material model was incorporated. 
Table 3 contains the 12 elastic constants that 
were used to formulate the material model. 
The longitudinal axis of the finite elements 
were aligned parallel to the longitudinal (L) 
direction in the principal material coordinate 
system. Figure 4 shows the interpretation of 
the principal material coordinates of the com- 
posites. Note that the traditional notation, lon- 
gitudinal (L), tangential (T), and radial (R) 

Newton-Raphson method (Segerlind, 196 1) 
with 100 iterations. The convergence analysis 
was based on the criteria of unbalanced forces 
with 0.05 specific value. All finite element 
analyses were performed using ANSYS R5.3 
software (Ansys Inc. 1998). 

The analysis resulted in three-dimensional, 
color-coded stress distribution diagrams in- 
cluding normal and shear stresses. Further- 
more, the model provided the spatial defor- 
mations (displacements) of the joint elements 
under specified loading. 

TABLE 3 .  Exprrinlentcrl!\. deterniined and estimuted properties of LVL and LSL 
- 

L V L  I.SI~ 

Material p l i ~ p c r t ~ r s  17 I r COV (%) II i COV (9 ) 

E l .  (GPa) 
ET (GPa)2 
E, (GPa)' 
GIT (GPa) 
GLR (GPa) 
GRT (GPa)? 
MOR (MPa) 
TLK (MPa) 
TLT (MPa) 
Poisson's ratios2 

Friction coefficients3 

' Samplc \(LC ' E\tlrnarcd or I~ler:~lure ,slur\. 

' 5 .  h = 5lauc and klncrlc frjct~on. rc\pcct~\cly 
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FIG. 4. Interpretation of the material coordinate sys- 
tem. a.-Laminated veneer lumber (LVL); b.-Laminated 
strand lumber (LSL). 

MATERIALS AND METHODS 

Joints were manufactured from yellow-pop- 
lar (Liriodendron tulipifera) laminated veneer 
lumber (LVL) and aspen (Populus tremulo- 
ides) laminated strand lumber (LSL) with 44- 
and 38-mm thickness, respectively. Tests of 
required material properties included EL, 
MOR, shear strength ( T ) ,  and friction coeffi- 
cients ( k )  determinations. Whenever possible, 
testing procedures followed the specifications 
of the relevant ASTM standards (1996) except 
for moduli of rigidity (G,, G,,) determina- 
tion. These properties were established using 
the single span bending method described by 
the European (EN 408) standard. Other elastic 
constants such as Poisson's rations, GRT, E,, 
and ET were estimated using literature values. 
Calculations were based on known ratios and 

symmetry requirements for orthotropic mate- 
rials (Bodig and Jayne 1982; Wood Handbook 
1996). 

Six cross-halved joints, proposed in the lat- 
tice structure, were manufactured from each 
type of material. Figure 2 shows the size and 
configuration of these test structures. The crit- 
ical feature of the joint was the tightness at the 
cross-halved notches. Special dado blades 
were used to provide precision machining. All 
test joints and specimens for property deter- 
mination were kept in an environmental cham- 
ber set to 20°C and 45% relative humidity. 
This resulted in approximately 8-9% moisture 
content and prevented any thickness swelling 
after joint machining. 

The solution of contact problem, included 
in the model, required friction coefficients of 
the composites. The lack of available literature 
data on friction coefficients of such products 
initiated a side study investigating the direc- 
tion-dependent friction coefficients of LVL 
and LSL. Furthermore, the effect of contact 
pressure on the magnitude of friction coeffi- 
cients was also examined. The details of the 
apparatus, testing procedure, results, and con- 
clusions of this side study have been published 
in a separate paper (Bejo et al. 2000). 

For experimental validation of the model, 
predicted and measured load displacement 
data were compared upon loading with con- 
centrated and distributed loads. Test structures 
were loaded as simply supported beams in an 
MTS universal servohydraulic testing machine 
equipped with a 20 kN load cell. The machine 
operated under displacement control. The 
speed of testing was 2.5 mmlmin. Support and 
load applications agreed with the specifica- 
tions of the ASTM standard (Fig. 5a). Deflec- 
tions were measured at two points, at both 
sides along the longitudinal symmetry axis of 
the primary load-supporting element using 
digital dial-gauges that had 0.01 -mm accuracy. 
Specimens under concentrated load were test- 
ed until failure. Failure mode analysis fol- 
lowed. 

