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ABSTRACT

In North America, Oriented Strandboard (OSB) is used as a major web material in
prefabricated wood I-beams (joists). Web openings are often required in the web of the
beam for the passage of electrical conduits, plumbing lines and ventilation systems.
Current standards consider the effects of web opeaings on the shear strength of the beam
empirically but not analytically. The purpos: of this research is o investigate the effects
of web openings on the shear strength of OSB web I-beams, identify possible failure
mechanisms and recommend analytical design criteria.  The experimental program
consisted of testing 610 mm, 406 mm, and Z41 mm deep simply supporicd beams under a
single point load. Test parameters included the hole width, hole height, shear span length,
and corner radius of the hole. Failure occurred in one or a combination of four modes.
Specimens with a hole depth equal to the full height of the web exhibited failure with the
web pulling out of the flange. The second mode exhibited Vierendeel truss action causing
failure at the corners of the hole. The third mode was due to a cross section shear failure
and the last mode exhibited buckling of the web. The shear strength of a beam with an
opening was reduced by as much as 79% when compared to a reference beam witliout
holes. The square corner reduced the shear capacity by 6% when compared to the 25 mm
radius corner. The longer shear span resulted in increased shear strength of the beam. By
using a design procedure based on a Vierendeel analysis and a cross section strength
check, the shear capacity of the OSB I-joist can be predicted analytically with reasonable

accuracy given the material properties of the web and flange.
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1. Introduction

1.1 General

Composite wood members are becoming more prevalent in structural systems as long
and large lumber members needed for light frame and commercial construction systems
are becoming less available and more expensive. Researchers (Nelson 1975; Tang and
Leichti 1984) have estimated that 50 percent of wood fiber can be saved using wood
composite structural shapes. Prefabricated wood composite I-beams represent one such

alternative to traditional sawn lumber, as shown in Figure 1.1.

In an industry survey by Leichti, Falk, and Laufenberg (1990a), modern mass
production of wood I-joists in North America was initiated in the late 60's by Trus Joist
Corporation. During the late 1970's, two more manufacturers entered the marketplace
and six more in the 1980's. In the seven year period between 1980 to 1987, total I-joist
production more than doubled and may have tripled by the end of 1989. In 1989, the
total I-joist production was estimated at 150 million lineal fect in North America. The
present trend in I-joist manufacturing indicates that production is still increasing at a fast

pace.

The I-beams are structural members that are manufactured using sawn or structural
composite lumber flanges and structural panel webs. The flanges and web are bonded
together using an exterior type adhesive forming the cross-sectional shape of an "I"
(ASTM D 5055, 1990). In Alberta, the web material used is Oriented Strandboard
(OSB). OSB is made from Aspen trees grown in Alberta.
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OSB is a panel product which is becoming more widespread and popular. The panels
are made exclusively by processing small diameter, fast growing trees into strands of
wafers which are bonded under heat and pressure with a waterproof resin. OSB was
first commercially produced in the early 1980's but is now well established in the building
industry and is recognized in the 1990 National Building Code of Canada (Structural

Board Association, 1993)

Figure 1.1. Prefabricated OSB web I-beams



1.2 Statement of the Problem

Web openings are required for the passage of electrical conduits, plumbing lines, and
ventilation ducts so that headroom can be maximized in buildings. The acceptance of
prefabricated wood I-beams (joists) is presently based on a standard under the American
Sociecy for Testing and Materials (ASTM) D-7 Committee on Wood. The standard,
ASTM D5055 (1990), gives procedures for establishing, monitoring, and evaluating
structural capacities such as shear, moment and stiffness. Conceming web openings, the
standard states that shear strength reduction due to the hole must be determined
empirically from numerous performance tests representing the whole product range with
different hole geometries. Manufacturers use this data to specify where maximum size
holes can be located in the web. Typically, shear strength reduction data are proprietary.
This leaves engineers and other practitioners relying on the manufacturers product

manuals.

OSB is a relatively new material as compared to plywood and its behaviour is not
fully understood. The behaviour of OSB is further complicated when it is used as a
structural component of an I-beam. The introduction of holes in OSB wiebs is
complicated and attempts to quantify the effects of holes such as in ASTM D 5055 are
empirical and not analytical. Therefore, the way I-beams carry shear and moment across
the hole has not been determined. The mode in which I-beams fail is also not known.
Understanding of failure modes is important so that engineers can avoid them and have

confidence using prefabricated wood I-beams with web openings.



1.3 Objectives and Scope

The purpose of this research is to experimentally investigate the behaviour of OSB
webbed I-beams with rectangular openings. Rectangular openings were chosen instead
of circular openings because the former adversely affects the strength of the beam more
than the latter. The objectives of this research are as follows:

o Investigate the effects of rectangular web openings on the shear strength of

prefabricated OSB I-beams.

¢ Identify possible failure mechanisms.

e Develop shear design criteria for OSB I-beams with rectangular holes.

e Add research data to the limited literature devoted to the behaviour of wood

composite I-beams with web openings.

The scope of this project is to focus research efforts on the "generic aspects” of OSB
I-beams. In this way, research findings will be applicable to different prefabricated OSB
I-beams. Therefore, any proprietary constructions such as web splices or web/flange
connections will not be investigated since these constructions vary greatly between

manufacturers.



2. Literature Review
2.1 Previous Research

In an extensive literature review on wood composite I-beams by Leichti, Falk and
Laufenberg (1990b), the authors reviewed research on the effects of web openings.
Based on a paper by Maley (1987), he found that large openings can reduce the shear
capacity, decrease the stiffness of the beam, and develop stress concentrations at the
flange-web joint. Leichti et. al. also reviewed design information for round openings in
hardboard webbed I-beams by Hilson and Rodd (1984). They found that the ratio of
beam height to distance between web stiffeners and the web slendemess interacted with

the size of the web openings.

Johannesson (1977) performed tests on plywood webbed I-beams with rectangular
openings. He reported that all the plywood beams with holes near the support failed in a
similar manner with a brittle tension failure at two opposite corners of the hole. The
cracks developed roughly at an angle of 45°. Johannesson also observed compression
buckles at the other two diagonal corners in some cases. He speculated that the buckling

could have initiated the failure.

