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Abstract

Wood box beams are built up wood structural elements designed to resist
flexural loads. Box beams are used in a variety of situations using materials suitable
to the application. In general, box beams use materials very efficiently to provide
high flexural strength and rigidity as well as high torsional rigidity at a low cost in
terms of quantity of material used. Much of the previous research on wood box
beams used beams with thin webs which had a low bending stiffness. None of the
previous work investigated the use of materials that are commonly used as wall
sheathing in normal wood frame construction, such as softwood plywood or oriented

strandboard (OSB) 6.35 mm or thicker.

The objective of the study is to investigate the behaviour and strength of wood
composite box beam webs in the areas of critical shear buckling load, ultimate post-
buckling shear strength and shear deflection. Web panel aspect ratio and face grain
orientation were the main variables investigated. Three samples of three types of
beams with nominal 6.35 mm thick OSB webs, 'Paralam' parallel strand lumber
flanges, and dimension lumber stiffeners were constructed and load tested to
destruction to obtain data on out-of-plane web deflection, vertical deflection and

ultimate shear strength.

Comparison with experimental results confirmed that published methods of

determining critical shear load and shear deflection are valid for wood composite box



beams with OSB webs. Using experimental results, a plane frame computer model
was developed to predict the post buckling shear capacity of oriented strand board
(OSB) web box beams using modified tension field action. Reducing the axial
stiffness of compression elements in a plane frame model results in a model which

agrees with the ultimate beam shear loads as determined by testing.
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Notation

Longer web panel dimension or distance from end of beam to applied
concentrated load (mm)

Cross-sectional area of beam or a web element (mm?)

Shorter web panel dimension or beam width (mm)

Flange width (mm)

Width of beam carrying shear associated with Q (mm)

Panel axial stiffness per unit width (N/mm)

Panel shear stiffness per unit width (N/mm)

Clear distance between flanges (mm)

Greater of y, or y, (mm)

Compressive force parallel to web compressive diagonal (N or kN)
Plate stiffness in subscript direction or plane (N-mm)

Elastic modulus of flange parallel to grain (MPa)

Elastic modulus as defined in Equation 2.9 (MPa)

Elastic modulus of web in the direction of the second subscript (MPa)
Elastic modulus along web panel compression diagonal (MPa)
Elastic modulus along web pane! tension diagonal (MPa)

Beam stiffness (MPa)

Effective beam stiffness about the horizontal axis (N-mm?)

Flange stiffness (N-mm?)

Effective stiffness of beam about its vertical axis (N-mm?)
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Notation

Critical bending stress for lateral buckling (MPa)
Lesser of flange tensile and compressive strengths (MPa)

Web panel tensile strength in the direction of the second subscript
(MPa)

Web shear strength (MPa)

Shear modulus of flange (MPa)

Beam torsional rigidity (N-mm?)

Shear modulus of web (MPa)

Beam depth (mm)

Flange depth (mm)

Cross-sectional length of glue joint (mm)

Moment of inertia of web element (mm?)

Moment of inertia of the gross cross-section of beam (mm?*)
Moment of inertia of the net cross-section of beam (mm*)

Moment of inertia of beam cross-section transformed to flange prop-
erties (mm®)

Moment of inertia of section transformed to web properties (mm?)
Web moment of inertia, t*/12 (mm?®)

Maximum shear stress divided by average shear stress

Shear section constant

Beam length (mm)

Effective beam length (mm)
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Notation

Bending moment (kN-m)

Constant defined in Equation 2.35

Applied force (kN) or (N)

First moment of area about the neutral axis (mm®)

First moment of area about the neutral axis transformed to flange
properties (mm")

First moment of area about the neutral axis transformed to web prop-
erties (mm®)

Constant defined in Equation 2.36

Web thickness (mm)

Web critical shear stress (MPa)

Shear stress at the flange-web glue line (MPa)
Shear force (kN) or (N)

Critical shear force (kN) or (N)

Panel shear strength per unit width (N/mm)
Beam shear resistance (kN)

Distance from end of beam (mm)

Shear section coefficient

Beam deflection or distance from lower face of beam

Distance from neutral axis to compression face (mm)
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Notation

Distance from neutral axis to tension face (mm)
X axis constant used to determine the shear buckling constant

Curve number used to determine the shear buckling constant or a con-
stant defined in Equation 2.31

Total deflection (mm)

Shear deflection (mm)

Flexural deflection (mm)

Poisson’s ratio of web, load applied in subscript direction

Poisson's ratio of web, first subscript indicates direction of secondary
strain, second subscript indicates direction of primary strain

Coefficient defined in Equation 2.24
Compressive stress in a web element (MPa)

Angle between face grain and applied load (radians or degrees)



1 Introduction and Objective

1.1 Description

Wood box beams are built up wood structural elements designed to resist
flexural loads. The flanges are longitudinal members at the top and bottom of the
beam and the webs are wood panel sheathing applied both sides of the beam,
(Figure 3.1). Stiffener/load blocks which transfer shear loads to the webs and control
the size of the web panels are placed vertically at intervals along the beam length.
For design purposes, as with many other types of non-prismatic beams, the flanges
may be assumed to resist only flexural stresses and the webs may be assumed to
resist only shear stresses. Box beam bending strength and stiffness are primarily a
functions of flange size, beam depth, flange elastic modulus and flange tensile
strength and can be specified to fit any application. Box beam shear strength and
stiffness are primarily governed by the beam depth, web thickness, flange size, web

tensile strength and web shear modulus.

1.2 Box Beam Uses

Box beams are used in a variety of situations using materials suitable to the
application. In general, box beams use materials very efficiently to provide high
flexural strength and rigidity as well as high torsional rigidity at a low cost in terms

of quantity of material used. As a result of their high torsional rigidity, box beams



have excellent resistance to lateral buckling. The high torsional rigidity of the box
section makes it a popular choice to resist torsional loads in highway bridges
especially curved exit ramps. Steel, aluminum and polymer/fibre composite box
beams are frequently used in automotive and aircraft frames where stiff, strong, light
weight structures are required. Wood box beams are occasionally used as lintels

above store windows or as floor or roof beams in residential construction.

In spite of their efficiency, wood box beams are seldom used in building
construction, primarily because the Alberta/National building code provisions
governing design and construction of small wood frame structures require that box
beams be designed by a professional engineer. Construction of wood box beams
should be inspected by the designer to ensure that the beams are built in accordance
with the design. The Canadian design code governing wood box beams, CSA/CAN
086.1-M89, is another reason that wood box beams are seldom used. The CSA/CAN
086.1-M89 design method uses the entire beam section to resist bending stresses. By
using the web to resist flexural stresses, sophisticated web splices which are difficult
to fabricate on site are required. While wood box beams are very efficient in terms
of material use, the cost of labour to assemble box beams tends to reduce the
advantage gained through efficient use of materials. In order to increase the
competitiveness of wood box beams, more understanding of the behaviour of wood
box beams is a must so that a simpler and more rational design method can be

developed.



13 Materials

Due to its low cost and high strength, oriented strand board (OSB) is a
popular choice for subfloors, wall and roof sheathing, and wood-1 beam webs in light
wood frame construction. OSB is a layered wood composite panel material composed
of wood wafers pressed into panels. The outer layers of wood wafers are oriented
parallel to the long dimension of the panel while the panel core generally has the
wafers oriented perpendicular to the long panel dimension. OSB was selected for use
as box beam webs in this study because it is a very common structural material whose

behaviour as a beam web has not been thoroughly investigated.

One of the problems encountered using conventional dimension lumber for
flanges in box beams is the need for splices. Wood composite lumber such as
laminated veneer lumber, parallel strand lumber or glue laminated timber can be
manufactured in lengths up to 18 m often eliminating the need for flange splices. In
addition to eliminating splices, composite lumber manufacturers claim that composite
lumber has a higher tensile strength and elastic modulus than sawn lumber with less
variation in properties. One such composite lumber, Paralam, parallel strand lumber
manufactured by Trus-Joist MacMillan, consists of strands of Douglas fir approxi-
mately 3 mm thick and 10 mm wide which are glued together in a variety of cross-
sections in lengths up to 18.3 m. Paralam, 89 mm x 89 mm, was selected as the flange

material to ensure that the flanges would have sufficient strength so that the beam



webs would buckle before the flanges failed in tension or compression and to match

the width of 38 mm x 89 mm stiffener/load blocks.

The stiffener/load blocks do not carry a significant load in box beams,

functioning primarily to transfer shear loads from the flanges to the webs and to

stabilize the web. Sawn lumber, 38 mm x 89 mm No. 2 or better S-P-F, was selected

as the stiffener/load block material.