One of the challenges of our experimental 
technique was the application of increasing 
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FIG. 5.  The experimental setup for model validation. a,-LVL under concentrated load; b.-LSL under distributed 
load. 
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distributed loads. We solved this problem us- 
ing fire hoses partially filled with water. The 
hoses were placed cross-wise on the top edges 
of the joints. A rigid load applicator converted 
the concentrated force into pressure uniformly 
distributed on the edge surfaces of the struc- 
tures (Fig. Sb). 

RESULTS AND DISCUSSION 

Material properties 

Table 3 contains the basic statistics of the 
experimental test results and the values of se- 
lected properties that were used as input data 
of the model. In general, the measured 
strength and stiffness of the two types of com- 
posites were comparable. LSL, however, had 
higher variations in both elastic and strength 
properties. This fact may be explained by the 
more homogenous structure of LVL. On the 
other hand, the apparent stochastic nature of 
mat formation in the LSL manufacturing pro- 
cess creates significant in-plane density vari- 
ations. Within a board, micro-voids, high and 
low density regions can randomly occur that 
may increase the variability of the evaluated 
engineering properties. Furthermore, LSL had 
a high degree of orthotropy regarding shear 
strength. The 12.6 MPa shear strength in the 
LR plane (i.e., edgewise application) com- 
pared to the strength values of LVL indicates 
the superiority of this product when shear is 
the critical design factor. 

Validation of the model 

The validity of the finite element model de- 
veloped for the study was confirmed by com- 
paring predicted deflections with measured 
ones. For both types of composites, both con- 
centrated and distributed loads were applied 
within the assumed linear elastic region of the 
primary load-carrying element. Figures 6 and 
7 compare the theoretical and actual load-de- 
flection behavior of the joints by material and 
loading types. 

Experimental and predicted deflections of 
LVL joints under concentrated load agreed 
perfectly (Fig. 6a). This result indicates that 

0 - 

am 0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Deflection (rnrn) 

Deflection (rnrn) 

FIG. 6. FEM predicted and experimental load-deflec- 
tion behavior of the LVL joints. a,-Under concentrated 
load; b.-Under distributed load. 

the elastic constants selected for the material 
are close to reality, the model is not seriously 
flawed, and the resolution of the FEM mesh 
is adequate. Under distributed load, however, 
the model slightly underpredicted the vertical 
stiffness of the joints at increased deflection as 
shown in Fig. 6b. This can be explained by 
the less controlled load application during the 
experiments. The different stiffness of the load 
applicator compared to the flexibility of the 
joint's elements coupled with some friction be- 
tween the fire hose and the surface may have 
resulted in uneven pressure. If the pressure is 
higher near the supports, the displacement of 
the elastic curve may be seriously affected. 

The observed average deflection of LSL 
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FIG. 7. FEM predicted and experimental load-deflec- 
tion behavior of the LSL joints. a.-Under concentrated 
load; b.-Under distributed load. 

samples was smaller than the model predicted. 
This can be attributed to the higher variability 
of elastic constants. Figure 7a demonstrates 
this fact by the different slopes of LSL joints 
under concentrated load. The high spread of 
EL and G,, that govern the vertical deflection, 
did not promise excellent agreement. Similar 
to that of LVL, underprediction was observed 
for LSL joints under distributed loads. The de- 
viation of experimental and predicted load-dis- 
placement data is more pronounced owing to 
the additive effect of uncertainty in material 
properties and imperfections in load applica- 
tion. 

Comparing the performance of LSL and 
LVL joints, both model-predicted and experi- 
mental data indicated higher stiffness of LSL 

under either concentrated or distributed loads. 
The slightly higher average values of the crit- 
ical elastic constants (i.e., EL and GLT) explain 
this observation (Table 3). 

Analytical results 

The model output included color-coded di- 
agrams showing the bending, shear, and per- 
pendicular-to-the plane compression stress 
levels and distributions. Predicted stress dis- 
tribution patterns were similar regarding LSL 
and LVL with slight differences in stress lev- 
els. No significant changes in stress distribu- 
tion were observed under distributed load 
compared to concentrated loading. The loca- 
tions of the stress concentrations were identi- 
cal with similar stress level patterns. 