Fergus (1979) studied the efféc} of circular web openings on the structural
performance of wood composite I-beams. Two different web materials , 9.5 mm (3/8")
structural I, Douglas-fir plywood and 9.5 mm (3/8") unsanded oriented strand
particleboard (OSP) made from Douglas-fir strands, were used in the construction of the
I-beam. The OSP was a cross-aligned three lay-red composite panel made from strands

bonded together with an exterior type adhesive. The density of the plywood and OSP
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was 2490 kg/m3 and 3502 kg/m3, respectively and is based on oven dry weight and test
volume. Two different size wood I-beams, moment critical and shear critical, were
constructed. The moment critical beams were 7.32 m (24') long and 254 mm (10") deep.
The shear critical beams were 2.44 m (8') long and 559 mm (22") deep. Both sizes of
beams were subjected to two load conditions. One load condition used a single
concentrated load at mid span and the other load condition used a two point
concentrated load. Circular holes, with a diameter of 70 percent of the web depth for
moment critical beams and 54 percent for shear critical beams, were cut into the web.
Fergus then conducted extensive material tests to determine the physical properties
required for a finite element method (FEM) analysis using SAP 1V, a structural analysis
program. Fergus compared the deflections and stresses determined from the FEM

analysis with experimental results. Some of his results and conclusions are listed below.

e The SAP IV FEM analysis gave good results for both displacement and stress
analysis for moment critical beams. Beam deflections in shear critical beams were
adequately predicted using the FEM analysis.

o For moment critical beams, no significant performance differences were discovered
between plywood and OSP beams. A circular hole, seventy percent of the depth
of the web, did not alter any significani performance criteria.

o For shear critical beams, web buckling was observed near hole locations in
plywood web beams. No buckling was observed in OSP web beams.

» OSP with an average edgewise shear modulus of 1664 MPa provided for
significantly improved shear beam performance over plywood with an edgewise
shear modulus of 630 MPa.

» A sensitivity analysis of the FEM showed that for the moment critical beams,

performance was primarily dependent on the flange stiffness. For the shear critical



beams, the edgewise shear modulus of the web, the flange M.O.E. and the

transverse M.O.E. of the web were all significant factors controlling the model.

Fergus also recommended investigating the effect of rectangular holes in Vierendeel

beam geometries.

Although limited literature is devoted to analvzing the effect of openings in the webs
of wood I-beams, much more research can be found on the effects of round and
rectangular openings in steel I-sections such as Bower's (1966) research on wide flange
beams with holes. Bower applied the "Vierendeel Method" of analysis to steel wide
flange beams with rectangular holes and compared the predicted stresses with the
experimental stresses. The author concluded that for rectangular holes not exceeding
half the web depth, the Vierendeel analysis predicted the bending stresses on transverse
cross sections with reasonable accuracy and predicted the octahedral shear stress
conservatively but did not predict the stress concentrations around the corner. The

octahedral shear stress was used as the criterion for yielding under combined stresses.

Bower (1968) later investigated the ultimate strength of steel I-beams with
rectangular holes. He noted that the significant relative deflection from one end of a hole
to the other end of the hole did not increase rapidly until the web was completely
yielded. Yielding fiist occurred at a corner of a hole and was significantly affected by the
stress concentration at the corner. In proposing an ultimate strength solution for wide-
flange beams with a rectangular hole, Bower first stated that in beams without holes, a
lower bound solution was often derived by assuming that the center part of the web was
yielded in shear due to the applied shear force and that the remaining web and flanges

were yielded in bending due to the external bending moment. Since the beam is fully



yiclded, the shear stress distribution in the web is constant. He then applied this solution
to bcams with a rectangular hole by using a constant shear stress distribution in the
remaining area of the web. The hole was regarded as simply reducing the web area that
was yielded in shear. Von Mises yield criteria was used to determine yielding in shear.
This solution however neglected the local bending moment caused by the Vierendeel
action. Therefore, this solution would be expected to predict an ultimate strength that is
greater than the actual ultimate load for a beam with a hole. Bower then introduced a
lower bound solution by assuming rectangular shear and bending stress distributions

which would account for the Vierendeel action.



2.2 Vierendeel Analysis

Based on a description by Bower (1966), the basic features of the Vierendecl analysis

| =

are described below.
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Figure 2.1, Vierendeel analysis

Figure 2.1, shows a simply supported beam under a single point load applicd at mid
span. A rectangular hole is centered on the centroidal axis of the bcam. A free body
diagram is drawn at the portion of the beam formed by cutting the beam at the ends of
the hole. The shear force is assumed 1o be carried equally by the "T" sections above and

below the hole.
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V =0.5R (1]

Assuming that a point of contraflexure occurs at the centre of the hole, the secondary

moment My can be determined by
MT =V-x [2]

Positive moment causes compression at the top of a beam. The secondary bending

stresses, caused by Mr are givea by

6X'I‘=V'x.y'r [3]
I

in which Iy = the moment of inertia of one T-section and y; = the transverse distance
from the centroid of the T-section. From statics, the primary bending moment is given

by
M@u)=R-u=2V-u {4]

The primary bending stress, Gp, is given by

Op = MW 'y (51
In

in which I, = the moment of inertia of the net cross section of the beam about its
centroidal axis and y = the transverse distance from the centroid of the beam. Equations

3 and S are added to obtain the total bending stresses



I

Ox =V X'y 4+ Mu)-y [6]
I Iy

A positive value of 6, means that the bending stress is in tension.

2.3 Vierendeel Analysis Applied to Steel Wide Flange Beams

The Vierendeel analysis used by Bower (1966) was applied to steel wide flange beams
with holes. Structural steel behaves like a linear, elastic material up to yielding of the
steel. Steel is an isotropic and homogeneous material. In other words, the material
properties of steel are such that the modulus of elasticity is independent of the
orientation of the applied stresses and the material is of uniform quality throughout the
beam. In the Vierendeel analysis, the elastic flexure formula was applied to the steel

beam. The familiar elastic flexure formula, 6, = My/I is based on the assumptions that

¢ plane sections remain plane;
o the material is linear;

« the material is elastic.