1.4

Objective

This research is to investigate the behaviour and strength of the web of wood

composite box beams. As box beam webs are subjected to loading in shear, some

combinations of loading and web panel size can result in stability problems such as

web buckling. The objectives are:

1.

Attempt to develop a method of predicting the ultimate shear strength
of OSB box beam webs.

Test the applicability to OSB beam webs of the previously developed
method of predicting critical shear loads for orthotropic plates.
Compare various methods of estimating shear deflection in wood
composite box beams to determine which method predicts box beam

shear deflection most accurately.



L5  Scope

The OSB web materials were tested to determine the elastic modulus and
tensile strength, Poisson's ratio and shear modulus. Flange and stiffener/load block
materials were tested to determine the elastic modulus. Beams were constructed to
determine the effect of panel size and face grain orientation. A total of ten beams,
one pilot test beam and three samples of each of three types of beams were con-
structed with varying face grain direction and stiffener/load block spacing and load
tested to destruction. The data obtained from the testing program included out-of-
plane web deflection vs. load, vertical deflection vs. load and ultimate load capacity.
The test results were compared with the critical shear force and deflection predicted
by theory, as reflected in various design methods. A plane frame model was also used
to simulate the diagonal tensile web stress and vertical deflection. The plane frame
model results were compared with the deflection measured in the tests and deflection

calculated using the various design methods.



2 Literature Review

2.1 Introduction

Very little has been published on box beams with wood panel webs. Most of
the published material consists of design manuals produced by government,
regulatory agencies or industry groups. Publications on the theory behind wood box
beams and results of box beam tests are limited to a series of reports issued by the
United States Department of Agriculture, Forest Products Laboratory, Madison, WI
during the Second World War, (Withey, 1943 Lewis and Dawley, 1943; Lewis et al.
1943, 19442, 1944b, 1944c). Supporting the Forest Products Laboratory (FPL) work
on box beams was a series of reports on "Buckling of Flat Plywood Plates in
Compression, Shear or Combined Compression and Shear,” (March 1942a, 1942b,
1942¢, 1943a, 1943b; Norris and Voss 1943a, 1943b, 1943c; Norris et al. 1945; Voss
et al. 1950). Some other reports dealing with specific areas associated with hardboard
web box beams and I beams used in Europe are also available but do not present a
generalized box beam theory (Hilson and Rodd, 1979; McNatt, 1980). Nearly all
available material on wood panel web box beams deals with thin webs, less than 6
mm, that have low bending stiffness. No test results involving wood box beams using
web materials normally used in North American wood frame construction, such as
softwood plywood or OSB 9.5 mm or more in thickness, appear to have been

published.



2.2 Behaviour of Plates Subjected to Shear Forces

Two dimensional structural elements can be divided into two categories,
membranes and shells. Membranes are considered to have negligible bending
stiffness while shells have an appreciable bending stiffness. Plates are a special case
of shell and are nominally flat before application of load. The following discussion
of plates will be limited to a very general discussion of the behaviour of plates sub-

jected to shear loads.

The webs of a wood box beam are glued to flanges and stiffener/load blocks
and can be considered to be plates with fixed or semi-fixed edges. As a load is
applied to a beam, the webs undergo a small change of shape from rectangles to
irregular parallelograms due to the combined effect of shear and flexural deflection.
Assuming that there is a very small change in length in the boundary elements of a
web plate, the length of the web plate diagonals must change due to the change in
shape as the panels deflect. Considering the web as a series of elements parallel to
the diagonals, compressive elements act as columns subject to buckling and tension
elements tend to maintain a straight line parallel to the panel’s original plane

{Thorburn et al, 1983),

In a real beam web, the web is not divided into discrete elements. Below the
critical shear force, the maximum force at which the web can maintain a small out-

of-plane deformation, the tensile stresses act as a bracing force on the compressive



stresses allowing the compressive stresses to continue to increase above the column
buckling stress. After buckling, as the out-of-plane deformation increases, the
increased length due to out-of-plane deformation allows the compression web panel
diagonal to tend to return to its original length, resulting in reduced compressive
stress. This increase in strength beyond buckling is known as tension field action or

post-buckling strength.

If the flexural stiffness of the plate is low, as in the case with thin aluminum-
or wood-webs, the out-of-plane deformation tends to take the form of sinusoidal
ripples approximately 45° to the beam axis. The exact orientation of the ripples is
a function of panel aspect ratio, the ratio of the longer panel dimension to the
shorter panel dimension and orthotropic elastic moduli. With increasing web stiffness,
the rate of change of the web slope, web curvature, decreases resulting in fewer and

larger ripples with a limit of a single compound curve (Figure 2.1).

In a plate with low bending stiffness, many small ripples are formed parallel
to the tension diagonal (Figure 2.1). In this case, the tensile stresses in the plate are
very close to the stresses that would be determined using a plane frame model
assuming that stiffness in the compressive direction is zero. With greater web
stiffness, the compressive stiffness is not equal to zero, a single out-of-plane bulge
develops. A plane frame model is not capable of taking into account the change in
length of the tension diagonal due to out-of-plane deformation and will predict a

maximum tensile stress which is lower than the actual tensile stress. To correct for



this low estimate, the model's stiffness in the compressive direction must be greater
than zero but less than the compressive stiffness of the undeformed web. A plane
frame model using modified tension field action to allow for the effect of out-of-
plane deformation as described above, however, is an approximate but useful tool to

predict plate stresses and in-plane deformation.

A A’
=~

~/ ~'

Panel Elevation Panel Elevation

VYA VYAY /—\

Section Section

Low stiffness — high curvature High stiffness - low curvature

Figure 2.1 - Web Stiffness and curvature.



Figure 2.2 - Tension field action. G‘
2.3  Box Beam Action

When a load is applied to a box beam with wood panel webs, shear forces are
resisted by both the flanges andthe webs with the majority of the shear force resisted
by the webs. The capacity of the webs to resist shear force is a function of web thick-
ness, orthotropic elastic moduli, web panel dimensions and tensile strength. As the
applied load increases, the web goes through two different modes of resisting the
applied force (Kuhn et al., 1952). The first mode can be described as an in-plane
mode, no out-of-plane deformation, with active compression and tension diagonals.
Web diagonal tensile and compressive stresses are directly proportional to load. In
the second mode, after buckling commences, the portion of the shear force resisted
by the compression diagonal decreases due to buckling. The tension diagonal resists

an increasing proportion of the shear force until the web panel fails in tension, often

10



referred to as tension field action (Figure 2.2). OQut-of-plane deformation, wrinkles
or bulges, in the web panels, allows the web to tend to return to its original length
in the compression direction. When the out-of-plane deformation results in
displacement of the centre of the web panel away from its original plane, the out-of-
plane deformation has the effect of increasing the length of the tension diagonal.
This can be seen in Figure 2.1 where the length of the line representing the
deformed tension diagonal is longer than the straight line distance between the line's

end points in the stiffer panel.

In wood composite box beams, the web is fixed or semi fixed to the flanges
and stiffeners with little or no out-of-plane deflection or change of slope around the
panel perimeter, so that the deflected shape of the web at failure is approximately
sinusoidal or fourth degree polynomial. Before failure other web deformation modes
such as full wave sinusoidal may occur. In these cases, usually one side of the sine
wave will grow more quickly than the other and form a half wave bulge as failure is
approached (Norris and Voss, 1945). As the out-of-plane deflection increases, the
rate of change of the panel slope, bending moment, also increases with an inverse
relationship to panel stiffness. Web stresses due to combined bending and compres-
sion, in some cases, can cause a bending failure. Equation 2.1 shows, in general
terms, the effect of combined compressive stress due to axial compressive load and

flexural stress due to out-of-plane web deflection on a compressive web element.

11
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T 3FT A 2.4
where
2
M=92Y pr 2.2
dx?

24 Previous Research

The early research work on wood box beams recognized that web buckling
was a problem but the means of predicting critical loads were not available (Trayer
and March, 1930). Seydel (1933) satisfied the need for information on shear stability
by presenting a method of predicting the critical shear stress in rectangular
orthotropic plates. Seydel's (1933) work was based on analytical methods developed
by Timoshenko (1921) and Bergmann and Reissner (1932). Plate stiffnesses parallel
to the direction of panel edges and a shear buckling constant are used to determine
the critical shear stress. Seydel (1933) used a family of curves to determine the shear
buckling constant, as shown in Figure 2.3, which is related to the panel aspect ratio
and orthotropic plate stiffness. Seydel (1933) presents experimental results that
confirm his method of predicting critical shear loads. Timoshenko and Gere (1961)
use Seydel's (1933) method of predicting critical buckling stress and confirm that
Seydel's method produces results that are consistent with theory for an infinitely long

plate.