Figure 8 shows the predicted bending stress 
distribution of an LVL joint under six kN con- 
centrated load. Detail (a) discloses that the 
maximum tension stress of the load-transfer- 
ring element exceeded the strength value of 
the material (i.e., cr ,,,',, = 59.3 MPa > MOR 
= 55.1 MPa). However, no failure was ob- 
served. In fact, approximately 11 kN force 
caused tension failure for all the tested speci- 
mens at the top of the load-transferring ele- 
ments. Because the model is based on ortho- 
tropic linear elasticity and the applied loading 
generated strains and stresses beyond the pro- 
portional limit, these model-predicted stress 
level values are invalid. The distribution pat- 
tern and the location of stress concentrations, 
however, provide useful insight about the per- 
formance of this element. For the primary 
beam, the outer fiber stress in bending was 
expected to take a value between 9 and 16 
MPa. The calculations were based on the min- 
imum (reduced by notch size) and maximum 
(full) cross sections. As shown in Fig. 8b, the 
FEM predicted value at the tension side (12.8 
MPa) is within this interval. However, twice 
as much compression stress developed at the 
bottom of the notch. This asymmetry may be 
explained by further studying the interactions 
between the two normal stresses at the vicinity 
of the notch. The load-transferring element in- 
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FIG. 8. Normal stress distribution due to bending in LVL joints under 6 1<N concentrated design load. a.-Load- 
transferring element; b.-Stress distribution in the primary load-bearing element near the notch. 
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FIG. 9. Perpendicular-to-the-plane compression stress 
distribution on an LVL primary load-cupporting element. 

duces perpendicular-to-the-plane compression 
on the primary beam. Figure 9 shows the dis- 
tribution and levels of these stresses. The re- 
sultant constraints against the Poisson's effect 
in the thickness direction may contribute to the 
development of unique stress distribution in 
the primary beam. Further refined analyses are 
needed to better understand this phenomenon. 

Maximum shear stresses were concentrated 
near the corners of the notches as expected. 
Figure 10 demonstrates the shear strength dis- 
tributions in both elements. A separate analy- 
sis revealed that the friction-induced shear 
stresses were negligible. Thus, such stresses 
were excluded from further analyses. The 
model-predicted maximum shear stresses in 
the load-transferring element did not approach 
the experimentally determined shear strength 
values. This indicates that the critical stresses 
for designing such joints are the normal stress- 
es. Failure modes supported the above as- 
sumption. All specimens failed in tension at 
the top of the load-transferring elements over 
the notched region. 

After testing under design load, specimens 
were disassembled and visually inspected for 
unrecoverable deformations and other imper- 
fections. No visible defects could be detected. 
Testing specimens up to failure, however, re- 
sulted in significant unrecoverable compres- 
sion deformations of LVL primary beams as 

shown in Fig. 1 1 .  LSL experienced similar 
penetration of the load-transferring element, 
albeit the unrecoverable deformations were 
significantly smaller in depth. 

SUMMARY AND CONCLUSIONS 

To further promote the application of wood- 
based structural composites, a finite element 
analysis of a cross-halved joint is presented. 
The joint consisted of a primary and a load- 
transferring element inserted into each other 
through rectangular notches. The FEM model, 
developed during this study, was based on 8- 
node, anisotropic, rectangular, solid elements, 
and was further modified to handle disconti- 
nuities. Results indicated that the developed fi- 
nite element model can accurately predict the 
stress development and spatial displacements in 
such a joint. Thus, the performance of notched, 
structural composites can be estimated. 

Both laminated veneer lumber (LVL) and 
laminated strand lumber (LSL) demonstrated 
significant potential in resisting combined 
stresses when notched. Although high shear 
stress concentrations were evident at the 
notches, the failure mode was always tension 
in the weakest cross section of the elements. 
The joint will be further analyzed including its 
response to horizontal forces. The finite ele- 
ment model may be further modified for pre- 
dicting the performance of spatial structures, 
connected by the proposed jointing, under ser- 
vice loading conditions. 

ACKNOWLEDGMENTS 

This study was financed by the 1997-98 
Senate Grant for Research or Scholarship at 
West Virginia University. Raw materials were 
donated by the Truss Joist Macmillan Co., 
Buckhannon, WV. Financial supports are 
gratefully acknowledged. The authors wish to 
thank Drs. Julio Davalos and Pinzong Qiao for 
their valuable help in material testing and for 
the constructive review of this paper. This 
manuscript is published with the approval of 
the Director of West Virginia Agriculture and 



Lrlrrg orzd Fodor-ANALYSIS OF STRUCTURAL JOINTS FOR COMPOSITES 

'C [MPa] = -41169 - -1: 787 
- .595564 

595564 
i 787 a 21978 1 4.169 

FIG. 10. Shear stress distribution in LVL joints under 6 kN concentrated design load. a.-Load-transferring element; 
b.-Shear stressea distribution near the notch of the primary load-bearing element. 
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F I G  1 I .  Typical unrecoverable deformation of the primary load-bearing element of an LVL specimen after tested 
to failure under concentrated load (- 1 1  kN). 