For plane sections to remain plane when steel beams are transversely loaded, the shear
deformations must be small. In other werds the shear modulus must be stiff enough.
Structural steel has a shear modulus of 77 000 MPa, over a third of the elastic modulus
of 200 000 MPa. Shear deformations in steel I-bezms are usually insignificant when
compared to the bending deformations.

The application of the Vierendeel analysis to wood I-beams will be discussed in

Chapter 6, Analysis and Discussion.
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3. Experimental Program

3.1 General

The experimental program consisted of three phases of testing. Each phase
corresponded to a depth of beam. Therefore, three depths 241 mm (9.5"), 406 mm
(16"), and 610 mm (24") were used. After each phase of testing, results were closely
examined so the following tests would be designed to answer questions which arose
from carlier test results. The deepest beams were tested first followed by the smallest
beams. The last phase included tests to confirm findings in the first two phases. After
the beam tests were completed, material tests were performed to determine web and

flange material properties.

3.2 Test Specimens

Wood I-joists are made from a variety of wood or wood composite materials. The
chords (flanges) can be made from solid sawn lumber such as No.1/No.2 visually graded
lumber or machine stress rated (MSR) lumber or wood composite lumber such as
Laminated Veneer Lumber (LVL) or parallel strand lumber (PSL). Oriented
Strandboard (OSB), plywood or hardboard can be used as web material. The wood I-

joists used in testing were prefabricated by an Alberta mannfazturer.

The chord material used was No.1/No.2 SPF visually graded lumber and the web was
OSB grade O-2 made from Aspen trees in Alberta. Oriented Strandboard is an
engineered product made of wafers of stzands (narrow wafers) cut from round wood and

bonded together under heat and pressure with a waterproof resin. The OSB grade O-2
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indicates that the strands are oriented in two directions. OSB grade O-2 has three layers
of strands. The two facs: layer strands are oriented parallel to the long axis of the panel
and the core layer strands are oriented perpendicular to the long axis of the panel. OSB

panels typically come in 2440 mm x 1220 mm or 8 feet x 4 feet dimensions.

The test specimens were manufactured by splicing the panels approximately every
2440 mm or 8 feet and gluing the chord to the web. Both the web splice and the

web/flange connection are proprietary. Figure 3.1 shows the nominal cross section

dimensions.

I e SO e O
S a e g fa.

241

381:':"___]_% 406
4

9.5
610

Note: All dimensions are in millimetres.

zal
9.5

Figure 3.1, Nominal dimensions of OSB I-beam specimens
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3.3 Test Set-Up

The beams were tested as simply supported beams loaded with a point load applied to
the top flange, as shown in Figure 3.2 and 3.3. At each reaction point, bearing plates
were made large enough to prevent local crushing of the chord fibers. Below the plate,
in order were the knife edge, load cell, roller support and a rigid leveled distributing
beam. The point load was applied through a hydraulic jack pumped manually from a
hydraulic hand pump. Lateral bracing was provided by placing hollow steel sections or 2
x 4 lumber against the flanges of the beam and fastening the steel sections or 2 x 4

lumber to a rigid frame which ran parallel to the length of the test specimen.

-
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Figure 3.2. Schematic test set-up



Figure 3.3. Actual test apparatus
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3.4 Instrumentation

To observe the deformations around the hole, demec points with a gage length of
50.8 mm (2") were placed at the corners of the hole at 45 degrees to the horizontal axis.
The comer demec points detected cracking or crushing of the OSB fibers. Demec points
were also placed horizontally in rows starting from the top flange and ending on the
bottom flange (Figurc 3.4). These demec points were used to determine longitudinal
deformations through the depth of the beam. A profile of the longitudinal deformations
above and below the left and right corners of the hole can then be drawn. Demec gage
rosettes were also placed at the corners of the hole and at intact sections of the web
without any holes. The location the these rosettes can be found in Appendix A. To
determine the deflected shape of the beam near the region of the holc, six or seven cable
transducers were attached to the bottom of the lower chord of the beam. For specimen
24dT4 which exhibited web buckling, a column of four Linear Variable Differential
Transformers (LVDT), were placed on the vertical side of the web to record the buckled

shape of the web. A fuller description of this set-up can be found in Appendix B.

The load cells and cable transducers were linked to a Fluke data acquisition system.
A personal computer recorded the load and deflection readings of the test specimen.
Demec readings were recorded manually at each load step. A plotter displaying the
applied load versus the load point deflection was used to monitor the overall behaviour

of the beam.
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3.5 Test Parameters

Determination of the behaviour of the web with a hole required sufficient number of
beams to be tested so that the effect of each parameter could be determined. The test
parameters used for all beams were the hole width, hole height, shear span length, and
the corner radius of the hole. Table 3.1, shows the specimen parameters used and the
order of the specimens tested with the exception of specimen 24dT7 which was tested
after specimen 16dT3. The shear span needed to be short enough to ensure the beam
failed in shear and not in bending. However, the shear span needed to be long enough to
position the hole away from the load points so that the local bearing effects of the load
would be small. Also, the shear span needed to be long enough to minimize arching
action between the load point and the reaction. The edge of the hole was placed a
distance "d", depth of beam, away from the edge of the nearest web stiffener (note "x,"
in Table 3.1 and Figure 3.2 is a distance between the edge of the hole and the line of

action the point load).