12



The following approach was used in Seydel (1933). The plate stiffness in both

orthotropic directions, D, and D,, and the plate shear stiffness, D, are calculated.

E _J
D,= —2—— 2.3
1l -v,v,
E, J
Dy = —¥ 2.4
1 -V‘ Vb
Dy =v,Dp+2 (GJ),, =v,D, +2 (GJ) 2.5
where
t3
J = — 2.6
12

Using the plate stiffnesses, the curve number, 8, for use with Figure 2.3 is calculated.

D,y

= s1 7
P T ‘
The FPL (1987) approximates g as
0.17 E,
= 2 "k 1 .8
B VEwaEwb ¢
where
20
EL = —ZT (Ewa + Ew.b) 2.9

(Norris and Voss, 1945)

13



The x axis number, a, a function of panel aspect ratio, for use with Figure 2.3 is:

oo

b, 2.10
Dy

4
- b ‘f_y_ 2.11
(¢4 2 Ewb <1

If a is greater than 1, the shorter side of the plate must be designated 'side a' and

which can be simplified to

the longer side designated 'side b' and a and 8 must be re-calculated. Finding K
using Figure 2.3, the critical shear stress per panel, v, is calculated.
4 3
v.. - x, _IPaDb_ 2.12
cr 5 (b/ 2) 2 t

which can be simplified to

K_t? 4 5
v, = s EE 2.13
T 3 pE(1-v,v,) VT

The curves shown in Figure 2.3 can also be expressed by a polynomial,

Equation 2.14, fitted to the original curves shown in Seydel (1933).

K,=(8.14 +5.04a)
+(1.64 +0.412a) B 2.14
-(2.63 -4.65a) P2 )
+(4.70 +0.990¢a) B3

The FPL used Seydel's (1933) work as the basis for extensive experiments
which investigated the behaviour of plywood plates loaded in shear and/or

compression. The results were reported in FPL Report series 1316 (March, 1942a,

14
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Figure 2.3 - Curves used to determine the shear buckling coefficient
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1942b, 1942c, 1943a, 1942b; Norris and Voss, 1943a, 1943b, 1943c¢, 1945; Voss et al.
1950). In another series of reports, FPL Report Series 1318 (Lewis and Dawley, 1943,
Lewis et al. 1943, 1944a, 1944b, 1944c) researchers at the FPL investigated the
behaviour of plywood web box beams. The purpose of both series of FPL reports was
to examine the use of plywood web box beams for use as aircraft components. In
both the investigations of wood panel plates and box beams, the web panels were
thin hardwood plywood with a low bending stiffness. Report 1316 (March, 1942a)

showed an explanation, using energy methods, of Seydel's method.

Later work on shear buckling in plates, summarized in National Advisory
Committee on Aeronautics (NACA) Technical Note 2661 (Kuhn et al. 1952), is
based on thin aluminum plates with a negligible bending stiffness. The methods
contained in this document are related to aircraft design using aluminum and are not

directly applicable to wood.

In the textbook Theory of Elastic Stability (Timoshenko and Gere, 1961}, the
authors discuss post-buckling behaviour of metallic beam webs and tension field
action based on membrane theory (negligible bending stiffness). All shear stresses
are considered to be resisted by a field of tension members parallel to the tension

diagonal of the panel.

16



2,5 Box Beam Design Methods

Several box beam design manuals are available North American sources,
including CAN/CSA-086.1-M89 (Canadian Standard Association, 1989), Wood
Handbogk (Forest Products Laboratory, 1987), Plywood Design Specification,
Supplement Two, Design and Fabrication of Plywood Lumber Beams (American
Plywood Association, 1990) and Design of Glued and Nailed Plywood Web Beams
(Council of Forest Industries of British Columbia, 1989). All of the design methods
use almost identical theory, however there are slight differences between the
different design approaches in determining beam strength and stiffness and the
degree of detail with which web stability is examined. The main differences between
the different methods are notation, the method of converting basic beam dimensions
into section properties and the assumptions regarding which beam elements resist
normal stresses. The notation in the following descriptions of design calculations has
been revised from the original publications to facilitate comparison of the different

methods and to provide notation consistent with the rest of this paper.

All modification factors have been omitted from the description of the
CAN/CSA-086.1-M89 design method for clarity and to facilitate comparison to other
design methods. CAN/CSA-086.1-M89 uses an effective stiffness, the sum of web

and flanges stiffnesses, (EI),, for all strength and deflection calculations,
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(yi + y2)

5 + (EI), 2.15

(EI), = (EB,)

By using the effective stiffness to calculate bending strength, the design uses the web
to resist a portion of the bending stresses and requires web splices to resist tensile
stress. In the shear and moment resistance calculations, the effective stiffness is
divided by the flange elastic modulus or a sum of the flange elastic modulus and web

axial stiffness to effectively use a transformed moment of inertia in the calculations.

~ (EI),
M"‘ ff Ef Cw 2 . 16
Shear stress at the neutral axis is:
(ETI)
V=V, £ 2.17

E,0f +0.5 LB, ci

CAN/CSA-O86.1 also requires that the shear stress at the glue line be

checked.

(EI),
E.0f

V=v,lh, 2.18

The deflection due to moment, concentrated load at mid-span, is calculated

by using the effective stiffness directly
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_ ML?
Ap = 12 (EI), 2.19

Shear deflection is calculated by dividing the bending moment by the shear
rigidity and an area term consisting of the effective stiffness divided by the axial

stiffness of the web times the beam depth squared and a section shear coefficient.

_IB,Mh X,

5 EBV (EI)e 2-20

A

The section shear coefficient corrects the area term to allow for the non-uniform dis-

tribution of shear stress over the section depth.

- 2 y=h Q? dy
T fy_o > 2.21

CAN/CSA-086.1 provides guidelines for lateral stability based on the 1,/L ratio but

neglects web buckling.

The Wood Handbook (Forest Products Laboratory, 1987) presents all

formulae using basic beam dimensions and elastic properties. Like CAN/CSA-086.1
(1989), the FPL (1987) uses the entire beam cross-section, including the web to
determine bending and shear strength. Flange stresses are determined by dividing the
bending moment by the transformed section modulus expressed in terms of beam

dimensions and elastic moduli.

6 M
b, EnZth? 2.22
Hoe M

£, =
(h? - ¢?)
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Shear stress is calculated by dividing shear force times the transformed first moment
of area by web thickness times the transformed moment of inertia. The transformed

moment of area and moment of inertia are both expressed in terms of basic beam

dimensions.

F =3V E; (h® - ¢%)b, + E,, 2t h? 2 23
¥ 2Bt |E (W -c)b+E,It R

The effective beam stiffness, (EI),, is used to find the flexural deflection, shown here

for a concentrated load at mid-span.

_ M L2
Ar = 13 (EI), 2.24
where
(EI), = <5 (B (B ~ )by + B, Bt B 2.25

Shear deflection is determined by dividing the bending moment by the web

shear modulus times the web cross-sectional area.
M
A - —’.& 2 . 26
ol Gc Xt

The calculated shear deflection neglects the contribution of the flanges to shear
stiffness and should be greater than the actual shear deflection. The Wood

Handbook (1987) also provides for the calculation of a critical bending stress for
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lateral buckling based on the beam's lateral stiffness (EI), and the torsional rigidity

(GK).