Forestry Experimental Station as Scientific 
Article No. 275 1. 

REFERENCES 

AMERICAR. SOCIETY FOR TESTING AND MATERIALS. (ASTM) 
1996. Annual Book of ASTM Standards, Section 4, 
Construction, Volume 04.10 Wood, ASTM, West Con- 
shohocken, PA. 645 pp. 

AMERICAN SOCIETY OF CIVIL ENGINEERS. (ASCE) 1976. 
Latticed Structures: State-of the Art. ASCE J. Struct. 
Div., 102(ST1 1):2197-2230. 

BATHE, K. J. 1986. Finite element procedures in engi- 
neering analysis. Prentice Hall Inc., Englewood Cliffs, 
NJ. 820 pp. 

BEIO, L., E. M. LANG, AND T. FODOR. 2000. Friction co- 
efficients of wood-based structural composites. Forest 
Prod. .I. 50(3):39-43. 

BODIG, J., A N D  B. A. J A Y N E .  1982. Mechanics of wood 
and wood composites. Van Nostrand Reinhold Co., 
New York, NY. 712 pp. 

EUROPEAN STANDARD. EN 408. 1995. Timber structures- 
Structural timber and glued laminated timber-Deter- 
mination some physical and mechanical properties. Eu- 
ropean Committee of Standardization, Brussels, Bel- 
gium. 12 pp. 

FOLIENTE, G., AND T. E. MCLAIN. 1992a. Design of 

notched wood beams. ASCE, J. Struct. Eng. 118(9): 
2407-2420. 

. AND - . 1992b. Strength of end-notched 
wooden beams: A critical fillet hoop approach. Wood 
Fiber Sci. 24(2): 168-1 80. 

GOODMAN, J. R., M. D. WANDERBILT, M. E. CRISWEEL, AND 

J. BODIG. 1974. Composite and two-way action in wood 
joist floor systems. Wood Science 7(1):25-32. 

HOLZER, S. M., J. E DAVALOS, AND C. Y. HUANG. 1991. A 
review of finite element stability investigation of spatial 
wood structures. B. Int. Assoc. Shell and Spatial Struct. 
31(32):161-171. 

KOHNKE, P., ED. 1998. Ansys User's Manual for Revision 
5.0. Volume IV, Theory. Swanson Analysis Systems, 
Inc., Huston, PA. 

LI, H., AND L. C. SCHMIDT. 1997. Posttensioned and 
shaped hypar space trusses. ASCE J. Struct. Eng., 
123(2): 130-137. 

MURPHY, J. E 1986. Strength and stiffness reduction of 
large notched beams. ASCE J. Struct. Eng., 112(9): 
1989-2000. 

SEGERI-IND, L. J. 1961. Applied finite element analysis. 2nd 
Edition. John Wiley and Sons, New York, NY. 427 pp. 

STEIDA, C. K. A. 1966. Stress concentrations around holes 
and notches and their effect on the strength of wood 
beams. J. Materials, 1(3):560-582. 

SUZUKI, T., T. OGAWA, Y. FUKUOKA, T. FUKASAWA, AND S. 



L C I I I , ~  ~ l t id  Fodor-ANALYSIS OF STRUCTURAL JOINTS FOR COMPOSITES 265 

Moruuu. 1994. Structural Properties of Woven Lattice 
Shell. International Conference on Spatial Structures: Her- 
itage, Present and Future. 1994 Tokyo, Japan. Vol. 1. 

TAKASHIMA, T. 1993. Numerical Simulation of Elastic- 
plastic Buckling Behavior of a Reticular Dome. Fourth 
International Conference of on Space Structures. Guil- 
ford, UK. Vol. 2. 13 14 pp. 

WOOD HANDBOOK: WOOD AS A N  t..NCiINEERING MATERIAL 

1996. USDA Handbook No. 72., U.S. Government 
Printing Officc. Washington. DC 7 12 pp. 

YAMADA, S. 1989. On the Effect of Joint Flexibility and 
Loading Conditions on the Buckling Characteristics of 
Single Layer Latticed Domes. International IASS Sym- 
posium 1989, Madrid, Spain. Vol. 4. 

ZAI-PH, B. L., A N D  T. E. MCLAIN. 1992. Strength of wood 
beams with filleted interior notches: A new model. 
Wood Fiber Sci., 24(2):204-215. 

ZIENKIEWICZ, 0. C., ED. 1984. The finite element method. 
McGraw Hill. New York, NY. 