Longitudinal
Demec Points \ |
= =2
Comer
Demec Points —={_ j. ?
> ==
(— e S e 3 /4 — —
\— J
\V4

Cable Transducers

Figure 3.4. Instrumentation



Table 3.1. Description of test specimens
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Specimen  depth of  position  height of height of width of shear span length of
beam,d, ofhole, web,h, hole, hy, hole, wo, I5, mm beam,
mm X0, MM mm % of h mm L, mm
24dTI 610 675 534 67 152 1808 3616
24dT2 610 675 534 i3 152 1808 3616
24dT3 610 675 534 33 152 1808 3616
24dT4 610 no hole 534 no hole no hole 1808 3616
24dTS 610 675 534 33 457 1808 3616
24dT6 610 675 534 100 152 1808 3616
24dT7 610 no hole 534 nohole nohole 1808 3616
9.5dT1 241 286 165 33 152 1000 3000
9.5dT2 241 no hole 165 no hole no hole 1000 3000
9.5dT3 241 286 165 33 305 1000 3000
9.5dT4 241 286 165 67 305 1000 3000
9.5dTS 241 286 165 100 305 1000 3000
9.5dT6 241 286 165 33 305 1500 3000
9.5dT7 241 286 165 33 305 1000 3000
9.5dT8 241 286 165 33 305 1000 3000
16dT1 406 450 241 33 305 1250 2750
16dT2 406 450 241 67 305 1250 2750
16dT3 406 no hole 241 no hole no hole 1250 2750

Note: -Specimen 24dT2 was repeated in 24dT3 due to a bearing failure.

-Specimen 24dT4 was repeated in 24dT7 due to a lateral torsional buckling failure.

-All specimens have a corner radius of 25 mm except specimens 9.5dT7 and
9.5dT8 which have a square and 12 mm radius corner, respectively.

3.6 Test Method

The beams were loaded manually with a hydraulic jack. Approximately ten load steps

were used in each test to describe the beam behaviour throughout the test. After each

load increment, the beam was given two minutes to reach equilibrium. Instrument

readings were then taken. Another ioad increment was applied and the process was

repeated until the beam could no longer sustain another increment f load. The test was

terminated when a sudden drop in load occurred.
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4. Material Tests

4.1 General

In order to analyze the behaviour of OSB I-beams, material property information was
required from standard material tests on the web panel and flange. OSB compression
tests were done in two directions, parallel and perpendicular to the length of the beam.
The face strands in OSB are oriented parallel to the length of the beam. Similarly,
tension tests were conducted in two directions, parallel and perpendicular to the face
strands. The edgewise shear strength and plate shear modulus were also obtained for

OSB. Tension and compression tests were also conducted on the flange material.

4.2 OSB Compression Tests

OSB compression coupons were cut from the three depth sizes of test specimens.
Each test specimen was made by gluing three coupons back to back using a construction
adhesive called Ultragrip 9000. The dimensions of the test specimen were approximately
177 mm x 46 mm x 30 mm. Coupons of OSB needed to be glued together so that
buckling would not occur before crushing of the fibers. Two sets of compression
specimens were made. One set of specimens was loaded parallel to the orientation of the
face strands and the other set was loaded perpendicular to the face strands. Each set was
tested twice. This was done to determine whether the strain readings from
instrumentation on the face strand side of the specimen would be different from the strain
readings from instrumentation on the edge side of the specimen. The instrumentation
consisted of a 50.8 mm (2") extensometer on one side and a 50.8 mm (2") demec gage

on the opposite side. Demec readings and extensometer readings were taken
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simultaneously. In the first test run, the instrumentation was placed on the edge sides of
the specimen. In Figure 4.1, the edge side is shown with demec points mountec on the
edge of the middle coupon. The specimen was then loaded to obtain the elastic modulus
and then unloaded. In the second tcst run, the instrumentation was placed on the face
strand sides of the specimen. The specimen was loaded until failure to determine the
elastic modulus and maximum compression strength. This procedure was repeated for
all specimens in both sets of coupons.

The material testing system MTS 1000 at the LF. Morrison Laboratory at the
University of Alberta was used to test the specimen at a rate of 0.5 mm/min.. OSB
compression testing followed guidelines outlined in ASTM standard D 3501 (1976) with

the exception that three coupons were glued together to prevent buckling.



Figure 4.1. Edge side of OSB compression specimen

21
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4.3 OSB Tension Tests

Two sets of tension tests, face strands parallel and perpendicular to load, were
performed on OSB coupons to determine directional properties of OSB in tension.
ASTM standard D 3500 (1990) was used as a rough guide in both sets of tension tests.
The coupons with face strands parallel to load were rectangular with dimensions 127 mm
(5") wide and at least 1220 mm (48") long. The length between grips was 305 mm
(12"). This set of coupons was tested on the Metriguard 412 test proof tester at the
Forest Products Lahoratory at the Alberta Research Council. The rate of testing was
such that failure occurred between two to four minutes. Deformations were recorded

using a 229 mm (9") Linear Variable Differential Transformer (LVDT).

The coupons with face strands perpendicular to the load were cut according to a
necked down shape shown in Figure 4.2. The extreme necking was thought necessary
becausc slippage at the grips was a problem in earlier tests with the Metriguard tester.
However, in this set of tests, the MTS 1000 was used to test these coupons at a rate of
0.175 mm/min., which caused failure in three to six minutes, and nc slippage was
encountered. A 50.8 mm (2") extenscmeter was used to record the deformation in the

coupon. Due to insufficient length, only the webs from 610 mm deep beams were tested.



S00 mm

150 min

100 mm ' !

Figure 4.2. OSB tension coupon with face strands perpendicular to load

4.4 OSB Shear Tests

Edgewise shear strength tests were conducted according to ASTM standard D 2719
(1989). This two rail shear test required a specimen 610 mm x 457 mm (24" x 18").
Due to the large size of the specimen required, only the webs of the 610 mm depth
beams could be tested. The two rails were made of aluminum with bolt holes spaced
every 102 mm (4") along the rail so that bolts could clamp the specimen and preveni it
from slipping under load as shown in Table 4.4. The Metriguard tester loaded the

specimen at a rate such that failure occurred between three to five minutes.

Flate shear modulus tests for OSB were conducted using ASTM standard D 3044
(1976). These were non-destructive tests which determined the edgewisc or in-planc
shear modulus of the OSB web. The nominal dimensions of the specimen were 300 mm
x 300 mm x 10 mm. Figure 4.3 shows that the test consisted of putting the plate into
pure twisting by transversely loading two diagonal corners while the other two corners
had roller supports. The relative transverse deflection between the centre of the plate

and the corner of a square drawn on the plate was required to determinc the shear



24

modulus of OSB. The instrumentation shown in Figure 4.3 consisted of a four legged
mechanism which sat on the corners of the drawn square. The instrumentation recorded
twice the deflection between the centre of the plate and the corner of the drawn square.
Each leg of the specimen was 75 mm measured from the centre of the plate. The MTS
1000 loaded the specimen at a rate of 3.6 mm/min.. Deflection readings were taken with

aSmmLVDT.