2
" B 2.27

f bcer
where

(EI), = 1—12 E,(h-c) b2+ E, [(b,+2t)* -b] h 2.28

2 - 2 2
GK = {h +c)(h c?) (b, +t)?¢t o 229
(B2 - c?) + 4 (b + E) L
o
_ (EI), \I L h 2.30
p=yam \J CK b

L, can be calculated as shown in Table 2.1,

The Wood Handbook (1987) uses Seydel's method (1933), described
previously in this chapter, to determine the critical shear stress for web buckling. The
only significant deviation from Seydel's method is the equation used to calculate
shear stress (Equation 2.31). The Wood Handbook (1987) neglects the (1 - v,v,) in
the denominator of Equation 2.13. March (1942a) gives this term a value of 0.99.
Bodig and Jayne's (1982) value of 0.3 for the Poisson's ratio for wood composites
would result in (1-v,v,) value of 0.91. The effect of this omission is an estimate of
critical buckling stress that is between 1% and 10% higher than would be calculated

using Equation 2.13.
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K_t?e 3
Ver = VE..Eo 2.31

Table 2.1 - Box Beam Effective Length

Support Load Effective Length, L,
Simple Equal end moments L ]
|| " Conc. load at centre 0.742 L/(1-2h/L)
" Uniform Load 0.887 L/(1-2h/L)
Cantilever Conc. load at end 0.783 L/(1-2h/L)
" Uniform Load 0.489 L(/1-2h/L)

The Plywood Design Specification, Supplement Two, Design and Fabrication
of Plywood-Lumber Beams (American Plywood Association, 1990) is based on the
assumption that bending stresses are resisted by the continuous parallel grain in the
flanges and webs as described in Plywood Design Specification (American Plywood
Association, 1986). The bending moment resisted by a beam is calculated using a net

moment of inertia based on continuous parallel grain material,

£, 1
] n 2.32
M= 5 5n
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Beam shear strength is based on the moment of inertia and first moment of

area of all parallel grain material regardless of butt joints.

vV = Xy g 2.33

Deflection is calculated as the sum of the bending deflection and shear
deflection. Bending deflection calculations use the moment of inertia of all parallel
grain material regardless of butt joints. Shear deflection is found by dividing the
product of the bending moment and a shear section constant, K, by the product of
the beam cross-sectional, area using an effective web thickness, times the web shear

modulus.

e

A = KX 2.34

n
@

23



where

21 p
[1‘1 53’*53] 2.35
18 .S d[ (3 ,2)4gy Ll 2|5, 8 ], 85
[pz 2 S [S(3oﬂ+3)+s(3p+3) 2[3"‘30[3]+ 0
_Zt
p== 2.36
= £
s =< 2.37
- Gf
B‘-é- 2.38

The American Plywood Association (APA) also describes an approximate
method of estimating total deflection by multiplying bending deflection by a constant
which is related to the span/depth ratio. Web buckling is covered by recommending
a maximum stiffener spacing of 1220 mm. The 1,/I, ratio is used to determine the

required degree of lateral bracing which increases with increasing I,/L.

The booklet Design of Glued and Nailed Plywood Web Beams (Council of
Forest Industries of British Columbia, 1989) is essentially a restatement of the APA's
publication on box beam design with changes in the method of calculating shear
deflection and a provision for web stability. The shear deflection calculations are

identical to those used in CAN/CSA-086.1-M89. Web buckling is covered by a graph
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which specifies stiffener spacing as a function of web thickness and distance between

flanges.
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3 Experimental Program

31 Introduction

In order to examine the presently available methods of predicting critical
shear force and shear deflection in wood composite box beams, and to obtain data
for use in developing a method of predicting the ultimate shear capacity of wood
composite box beams, the following testing program was undertaken at the L. F.
Morrison Structural Engineering Laboratory at the University of Alberta from July

to December, 1991.

3.2 Test Specimens

As OSB beam webs were the focus of this study, the test beams were designed
to ensure that the flanges would not fail due to flexural stresses before the web failed
due to the shear load. The method described by Seydel (1933) was used to determine
the load at which a wood box beam with 9.5 mm thick OSB webs in panels 432 mm
x 563 mm would begin to buckle. Multiplying the web buckling shear force by six
provided a design total load which would allow the web to buckle and exhibit post-
buckling behaviour (tension field action). The bending moment calculated using this
design load was then used to determine the required flange size. Trus-Joist
MacMillan 'Paralam’, parallel strand lumber, 89 mm x 89 mm, was selected for the

flange based on a beam depth of 610 mm.
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Pictorial View
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=

Stiffener /load block \—Bottom Flange

2440
Longitudinal Section

Figure 3.1 - Box beam pictorial view, longitudinal section
and transverse section

The 610 mm depth results in a beam with sufficient bending strength to
ensure that the samples will not fail in bending. This depth of beam also results in
large enough web panels to buckle at relatively low shear forces and makes econom-
jcal use of standard 1220 mm wide OSB panels. The length of standard panels, 2440

mm, dictated the beam length.
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Figure 3.2 - Box beam transverse section

Spruce-Pine-Fir species group (S-P-F), No. 2 grade or better 38 mm x 89 mm
stiffener/load blocks were located at the ends of the beams, at location of the
applied loads, and at mid span when 610 mm stiffener spacing was used, as shown
in Figure 3.1. In the type C beams (details of each type of beam will be discussed
later), where a web splice was required at mid-span, two 38 x 89 stiffeners were glued
together to provide a wide surface to which both web panel could be attached. The
stiffener/load blocks fit snugly between the inner faces of the flanges but were not
mechanically connected to the flanges except at the top and bottom of the ends of

the beams to hold the flanges in place during assembly.

28



The primary means of attaching webs to flanges and stiffener/load blocks was
Cascophen LT-75 Phenol-resorcinol adhesive, produced by Borden Chemicals
Western, a division of The Borden Company, Limited. The adhesive was applied at
a rate 450 g/m® using a notched trowel with 3 mm notches 3 mm apart. Glue
clamping pressure was provided by 32 mm long drywall screws which also acted as
a secondary method of web attachment. The pilot test beam used several different
screw arrangements and spacings in order to determine the optimum screw spacing
(Figure 3.3). Screw spacing of 100 mm on centre appeared to provide adequate glue

clamping in the pilot test beam and was used in the subsequent test beams Figure
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Figure 3.3 - Pilot test screw spacing

In order to study the effect of web panel dimensions and grain orientation,
one preliminary beam and three types of test beam, Types A, B and C, were

constructed. Each series of test beam consisted of three samples with as little
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difference between samples as possible. The preliminary beam had nominal 9.5 mm
thick webs with the web face grain oriented horizontally, stiffeners at quarter span
and mid-span. Beam types A, B and C used nominal 6.35 mm thick OSB webs. Each

type of beam used OSB panels from different production runs.
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*‘?F 102
&OJ_ [T |
t/(\f',_ | . | . .
.m __________ m
I 1
ol t1
Il 1
1, 1
i 1
“lel Iel
I 1)
. _ (i
t
. . l
102

5 screws per interior stiffener
7 screws in end stiffeners

Scale 1:15

Figure 3.4 - Test beam screw spacing

The pilot test beam used single 38 mm x 89 mm x 432 mm long load blocks
with the flanges extending the full length of the beam, 2440 mm, (Figure 3.5). This
beam used nominal 9.5 mm (actual 10.22 mm) thick OSB webs with the face grain
horizontal. The beam was designed for the load to be applied at mid-span so that all

web panels would be loaded in shear.
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Based on the experience gained from the pilot test, the Type A beams used
nominal 6.35 mm (actual 6.92 mm) thick OSB webs. The web thickness was reduced
so that the webs would buckle at lower loads. Single stiffener/load blocks were
located 610 mm and 1220 mm from the beam ends. The end stiffener/load blocks
were double 38 mm x 89 mm S-P-F with the outer ply extended the entire depth of
the beam, 610 mm, and the inner ply bearing on the inner faces of the flanges
(Figure 3.6). The flange was shortened to 2362 mm to allow for the extended end

load blocks. Load was applied to the top flange 610 mm from the ends of the beams.

Flanges: 89 X 89 Parolam
Stiffener/lood blocks — 38 x 89 S—P~F No. 2 or better
Webs 9.5 mm OSB - Face grain horizontal

e Load g Load

610

610 610 610 610
24490

Scale 1:20

Figure 3.5 - Pilot test beamn framing
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Flanges: 89 X 89 Faralom
Stiffener/load blocks — 38 x 89 S—-P-F No. 2 or better
Webs 6.35 mm OSB - Face grain horizontal

{} Load 0 Load

610

610 610 610 610
2440
Scale 1:20

Figure 3.6 - Type A beam framing

The Type B beams (Figure 3.7) were very similar to the type A beams . The
only differences between the two series were the location of the interior stiff-
ener/load blocks and the point of load application, one-third span spacing, and the
actual mean web thickness, 6.86 mm. Load was applied to the top flange 813 mm

from the end of the beams.

The Type C beams (Figure 3.8) used the same stiffener/load block spacing as
the Type A beams but had the web panel face grain running vertically with a mean
web panel thickness of 6.04 mm. A double 38 x 89 stiffener was placed at mid-span
to facilitate the web splice required by the 1220 mm panel width. Load was applied

to the top flange 610 mm from the ends of the beams.
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Flanges:. B9 X 89 Paralam

Stiffener/load blocks — 38 x 89 S—P-F No. 2 or betler

Webs 6.35 mm 0SB — Face groin horizontal

c Load g Load
o
©
813 814 813
2440
Scale 1:720
Figure 3.7 - Type B beam framing
Flanges: 89 X 89 Paralam
Stiffener/load blocks — 38 x 89 S-P~F No. 2 or better
Web: 6.35 mm OSB - Face grain vertical
g Load U Load
T
O
©

610

610

610

610

2440

Scale 1:20

Figure 3.8 - Type C beam framing
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3.3  Test Set-up

Testing was performed at the 1. F. Morrison Structural Engineering Laborat-
ory, University of Alberta, using an MTS 6000 testing machine (Figures 3.9 and 3.10).
A combination of rockers and rollers was used at the load and reaction points to
ensure that no axial stresses or moments were induced by the supports or load blocks

(Figure 3.12).

Lateral safety bracing required for support in the event the beam started to
tip, as shown in Figure 3.11 used a horizontal L100 mm x 100 mm x 6 mm steel angle
attached to the MTS machine, and a vertical L100 mm x 100 mm x 6 mm on the
second side of the Pilot and Type A beams and obstructing some of the locations
where out-of-plane web deflection was to have been measured. The lateral bracing
was revised, as shown in Figure 3.11 for the Type B and C tests so that the

deformation in all beam end panels could be measured.
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Figure 3.9 - Test set-up showing MTS testing machine, distributing
beam, load blocks, reaction blocks and levelled support beam
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Figure 3,10 - Photograph of test set-up

Latera:

Support

Test
Ecorn

Type A beamns

Figure 3.11 - Lateral safety bracing
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Figure 3.12 - Typical load and reaction blocks
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34 Instrumentation

Loads were measured using a load cell attached to the testing machine and
222 kN load cells at the beam supports (Figures 3.9, 3.10, 3.11). Web shear stress was
measured using Demec gauges. Four pairs of steel disks with an indentation at the
centre, Demec gauge points, were attached to the web around a common centre
point aligned vertically, horizontally and at 45°. The distance between the two points
in each pair of disks was measured using a dial gauge graduated in 0.0254 mm with
no load and with various loads applied to determine the strain in the direction of
each pair of disks. Three readings, horizontal, vertical and one 45° reading, are
required to find the normal and shear strains for each group of points. The second
45° reading is used as a check. Using Mohr's circle, the principal normal and shear

strains and the principal strain direction can be determined (Popov et al., 1978).

Four pairs of Demec gauge points were placed on the pilot test beam in 203
mm diameter circles at the centres of panels E and F (Figure 3.13). Pairs of Demec
gauges points were also located on the sides of the webs at mid-span approximately
20 mm away from the top and bottom edges of the beam to measure the maximum
normal strain in the flanges. The location of the distributing beam and the lack of
clearance between the test beam and the distributing beam and between the test
beam and the support beam made reading the Demec dial gauge impossible if the

gauge points had been attached directly to the flanges. Two additional pairs of
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Demec gauge points were attached to the flange and adjacent web at the end panel
to measure the slippage between the flange and web. No attempt was made to
measure flange strain or slippage in other test beams. Three groups of four pairs of
Demec gauge points were attached using sealing wax to Panel E of Beam A-1 in
three 50.4 mm (2"} circles to measure the shear strain at above, below and at beam

mid-height (Figure 3.14),

.
2

Figure 3.13 - Pilot test beam Demec gavge placement on Panels E and F

B PP

Figure 3.14 - Beam A-1, Demec gauge placement on Panel E
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Out-of-plane web deflection was measured using linearly variable differential
transformers (LVDT's). LVDT's transform an input voltage at a rate that is a linear
function of the displacement of the LVDT plunger. A light gauge steel frame held
an array of five LVDT's (Figure 3.15) approximately 76 mm apart to measure out-of-
plane web deformation at various loads in the type A, B, and C beams (Figure (3.16,
3.17 and 3.18). Pencil lines on the end panels of the beams were used as a guide for
proper placement of the LVDT frame. Fifty mm long nails were driven into the
bottom flange to ensure that the LVDT frame was properly placed vertically and that
the bottom of the frame was at the correct location horizontally. As a result of
obstructions due to bracing, not all the readings on the second side of the Type A
beams were taken. The letters or numbers at the top of each column of LVDT
readings in Figures 3.16, 3.17 and 3.18 are used to identify the location of readings
and correspond to the letters or numbers beside the rows of out-of-plane web

displacements in Appendix B.

Bottom flange vertical deflection was measured at mid span and at the points
where loads were applied, as shown in Figure 3.9. Mid span deflection in all tests was
measured using a displacement transducer. In the pilot and Type A tests, load point
deflection was measured using LVDT's. The load point deflection was measured

using displacement transducers in the Type B and Type C beam tests.
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Figure 3.15 - Light gauge steel frame and LVDT's for measuring
out-of-plane web deformation
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Figure 3.17 - Location of out-of-plane web displacement measurements

and panel identification, Type B beams
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Figure 3.18 - Location of out-of-plane web displacement measurements
and panel identification, Type C beams

The output from the load cells, transducers and LVDT's was sent through a
Fluke 2401A signal conditioner and stored in an IBM PC computer in ASCII format

using Lotus 1-2-3. The data were later imported to spreadsheets for analysis.

Load was applied to each of the beams by the MTS testing machine, as shown
in Figure 3.9. The testing machine stroke was controlled rather than controlling the
load to avoid changes in deflection and web strain while the various web strain and
out-of-plane deflection measurements were made. The load was applied at various
increments, 5 kN between deflection readings and 10 kN or 20 kN between

measurements of out-of-plane web deflection. All beams were tested to failure.
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3.5 Materials Testing

Following the beam tests, all beams were disassembled so that the web and
flange materials could be tested. Moisture content of the web materials was
determined approximately ten weeks after completion of the preliminary test and
approximately six weeks after the test of the Type A beams. Following the Type B
and C beam tests, the moisture content was measured the day after completion of

the beam tests.

The elastic modulus and tensile strength of the web panels were determined
by tension testing at the Alberta Research Council, using a Metriguard 1410 testing
machine with an LVDT parallel to the face grain. Testing was performed in
accordance with ASTM standard D 198 (1985) with the following exceptions. Speed
of testing was not controlled in terms of linear head motion, however the elapsed
time between initial load application and failure was 2 to 3 minutes. One strain
measurement device was used rather than two. The specimen length was approxi-

mately equal to the greater cross-sectional dimension.

Some of the panels from the Type B and C beams were tested using LVDT's
parallel and perpendicular to the face grain so that the Poisson's ratio and shear
modulus could be determined in addition to the elastic modulus and tensile strength
(Figure 3.19). The length of the LVDT's used to measure longitudinal and transverse

changes in length required that one of the LVDT's be located close to the edge of
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Figure 3.19 - Web panel tension test apparatus

the test panel (Figure 3.19). The proximity of the transverse LVDT to the panel
splices which were three times the thickness of the pieces being tested appears to
have resulted in measured transverse strain below the expected transverse strain at
the middle of the test panel. As a result of the inaccurate transverse strain
measurement, the calculated Poisson’s ratio is probably incorrect. Using shorter

LVDT:'s closer to the centre of the test panels would have eliminated this problem.
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The Metriguard 1410 testing machine provided a plot of force vs. longitudinal
deflection as measured by the LVDT, longitudinal and transverse deflection if two
LVDT's were used, with a maximum load of about 22 kN plotted. Using the linear
portion of the plot, the force was divided by the cross-sectional area of the sample
to determine the stress. Strain was determined by dividing the linear portion
of the deflection by the original length of the LVDT. Dividing the stress by the strain
gives the elastic modulus. The maximum load applied to the sample was recorded by
the testing machine. This load was divided by the sample cross-sectional area to

determine the tensile strength of each test sample.

Flange and stiffener materials were compression tested at the I. F. Morrison
Structural Laboratory using an MTS 1000 testing machine and 50.4 mm Demec
gauges, Figure 3.20, to determine the elastic modulus parallel to the grain. Testing
was performed in accordance with ASTM standard D 198 (1985) with the following
exceptions. One pair of gage points were used on each sample rather than two. The
speed of testing was not controlled in terms of head motion, each test lasted
approximately 5 minutes. Samples were not loaded to the point of failure as only the
elastic modulus was required. The information obtained from these tests was
required for the plane frame model therefore the effective elastic modulus of the

combined S-P-F/OSB section was determined by testing.