ERX N

Figurc 4.3. Plate shear modulus tests for OSB



4.5 Chord Compression Tests

ASTM standard D 198 (1984) was used to test the chords of the beam as a short
column. The specimens length was 178 mm.  Instrumentation used for this test was
identical to that used in the OSB compression tests. Figure 4.4 shows the extensometer
attached to the narrow side of the specimen with clastic bands while demec points are
placed on the opposite side.  Both extensometer and demee readings were taken
simultancously.  The MTS 1000 loaded the specimens at 2 rate of O0.178 mm which

corresponded to failure occurring between cight to twelve minutes.

Figurc 4.4. Chord compression test
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4.6 Chord Tension Tests

ASTM standard D 198 (1984) was used to test the chords of the beam in tension.
The Metriguard 412 tension proof tester failed the specimens in three to eleven minutes.
The length of the specimen between grips was 610 mm (24"). A 229 mm (9") LVDT

was us2d to measure the deformation.

4.7 Material Test Results

4.7.1. OSB Compression Tests

Tables 4.1 and 4.2 show the modulus of elasticity (M.O.E.), maximum stress,
moisture content, and specific gravity of the OSB compression specimens with face
strands perpendicular and parallel to the applied load, respectively. The slope of the load
vs. deformation curve is shown so that the edge readings can be compared with the face
strand readings. In both tables, the average slopes based on extensometer and demec
edge readings are very close to each other as they should be if only axial loads are
present. However, the average slopes based on extensometer and demec face strand
readings are not a close. The cross-section of the specimen is rectangular and therefore
has a different moment of inertia about two orthogonal axes. The axis with a smaller
moment of inertia is more susceptible to bending about that axis. Due iz imperfect
alignment, there will always be bending stresses developed in the specimen. The larger
difference between the slopes determined from extensometer and demec face strand
rcadings is due to eccentric axial loads which cause bending stresses. Therefore, the

M.Q.E. based on edge readings was more reliable to use as a material property.
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The modulus of elasticity for specimens with face strands parallel to the axial load
(paralle] specimens) were 32% greater that the M.O.E. for specimens with face strands
perpendicular to the axial load (perpendicular specimens). Also, the maximum stress for
parallel specimens was 26% greater than the maximum stress for perpendicular
specimens. The specific gravity and moisture content of both parallel and perpendicular

compression specimens were very similar.

4.7.2. OSR Tension Test Results

Table 4.3 shows the M.O.E., maximum stress, moisture content and specific gravity
for the OSB tension tests with face strands paralle! to load (paralle]l specimens). The
M.O.E. and maximum tension stress of the parallel specimens were 21% and 43%
greater than the M.O.E. and the maximum stress of the perpendicular specimens,
respectively. The parallel specimens performed differently than the perpendicular
specimens because the load was applied in a different direction and the specimens were
not the same size. The cross section of the perpendicular specimens were smaller than
the parallel specimens. The M.O.E. and the maximum stress values were expected to
increase as the cross-section area increascd because the larger area specimens or paraliel
specimens would benefit from strands interlocking across the larger width of the
specimen. Thus if a comparison of the material properties is made between the parallel
and perpendicular specimens where the sizes of the two sets of specimens are the same,
the M.O.E. and the maximum stress of the parallel and perpendicular specimens should
be closer that the test results shown. The moisture content and specific gravity for both

sets of specimens were similar.



30

]
—

AN J

v

-9

0%} Jo

oy 6t 6TC +¥0T "A0D
11800 1€1°0 OSTT L'LI8 "AdppIs
€90 ¥t 1186 ¢IOF OSemwdne 9LS CS§  TI91 €0t A0
SE90 vt T901 688 OLLPYT S9t0°0 810 <T8TT 891 “AOp'PIS
8690 ¥t 66L ¢t6l¥y 4ALIPVC €€90 ¥'€ 60FI Sy8y odeoae
990 vt £88 eyt VLIIPKC t99°0 ¢t¢ LbTl 1TLC  4delp9l
90 ¢t 96 Sote DOLPKT 8090 6'¢ OL'tl 80ty VELP9l
890 Tt 10711 11Se €991pKC ¥E90 9t  9r'tl  9¥89 HTLPII
6590 ¢t't 10¢l 9y VILPKT W90 +'t ¢I'tl 1v6C VILPII
8990 Tt 0t8 1Ly OSLIpP¥C €960 9t €961 89 OLIPYC
890 $'t TLTT S09S €SIpyC w90 vt 8081 vS6t ALLPYT
€090 vt 859 0TS VSIPC W90 vt 9Ll ISTS VLIIPKT
0t90 +'t 68S Tley Otlpt £9¢°0 6t TES  S66S OTIPYT
1090 ¥t +¢1'01 086 €QLLP¥C 90 vt TI'tl 6Ly LTLPYT
090 €St  99°L 999 VELPYC $990 Tt IT91 606y VIIPYC
8660 Lt 6611 LISt TIPPC 9690 1't SI'tl 6S¢y  9LPS6
SI90 ¢St TLOl €Il €H11PKC 6t90 ¢t €L01 0608 ¢€LPS6
8090 St TSTI ¢Tvr VIIPKC 6890 0t 6L11 9ty TLPS6
Ames o BN BN Amwis o edN eI
ads "N ssans FO'W uoundadg ogidads W ssans "FO'W wownadg
“Xep Xey
"peoj 0} rejnopusdiad "peoj 01 [ojjesed

Spuens 2ej yum s153) uoisudn gSO

SPUBIS 908} YIIm SISI) UOISUM SO

SHNS! 153} UOISU SO ‘€Y AIqeL

spuens
%) Jo
UONE/SLO

b




31

The parallel specimens had a very high coefficient of variation for the M.Q.E.. This
was unexpected because the cross section area was five times as large as the arca in the
perpendicular specimens and should have resulted in less varying results. An explanation
is that slipping occurred at the grips around the parallel specimens. The loading rate was
then changed and increased to compensate for the slipping. The crratic loading rate
caused more variation in the M.O.E. values. The loading rate for the perpendicular
specimens was well controlled and no slipping occurred. The coefficient of variation for

the M.O.E. was smaller for the perpendicular specimens than for the parallel specimens.

4.7.3. OSB Shear Test Results

Table 4.4 shows the edgewise shear modulus and edgewise maximum shear strength
determined from the plate shear modulus and the two-rail shear tests, respectively. The
two-rail shear tests yielded a shear modulus 11% greater than the shear modulus
determined from the plate shear test. The average shear modulus determined from the
plate shear modulus tests was more reliable to use as a material property. This valuc was
preferred over the two-rail shear test because more specimens were tested as plate shear
tests thus giving a better average and the factor 1.19 used in the two-rail shear test was a
stress distribution correction factor which may or may not be used depending on the
researcher. Since only two two-rail shear tests were performed, the two-rail shear tests

acted as a check to determine if the plate shear modulus tests gave reasonable results.
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4.7.4. 1-Beam Chord Test Results

Table 4.5 shows the M.O.E. and maximum stress obtained from compression and
tension tests. The chord tension tests were performed on the same apparatus as the
paralle] OSB tension tests. However, little slippage occurred at the grips holding the
chord specimens. The tension M.O.E. is slightly greater than the compression M.O.E. as

expected from wood.
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S. 1-Beam Test Results

8.1 General

All beams were tested indoors during the winter months. The temperaturc remained
fairly constant between 22°C to 25°C. The relative humidity varied between 20% to 609
but remained between 20% to 30% for most of the testing program. The load versus
deflection curves for all the beams tested are shown in Figures 5.1 to 5.4. The shear was
measured directly at the left load cell and the deflection was measured by a cable
transducer attached to the bottom chord of the beam bencath the load point. Figures 5.5
to 5.8 show the effects of hole size, corner detail and shear span on the shear strength.
As the size of the hole increased, the shear strength of the beam decreased. Also, the
hole reduced the stiffness of the beam. Therefore, the becam deflected more when a
larger hole was cut into the web. All load vs. deflection curves exhibit the fact that OSB
web I-beams with holes behaved linearly at the beginning of each test. At each load step
at the beginning of the test, the beam sustained an increment of load without relaxing.
Relaxation was indicated by a drop in load at a constant deflection. However, ncar the
end of the test, most specimens showed increased relaxation after an increment of load
was applied. The relaxation was due to wood fibers breaking in the beam. The OSB
web fibers broke in two different regions which were at the corners of the hole and at the
web/flange connection. Figures 5.9 to 5.30 show the longitudinal strain distribution
through the depth of the beam and at the comers of the hole. These figures record all of
the longitudinal strains for the 241 mm, 406 mm and the 610 mm deep beams at cach
load step up to failure. Most beam failures were characterized by a sudden drop in load
and loud cracking sounds. The rosette gage readings and the out-of-plane web

deflections can be found in Appendices A and B, respectively.
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Figure 5.5. Effect of hole size in 610 mm beams
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Figure 5.6. Effect of hole size in 406 mm deep beams
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§.2 Effect of Hole Size

Figure 5.5 shows the shear strength reduction for different size holes compared to the
shear strength of a reference beam with 1o holes. Specimen 24dT3 had a hole size of
152 mm x 178 mm (33% of h) shown in Figure 5.5 while specimens 24dT1 and 24dT6
had the same width dimension but the hole height varied 356 mm (67% of h) and 533
mm (100% of h) respectively. The hole in specimen 24dT6 reduced the shear strength
by 79% of the reference beam strength. The hole height in specimen 24dTS is the same
as 24dT3 but the hole width was increased by 3 times to 457 mm resulting in a strength

reduction of §3% of the reference beam strength.

Specimens 16dT1 and 16dT2 in Figure 5.6 had the same width dimension of 305 mm
but the hole height varied 110 mm (33% of h) and 220 mm (67% of h) respectively. The

shear strength in specimen 16dT2 was reduced by 61% of the reference beam strength.

Similarly, specimens 9.5dT3, 4 and 5 in Figure 5.7 had the same width dimension of
305 mm but the hole height varied 55 mm (33% of h), 110 mm (67% of h) and 165 mm
(130% of h) respectively. The maximum reduction in shear strength was 73% of the
reference beam strength. Specimen 9.5dT1 had a hole 152 mm x 55 mm (33% of h)

resulting in a 26% shear strength reduction.

5.3 Effect of Corner Radius and Shear Span

Rectangular holes with rounded corners are rare in construction practice so the effect
of a sharp corner was investigated. The results showed that the corner radius had little

effect on the overall behaviour and shear strength of the beams. Figure 5.8 shows that
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the square corner detail had a 6% shear strength reduction compared to the 2§ mm
radius corner detail. The slope versus deflection curves in Figure 5.4 show that all three
beams had approximately the same stiffness. The effect of the corner radius can be seen
by comparing the longitudinal strain distributions for specimens 9.5dT3 and 8 in Figures
5.12, 5.13, 5.20, and S5.21. Specimens 9.5dT3 and 8 had the same hole size but the
corner details varied with a 25 mm radius and a 12 mm radius, respectively. Specimen
9.5dT8, which had a 12 mm radius corner, exhibited larger strains near the corner of the
hole when compared with specimen 9.5dT3. The longitudinal distribution at the corners
of specimen 9.5dT7 (Figures 5.18 and 5.19), which had a square corner, were fairly
linear. Near the edge of the hole, the strains were not as large as the strains in specimens
9.5dT3 and 9.5dT8. The reason is that the tension fracture line, which occurred at the
tension corners of the hole, and the compression crushing line, which occurred at the
compression corners of the hole, did not run across the gage length of the demec gage.
The strain distribution in specimens 9.5dT3 and 9.5dT8 curved near the edge of the hole
because the tension crack line or the compression crushing line initiated at the corners of
the hole and grew in length and width towards the flanges of the beam. The demec gage
not only measured the linear deformations due to stresses across the gage length but also
measured the growth of a tension crack line or a compression crushing line. The tension
cracking or compression crushing explains why such large deformations over 12,000

microstrains can be reached by some specimens.