Stiffeners were tested with and without web material attached. The stiffeners

were subjected to a maximum compressive load of 50 kN in 10 kN increments.
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Double 38 mm x 89 mm stiffener/load blocks were loaded to 100 kN compression
parallel to the stiffener/load block grain in 20 kN increments. The 89 mm x 89 mm
'Paralam' flange material was subjected to a maximum load of 200 kN parallel to the
grain in increments of 20 kN. Testing was performed in accordance with ASTM
standard D 198 with the exceptions noted for the flange material. Following testing

of the beam components, the moisture content of the samples was determined.

li me__——-—— Testing Machine Piston

'
‘ Py Test Sample
| i === Demec Gauge Points

— Testing Machine Base

7 T 7 7 7 7
- iy Ly S, oy TS
AT LYS /Sy s 7 s -
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Figure 3.20 - Flange and stiffener/load block compression test apparatus
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4 Test Results

4.1 Introduction

The information presented in this chapter summarizes the test data which are
included in the appendices. Material test results are presented in tabular form. Load-
deflection data for the beams are presented as graphs with maximum values

summarized in tabular form.

4.2 Materials Tests

The results of tension tests of the web panels are summarized in Table 4.1.
The web material used in these tests was taken from the interior beam panels which
were not subjected to shear stresses during testing. The Type B beam material which
was tested at 45° to the face grain was taken from extra panels that were not used
in test beams. In addition to the tensile strength and modulus of elasticity, the Type

B and C beam panels were also tested to determine Poisson’s Ratio (Table 4.2).

Stiffener/load block material was tested in compression to determine the
elastic modulus parallel to the grain with and without web material attached to the
framing members. Flange material was also tested in compression to determine the

elastic modulus. The results of these tests are summarized in Table 4.3.
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Table 4.1 Web panel material moisture content, thickness,
tensile strength and elastic modulus

Tension Elastic

MC Tensile Strength Modulus
Beam | % t (MPa) (MPa)
Type Dr).' (mm)
Basis 0°" | 450 | 90° | o° | 45+ | 90
16.7 114 || 5140 4480
Pilot || 5.8 || 10.22 ||[1.6% [3.4% || [8.0% [78.8%
21" 2] 2] 2]
16.9 17.5 ¥ 3780 4040
A [51] 692 [[[7.9% [21.4%|[15.4% [24.8%
5] 6] 6] 6]

185 147 140 | 5430 5560 5170
B |31 678 [[6.8% [11.4% [11.9%}[22.2% [13.8% [13.1%
+6] 4] 5] 6 4 6]

16.8 88 | 5530 3230
c [35] 604 [[156% [12.4%]/[28.8% [21.4%
6] 4] 6) 5]

" Angles indicate angle between face grain orientation and direction of
applied load.

** Coefficient of variation and number of observations are shown in
brackets.

As mentioned previously, the materials testing program did not result in a
reliable measurement of transverse strain to calculate the shear modulus in the plane
of the panel. The mean elastic modulus, parallel and perpendicular to the face grain,
and an assumed uniform Poisson's Ratio of 0.3 were used to calculate the shear
modulus, discussed later, The assumed Poisson's Ratio of 0.3 is recommended as an

average for wood composites by Bodig and Jayne (1982).
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Table 42 Type B and C beam web material Poisson's ratio

Poisson's Ratio

|

Beam -
0° 45° 90° I
B 0.164 0.360 0.135
[38.6%, 2] [12.3%, 4] | [107.5%, 2]
C 0.436 0.228
[0.3%, 2] 20.7%, 2

" Angles indicate angle between face grain direction and direction of

applied load.

" Coefficient of Variation and number of observations are shown in
brackets.

Table 4.3 Flange and stiffener/load block elastic modulus

" Coefficient of Variation and number of observations are shown in

brackets.

Material Elastic
Modulus
(MPa)
Flange 10300
[14.2%, 3]
Stiffener with 6520
Web [53.2%, 8]
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4.3 Box Beam Tests

The mean values for maximum load, horizontal deflection of web panels,
vertical deflection at point of load application and vertical deflection at mid-span are

summarized in Table 4.4.

Table 4.4 Summary of ultimate load, out-of-plane web
and beam deflection test results

I ) ]
Beam Mean Mean Maximum Deflection
Maximum (mm)

Load
(kN) Web Vertical

Out-of- | Load Mid-
Plane Point Span

Pilot 140 3.65 4.03 "

A 133.8 1468 | 615 6.6
B 119.2 1423 | 677 742
C 107.2 1.14 | 477 539

43,1 Pilot Test Beam

The initia] application of load to the pilot test beam used a single load point
at the centre of the beam. The applied load did not have any visible effect on the
beam except vertical deflection. Due to the thickness of the web material, no web

buckling was observed. As the load approached 130 kN, the flange and web material
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appeared to be close to failure due to compression perpendicular to the grain at the
point of load application before the webs failed in shear. The bearing stresses
compressed the flange material at a faster rate than the adjacent web material,
indicating that the web had a higher modulus of elasticity in the direction of the load
than the flange. Subsequent tests confirmed that the modulus of elasticity of the
paralam flanges perpendicular to the grain is lower than that of OSB perpendicular

to the face grain.

In order to reduce the bearing stress at the point of load application, the load
was applied at the 1/4 span points. The reduced bearing stress at the point of load
application eliminated the problem of flange compression at that point and allowed
the application of higher loads. The weak point in the beams now became the flange
at the supports. The flange material again deformed at a faster rate than the webs

and resulted in local failure of the webs at the reaction blocks.

Neither centre span loading nor quarter span loading resulted in visible lateral
deformation of the web due to shear loads. The web strains measured using Demec
gauges indicated that the maximum principal tensile stress direction was approxi-
mately from the upper outer corner to the lower inner corner of the end web panels,

that is parallel to the tension diagonal. The maximum load reached was 140 kN.
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432 Type A Beams

With thinner webs than the pilot test beam, the type A beam webs which were
loaded in shear buckled. Pre-buckling deflection in some of the web panels was
erratic, deflection increased and decreased with no apparent relationship between
load and deflection. This erratic behaviour can be attributed to initial curvature,
imperfections in the web panels and the initial mode of buckling. In some panels,
out-of-plane web panel deflection took the form of a full wave sine curve at lower
loads. As the load increased, one side of the sine curve grew until the out-of-plane
deformation took the form of a half wave sine curve. The out-of-plane deflection
contours were roughly elliptically shaped with the major axis oriented along the
tension diagonal of the end web panels (Figure 4.1). The maximum lateral web
deformation ranged from 13.49 mm to 15.70 mm and averaged 14.48 mm outward.
Several panels, however, deformed inward. In one panel, the initial inward de-
formation reversed to become outward deformation as the panel approached failure.
A section through the deformed panels had a sinusoidal shape with smooth curves

from the zero slope where the panels were attached to flanges and stiffeners.

The web panels on both sides of one end of each beam failed simultaneously
due to diagonal tension and buckling with failure planes along and perpendicular to
the tension diagonal (Figures 4.2 and 4.3). Ticking noises were heard from about 80
kN until failure. Failure occurred with a loud report when the total load reached 128

to 139 kN. Integrating the shear stress across the beam cross-section shows that the
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webs, in this particular beam configuration, resist approximately 5/6 of the total
shear force. Therefore the ultimate shear force resisted by each web panel was in the
27 to 29 kN per panel range and the flanges resisted approximately 11.6 kN shear
force. The panels at the end of the beam that did not fail had approximately the
same out-of-plane deflection as the panels that failed, however the panels that did
not fail had no visible cracks or other visible indication of reduced capacity.
Measurement of strains in the Beam A-1 panels loaded in shear was attempted but
the results were inconsistent due to buckling. Out-of-plane web deflection increased
slightly up to a point and then began to increase rapidly. The rapid out-of-plane web

deflection was linearly related to load until failure (Figure 4.4).