The effect of increasing the shear span is shown in Figure 5.8. Specimens 9.5dT3 and
9.5dT6 had the same hole geometry except the shear span was increased from 1000 mm
to 1500 mm respectively. Figures 5.12, 5.13, 5.16, and 5.17 show the shifting of the
longitudinal strain distribution due to the increased bending stresses from the incrcased

moment arm. The bending stresses cause the longitudinal strains at the left corner of the
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hole 10 increase while the longitudinal strains at the right comers of the hole decrease.
The increase in bending stresses results in a shear strength increase of 19% from 6.7 kN

to 8.0 kN.
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Figure 5.9. Longitudinal strain at the left section of the hole in specimen 9.5dT1
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Figure 5.12. Longitudinal strain at the left section of the hole of specimen 9.5dT3



9.5dT3. Longitudinal demec readings at top right of hole
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Figure 5.13. Longitudinal strain at the right section of the hole of specimen 9.5dT3
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9.5dT4. Longitudinal demec readings at top left of hole
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Figure 5.14. Longitudinal strain at the left section of the hole in specimen 9.5dT4
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9.5dT4, Longitudinal demec readings at top right of hole
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Figure 5.15. Longitudinal strain at the right section of the hole in specimen 9.5dT4
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Figure 5.16. Longitudinal strain at the left section of the hole in specimen 9.5dT6



9.5dT6, Longitudinal demec readings at top right of hole
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Figure 5.17. Longitudinal strain at the right section of the hole in specimen 9.5dT6
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9.5dT7, Longitudinal demec readings at top left of hole
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Figure 5.18. Longitudinal strain at the left section of the hole in specimen 9.5dT7
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Figure 5.19. Longitudinal strain at the right section of the hole in specimen 9.5dT7
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9.5dT8, Longitudinal demec readings at top left of hole
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Figure 5.20. Longitudinal strain at the left section of the hole in specimen 9.5dT8
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Figure 5.21. Longitudinal strain at the right section of the hole in specimen 9.5dT8
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16dT 1, Longitudinal demec readings at top left of hole
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Figure §.22. Longitudinal strain at the left section of the hole in specimen 16dT1
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16dT1, Longitudinal demec readings at top right of hole
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Figure 5.23. Longitudinal strain at the right section of the hole in specimen 16dT1
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Figure 5.25. Longitudinal strain at the left section of the hole in specimen 16dT2
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16dT2, Longitudinal demec readings at top right of hole
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Figure 5.26. Longitudinal strain at the right section of the hole in
specimen 16dT2
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Figure 5.28. Longitudinal strains at the top right and bottom left comers of
specimen 24dT1
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Figure 5.29. Longitudinal strains at the top right and bottom left corners of 24dT3
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24dTS, Longitudinal demec readings at bottom left of hole
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Figure 5.30. Longitudinal strains at the top right and bottom left comers of
specimen 24dTS
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§.4 Indications of Failure Modes
§.4.1 Overall Behaviour

All beams with web openings deformed similarly. Initially, the web hole is
rectangular. Under load, the web hole deforms into a parallelogram. The obtuse angle
corners of the hole, always the top right and bottom left corners, form tensile strains
while the acute angle corners, the top left and bottom right corners, form compressive
strains. However, although all web openings deformed similarly, thec way in which cach
beam failed was classified into three categories based on the visual observations of the
failure. The categories were the web/flange connection failed, the corners overstrained.
and the web buckled. The reference beams with no hoies failed in a variety of ways
including a bearing/stiffener failure, a tension chord fracture, a web splice fracture,
lateral-torsional buckling, and compression chord crushing. Tables §.1, 5.2 and 5.3

summarize the observed failures for each beam tested.

Table 5.1. 610 mm Beam Test Results

Specimen Max. Shear, Max. Shear, Visual indications of failure
Vnaxr (KN) %V,

24dT1 15.8 52.8 Corners of hole failed
24dT2 229 76.6 Bearing failure at load point
24dT3 28.8 96.3 Web buckled and comers failed
24dT4 21.9 73.2 Lateral torsional buckling
24dTS 14.0 46.8 Corners of hole failed
24dT6 6.3 21.1 Web pulled out of flange
24dT7 29.9 100 Compression chord ciushed

Note: Shear span = 1808mm ( 3d ) and V, = max. shear of reference beam 24dT7




Table 5.2. 241 mm Beam Test Results

Specimen  Max. Shear, Max. Shear, Visual indications of failure
Vmaxs kKN % Vo*

9.5dT] 10.4 74 Corners of hole failed
9.5dT2 14.0 100 Fracture at web splice
9.5dT3 6.7 48 Commers of hole failed
9.5dT4 5.1 36 Corners of hole failed
9.5dTS 3.8 27 Web pulled out of flange
9.5dT6 8.0 57 Corners of hole failed
9.5dT7 6.3 45 Corners of hole failed
9.5dT8 6.3 45 Corners of hole failed

Note: All shear spans = 1000 mm ( 4.1d ) except specimen 9.5dT6 has a shear

span = 1500mm ( 6.2d )
* Specimen 9.5dT2 is used as a reference for maximum shear, Vg

Tabie 5.3. 406 mm Beam Test Results

Specimen  Max. Shear, Max. Shear. Visual indications of failure
Vimaxs KN 9%V o

16dT1 11.8 57.6 Corners of hole failed
16dT2 7.9 38.5 Corners of hole failed
16dT3 20.5 100 Tension chord fractured

Note: Shear span = 1250 mm ( 3.1d ) and V= max. shear of reference beam 16dT3
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5.4.2 Web/Flange Connection

The tensile forces were casily seen in action at the top right and bottom left "tension
corners” of the hole when the height of the hole cqualed the tull height of the web.
Specimens 9.5dTS and 24dT6 had this hole geometry.  As the beam was loaded, the
tension corners of the hole developed high wensile strains perpendicular to the tlanges of
the wood I-beam. The beam deformed to a point where OSB web strands, embedded
and glued into the flange lumber, failed in shear next to the web/flange glucline. The
web slowly pulled out of the flange as the beam neared its maximum shear strength.
Figures 5.1 and 5.3 show how the stiffness of the beam was reduced as the web pulled

out of the flange until failure occurred. Figure S.31 shows the web pulling out of the

tlange.