Figure 4.1 - Panel A-1-D, out-of-plane deformation contours (mm)
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Figure 4.2 - Type A beam failure patterns.
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Figure 4.3 - Panel A-1-D diagonal tension failure
Elastic vertical deflection was very close to linear until the beams were at

approximately 80% of the ultimate load. As the load approached its maximum, the

slope of the load-deflection curve began to decrease (Figures 4.5, 4.6 and 4.7).
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Figure 4.4 - Type A beam out-of-plane web deflection vs. load
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Figure 4.5 - Type A beams load point deflection vs. shear force
between panels C/F and D/E
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Figure 4.6 - Type A beams load point deflection vs. shear force
between panels A/H and B/G
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Figure 4.7 - Type A beams mid span deflection vs. total load
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43.3 Type B Beams

The Type B beams had longer web panels and different web elastic moduli
than the Type A beams. The deformation pattern in the Type B beams was very
similar to that observed in the Type A beams. An elliptical compound curve (Figure
4.8) developed along the tension diagonal with a maximum lateral deflection of 13.72
mm to 14.96 mm with an average of 14.33 mm. As was seen in the type A beams, the
slope of the deflected web was zero relative to the framing members around the
perimeter of the panels loaded in shear. The maximum shear loads ranged between
23 kN and 26 kN per web panel with a mean of 25 kN with 3.8 kN to 6.8 kN shear

force resisted by the flanges.

Unlike the type A beams, the type B beams failed due to diagonal tension
alone. Few cracks parallel to the tension diagonal or other indications of buckling
failure were observed (Figure 4.9). Out-of-plane web deflection vs. shear force per

panel is shown in Figure 4.10.

The relationships between load and out-of-plane deformation and vertical
deflection were similar to those observed in the Type A beams (Figures 4.11, 4.12

and 4.13).
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Figure 4.8 - Panel B-2-A, out-of-plane web deflection contours
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Figure 4.11 - Type B beams, load point deflection vs. shear force
between panels B/E and C/F
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Figure 4.12 - Type B beams, Load point deflection vs. shear force
between panels B/E and A/D
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434 Type C Beams

The Type C Beams had the same panel dimensions as the Type A beams but
with the face grain perpendicular to the span and had web panels with different
mechanical properties. The deformation pattern and mode of failure were very
similar to the Type A beams, Figures 4.13, 4.14 and 4.15. The out-of-plane web
deflection ranged from 10.02 mm to 12.13 mm at maximum load with an average of
11.14 mm. Figure 4.13 shows the full wave deformation pattern that was recorded for
Panel D of beam C-2. This panel did not exhibit the usual failure pattern, Figure 4.14
shows the usual pre-failure half wave pattern and was the panel that actually failed.
The most significant differences between the Type A and C beams were the failure
load and the shifting of the out-of-plane deformation axis toward the vertical
direction. Maximum panel shear loads varied from 21 kN to 23 kN and had a mean

value of 22 kN for the Type C beams.

The out-of-plane deformation and vertical deflection followed the same

pattern as with the Type A and B beams (Figures 4.16, 4.17, 4.18 and 4.19).
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Figure 4.14 - Panel C-2-

Figure 4.15 - Panel C-2-A out-of-plane web deflection contours
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Figure 4.16 - Type C beam failure patterns.

70



Shear Force (kN)

Type C Beams

Out of Plane Web Deflection

28
26 0
o O LY 0
24 o @ o
8] 2] o Hoog, o g
z [w s DDD pbOD o oo
20
" 0o a} QE]UID o ]
oo 0O o 8]
6L U@ 0o 0O
"LE g O o gob oo
2L
10
0 o op®@ o
8
6
Nl o SesP o
oL
0 Dlﬂﬂqfﬂﬁp ] ] 1 1 1 I ! 1 L !
0 2 4 6 8 10 12

Web Deflection imm!

Figure 4.17 - Type C beams, out-of-plane web deflection vs. shear force
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Figure 4.18 - Type C beams load point deflection vs. shear force

between panels A/H and B/G
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Figure 4.19 - Type C beams load point deflection vs. shear force
between panels D/E and C/F
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5 Analysis and Discussion

51 Introduction

In this chapter, the test results presented in the preceding chapter are
compared with the beam behaviour predicted by theory, published design methods
and computer modelling. Previously developed methods of calculating tensile strength
and elastic modulus at any angle to the grain are verified. The critical shear force is
determined based on out-of-plane web deformation vs. panel shear force data and
compared with the critical shear force predicted using methods described by Seydel
(1933), Chapter 3. A plane frame computer model is used to estimate the diagonal
tension stress which is compared with the tensile strength, in the direction of the
tension diagonal, of the web panels based on the web panel tension tests. Deflection
is broken down into its shear and flexural components. The measured shear
deflection is compared with the plane frame model results and various methods of
predicting shear deflection contained in published design guides for wood box beams

as described in Chapter 3.

5.2  Material Properties

Most of the web material properties determined in the testing program were
parallel and perpendicular to the face grain. The web panel material typical of the

series B beams was also tested at 45° to the face grain. Because the tension diagonal
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angle was less than 45°, a method of relating the mechanical properties to any angle
to the face grain was required. Equation 5.1 (Hankinson, 1921) provides a reasonably
accurate method of determining the elastic modulus at an angle to the face grain,
based on the limited available test data, The same equation can be used to calculate
the tensile strength at an angle to the face grain (Bodig and Jayne, 1982), however,
based on the tension test results, the exponents in the denominator should be 1.75

instead of 2.

Ewl Ew;
= 5.1

E, sin'’ 8 + E, cos*7 8

E

An alternative method of determining the properties of panel products at an

angle to the face grain is presented by the FPL (1987).

Aol noste + L sintg + % sin®® cos?® 5.2

EwB Ewl Wl

Both Hankinson's Formula (1921) (Equation 5.1 with exponents = 1.75) and the
FPL, (1987) method (Equation 5.2) give results that are close to the measured elastic

modulus at 45° to the face grain (Table 5.1).

Table 5.1 - Comparison of methods of calculating elastic modulus and tensile
strength at 45° to face grain with test results

Method Elastic Test + Tensile Test +
Modulus Calculated | Strength | Calculated
(MPa) (MPa)
Test 5560 14.7
Hankinson 5370 1.04 14.0 1.05
Wood Handbook I 4920 1.13
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Table 5.3 - Calculated values for use with Figure 2.3,
predicted critical shear stress and critical shear force per web
panel, critical shear force per panel from test results

Beam | « B K, Ve, Vo ||
(MPa) (kN)

Theory Test Test +
Theory

Pilot | 0.81 032 132 114 | 585 - --
A 083 032 133 4921 175 204 1.17
B 061 032 120 5651 195 148 0.76
C 073 034 128 425 | 133 177 1.33

Some difficulty was encountered in determining the experimental critical
shear force due to the lack of a distinct break between pre-buckling and post-
buckling behaviour. The plot of out-of-plane web deflection vs. shear force had a
curved transition around the critical shear force. In previous work the out-of-plane
web deflection was plotted against shear force resulting in a curved transition from
pre-buckling to post-buckling (Voss et al. 1950). The point of tangency between the
curve and post-buckling deflection was defined as the critical shear force, as shown
in Figure 5.1. This method was not very precise requiring considerable judgement on

the part of the person plotting the data and therefore difficult to replicate.

In this study, the experimental critical shear force was determined by

separating the out-of-plane web deflection vs. panel shear force data points into two
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groups. One group of points consisted of all points below the load at which
deflection, 15 kN, began to increase and the other group consisted of all points with
deflection greater than 5 mm. A straight regression line was fitted to both groups of
points and the intersection of the regression lines was designated the critical shear
force (Table 5.3 and Figures 5.1, 5.2, 5.3 and 5.4). The critical shear force determined
here is slightly lower than would have been determined using the Voss et al. (1950)
method but has the advantage of less dependence on the judgement of the person

plotting the data.

The test results shown in Table 5.3 range from 249 lower to 33% higher than
the predicted critical shear force. The test results for beam types A and C are, as
might be expected due to panel edge fixity, slightly higher than the predicted critical
shear force. Beam type B however, had a lower than predicted critical shear force.
There are several possible reasons for the low critical shear force in the Type B
beams such as variation in the thickness and elastic properties within panels and
between panels, and the difficulties associated with determining the critical shear
force from test data. The degree of variation of material properties is shown in the
coefficients of variation for Type B beams in Table 4.1. The slope of the upper
portion of the out-of plane deflection vs. shear force plot of the Type B beams is
higher than that of the Type A and C beams magnifying the effect of using the

intersection of the straight lines rather Voss et al. (1950).
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Figure 5.1 - Methods of determining critical shear force from test results
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Figure 5.2 - Type A beams, determination of critical shear force
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Figure 5.4 - Type C beams, determination of critical shear force
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54 Plane Frame Model

Plane frame structural analysis programs analyze structures that can be
represented as an assembly of beam elements. The nodes at each end of an element
are free to move horizontally and vertically and to rotate as loads are applied to the
structure. The axial and bending stiffness of each element can be specified so that
axial and bending deformation of the elements will be close to that of the structure
being analyzed. The program assembles the element stiffnesses into a system of
simultaneous equations. Solving the system of equations provides the displacement
of each node in the structure. The nodal displacements are used to determine the
strain in each of the elements. The strain can then be used with the element's elastic

and dimensional properties to determine the element stress (Murray, 1990).

The plane frame model used in this analysis followed the actual geometry of
the beam. The assumption that plane sections remain plane when a beam is
subjected to bending and the fact that the test beams were loaded symmetrically with
respect to the beam span, lead to a further assumption that the transverse section
through the beam at mid span would not deflect horizontally and would have no
change in slope. The plane nature of the model allowed the use of transformed
section properties for flanges and stiffener/load blocks. Combining these factors
required that only one fourth of the beam be modelied and the results applied to the

rest of the beam by symmetry.
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The node and element numbering scheme for the plane frame model are
shown in Figure 5.5. The dimensions and elastic properties of the model elements
that represent the flanges and stiffeners are the actual properties of those compo-
nents. The properties of the web elements are based on the actual thickness and
tensile strength of the web panels as determined by measurement and testing, The

width of the web elements is distance between element centre lines.

Node and elermen! numbering for plane frame model.

Type A ond C configuration shown obove. Type B configurotion is similar
but with longer end panel.

Node numbers are in Romon type — eq. 21

Element numbers are in lalic type — eg. 26

Figure 5.5 - Plane frame mode! showing boundary conditions,
node and element numbering

To account for the decrease in compressive stress after buckling, the elastic
modulus in the direction of the compression diagonal was reduced in the model.

Some compressive strength is required in the model to maintain the correct spacing

85



between elements in tension and to compensate for the inability of the model to
allow for increased tensile stresses due to out-of-plane deformation. Using the full
compressive stiffness of the web elements resulted in a beam model that was too

stiff.

To determine compressive elastic modulus for modelling purposes, the
difference between the tensile strength parallel to the tension diagonal and the
computed tensile stress using the plane frame model were plotted against various
panel compressive elastic moduli. The reduced compressive elastic modulus was the
value that resulted in a plane frame diagonal tensile stress which was equal to the
diagonal tensile strength. The web compressive stiffness was found to be linearly
related to panel tensile strength (Equation 5.3). With increasing tensile strength, the
panel could deflect more before failing in diagonal tension. With increasing
deflection, the web carries less compressive force which is reflected in the lower
compressive stiffness. Using the reduced modulus of elasticity, shown in Table 5.5,
in the web elements in the compression direction, the plane frame model resulted

in deflections very close to the tensile deflections determined by testing (Table 5.6).

E,. = 100 (33.18 - V2 £ ) 5.3
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Table 5.4 - Panel diagonal tensile strength and
diagonal compressive elastic modulus

Beam | F, E,
(MPa) (MPa)

i A 15.8 1090
B 15.7 1100
C 9.31 2000

Table 5.5 - Comparison of plane frame model and test results

Beam Load Point Mid Span
Deflection Deflection

Test Model Test + | Test Model Test +
(mm) (mm) Model| (mm) (mm) Model

A 4.60 5.87 0.78 4.97 705 070
5.67 7.44 0.76 6.22 8.18 0.76
C 445 4.56 0.98 5.03 561 090
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55 Shear Deflection

The measured beam vertical deflection is the arithmetic sum of the shear and
flexural deflections. The flexural deflection due to normal stresses can be calculated
by dividing the second integral of the bending moment by the beam stiffness. All
beams are supported at both ends and therefore have the boundary condition of no
deflection at the supports. The Equations 5.4 and 5.5 predict the flexural deflection
at the point of load application and at mid-span and were derived through

integration of the bending moment equation.

P a

Byip = 22 (3La - 4a?) 5.4
= P a 2 _ 2
Ab(_zé_.) >4 BT (3L 4 a?) 5.5

Shear deflection is the deflection due to shear stress and results in angular
distortion of infinitesimal elements of the web. The following discussion of shear
deflection is based on the assumptions:

1. All shear deformation occurs in the webs. This assumption is reason-
able because the shear stress in the flanges in much lower the shear
stress in the webs and the flange shear stress is low compared with the
normal stress.

2. The shear stress is distributed uniformly throughout the web panels.

The applied loads and the reactions are actually transmitted to the web
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panel by the stiffeners and flanges combined. For design purposes, the
plot of stress vs. depth is assumed to take the shape of a parabola with
very little curvature.

3. The slope of the load-deflection curve is the same before and after
web buckling has occurred. This is confirmed by plots of load point
deflection vs. shear force.

4. The shear deflection is constant between applied loads. There are
actually some small shear stresses in the interior web panels, as
measured on the pilot test beam, but these will be considered to be

negligible.

Shear deflection from test results and the plane frame model may be
determined by subtracting the calculated flexural deflection, using equations 5.4 and
5.5, from the total measured deflection. Shear deflection can also be calculated using
the various methods described in Chapter 2. Table 5.6 compares the test shear
deflection and the various calculated values. The small magnitude of the deflection
and the small number of samples do not justify placing very much value on these
numbers. The actual panel thickness rather than the effective thickness for shear is

used to calculate shear deflection using the APA method.

The top row of Table 5.6 shows the calculated bending deflection. Shear
deflection calculated by subtracting the flexural deflection from the total deflection,

probably the most accurate measurement of shear deflection is shown in the second
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row. The third row is the shear deflection determined using the FPL (1987) method,
the highest estimate because only the area of the web between flanges is used and
reasonably close to the test results. The CSA/COFI (1989) method provides an
estimate of shear deflection that is much lower than any other method and than the
test results. This method basically uses I7, /(X, h?) instead of cross-sectional area
divided a factor to allow for the non-uniform distribution of shear stresses. The use
of IT,,,,/(Xs h?) appears to result a number that is too large and consequently a low
estimate of shear deflection. The shear deflection calculated according to the APA
(1990) method is lower than that calculated using the FPL (1987) but is reasonably
close to the test results. The last row shows the shear deflection calculated using the

plane frame model which is the most conservative estimate.

For the purpose of estimating shear deflection, the shear modulus is calculated
based on the orthotropic elastic moduli and a maximum Poisson's ratio of 0.30
(Bodig and Jayne, 1982). The lesser orthotropic Poisson's ratio is determined using

Equation 5.7 (Seydel, 1933).

E Eue

= wa
G 4(1+va)+4(1+vb) >-8
E
vb=vaEi 5.7
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Table 5.6 - Comparison of shear deflection calculations

with test results

CSA/COFI

APA
Model

Beam A

(mm)

097
2.67
291
0.91
2.20
4.90

Test
+Calc

0.92
2.93
1.21
0.54

Beam B

(mm)

1.46
3.51
2.28
1.30
1.77
6.03

Test
+ Calc

1.54
270
1.98
0.58

0.99
2.92
3.28
.73
249
3.57

Beam C
(mm) Test
+Calc

0.89
4.00
1.17
0.82

| Shear Deflection at 100 kN Total Applied Load I
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Conclusions and Recommendations

Conclusions

The conclusions listed below can be drawn from this study.

1 The post-buckling failure mode for OSB beam webs is diagonal
tension fracture with or without fracture due to curvature of the

buckled web panel.

2 The ultimate shear capacity of OSB beam webs is greater than
the web's critical shear load and can be predicted using a plane
frame model with the diagonal compressive web member elastic

modulus reduced as shown in equation 5.3.

3 Based on limited test data, the elastic modulus of OSB at any

angle to the face grain can be determined using Hankinson

(1921) or the method published in the Wood Handbook (FPL,
1987). The tensile strength of OSB at any angle to the face
grain can be determined using Hankinson (1921) with 1.75 as
the exponent in the denominator. More testing is required to

confirm that these methods are applicable to OSB.
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4 The critical shear load for an OSB beam web can be approxi-

mated using the method described by Seydel (1933).

5 The FPL (1987) method results in a calculated shear deflection
that is reasonably close to the shear deflection determined by

testing.

6 The CSA/COFI(1989) method underestimates shear deflection

and requires further investigation.

6.2 Recommendations

The following recommendations for further research and changes to

design codes are based on the test results:

1. Box beam design calculations should include provisions for web
buckling and tension field action. Further work is required to
develop a method of calculating the maximum diagonal tensile

stress in box beam webs without using a plane frame model.

2. Wood box beam design methods should include a cautionary
note to remind designers to check the bearing stresses at

applied concentrated loads and at beam supports.

3. The method of predicting shear deflection described by the FPL

(1987) should be used in design calculations.
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