Figure 5.31. Web/flange connection failure in specimen 9.5dTS
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£.4.3 Corners Overstrained

Another indication of failure was OSB fibers breaking at the corners of the hole. In
Figures 5.32 and 5.33, the shear versus 45 degree reading (deformation) curve of each
hole corner was plotted together according to the location of the corner. Almost all of
the demec readings included the crack line formed at the tonsion corners and the
crushing line formed at the compression cormers. The development of crack growth or
crushing can be seen on the shear versus deformation curves. Crack growth initiated
when the shear versus deformation curve became non-linear. In the tension corners,
cracking started at approximately 3000 to 4000 microstrains. In the compression
corners, crushing also occurred at approximately 3000 to 4000 microstrains. Tension
cracking and compression crushing of the OSB fibers can be seen in specimen 16dT1 in

Figures 5.34 and 5.35

The longitudinal deformations through the cross section of the beam at the ends of the
hole also confirmed that large strains due to fibers breaking occurred at the corners of
the hole. Figures 5.12 and 5.13 show the longitudinal strain distribution through the
depth of the beam of specimen 9.5dT3. These corner deformations indicated that when
the wood fibers at the corners reach a certain value of strain, failure occurred. The
almost linear longitudinal strain distribution suggested that a Vierendeel analysis could be
used to predict the failure stress. Therefore, if the strain corresponding to a stress can be
predicied at the corners of the hole, the maximum shear strength can be predicted as

well,
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Also, Figure 5.36 shows the overall profile of three test specimens as they deflect
downward under a load causing a transverse shear force of S.1 kN. Two of the
specimens have a hole width of 305 mm (12") and the third specimen does not have a
hole. As the height of the hole increased the vertical displacement increased from one
end of the hole to the other end. Similar behaviour occurred when the length of the hole
incrcased. The deflected shape of the prismatic " T " sections of the beam above and
below the hole were similar in shape to a Vierendeel frame where the " T " sections
transfer shear forces from one end to another. Vierendeel action can be seen in Figure

5.37 which shows the deflected shape of specimen 9.5dT6.

However, the 45 degree demec readings of specimens 24dT1 and 24dT3 remained
linear and did not exhibit breaking of fibers. Specimen 24dT1 reached a maximum shear
of 15.5 kN and the last demec reading was taken at 14.5 kN. Cnly the top left corner
shear versus deformation curve became non-linear, thus indicating fibers breaking. The
top right and bottom left corner demecs did not include the tensile fractures which
explains the absence of deformation on the shear versus deformation curves. The
bottom right corner demec included the crushing line of OSB strands but the shear
versus deformation curve does not behave non-linearly. This means that failure was not
initiated at the bottom right corner of the hole. Specimen 24dT3 shear versus 45 degree
corner deformation curves also did not exhibit non-linear behaviour. The last demec
reading taken was at 22 kN because web buckling occurred and failure was thought to
be imminent. However, the beam failed at 28.8 kN. The demec readings at the bottom
left and right corners did not exhibit fibers breaking even after the deformations reached
4500 and 5000 microstrains, respectively. Specimens 24dT1 and 24dT3 suggested a

failure mode different from that initiated by Vierendeel truss action. Figure 5.29 shows
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the longiwdinal deformations in specimen 24dT3. The nonlincar strain distribution

indicated that Vierendeel truss action was not predominate in the hole geometry.

§.4.4 Web Buckling

In specimens 24dT3 and 24dTS, buckling was observed around the holes. Figure
5.38 shows the overall buckling of the web after a tensile fracture occurred in specimen
24dT3. The web buckled in the load increment after the 22 kN shear load increment.
The web buckled more and more as the beam was loaded until failure occurred. Figure
5.39 shows the local buckling at the bottom right corner of the hole in specimen 24dTS.
The buckling occurred at the 10.4 kN to 14.0 kN shear load increment. It is uncerain
whether the local buckle helped to cause the failure or whether the buckle occurred afier
failure of the beam was initiated at the top left corner where deformations reached over

18400 microstrains in compression.

§.4.5 Other Failures

Specimen 24dT2 failed in bearing under the single point load because the OSB
stiffeners provided were inadequate. Therefore, 2 x 4 lumber was uscd as stiffeners for
all of the subsequent test specimens. Test parameters in specimen 24dT2 were repeated
in specimen 24dT3. Specimen 24dT4 was the reference beam for the 610mm deep
beams. This beam failed in lateral-torsional buckling. Therefore, test 24dT4 was
repeated with test 24dT7. Specimen 24dT7 failed with an in-plane compress‘on failure
at the top flange. Specimen 9.5dT2 failed with a web splice fracture and specimen

16dT3 failed with the tension flange fracturing.
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6. Analysis and Discussion

6.1 General

Based on the test results, four possible failure modes have been identified.
Web/flange connectidn failures occurred when the height of the hole equaled the height
of the web. Because the web/flange connection was proprietary, this mode of failurc
was beyond the scope of this research. The Vierendeel failure was also clearly identified.
However, some hole geometries did not fall in either of these failure modes. To account
for this behaviour a cross section strength check was developed. Lastly, web buckling
occurred when the stem of the "T" section above and below the holc becomes long.
Failure was not initiated by web buckling alone but it contributed to the failure of the

beam.
6.2 Vierendeel Analysis Applied to OSB Wood Composite I-Beams

Wood and wood composite materials may be described as an orthotropic material or
in other words wood has unique and independent mechanical properties in the directions
of three mutually perpendicular axes (Forest Products Laboratory, 1974). Wood can

also be modeled as a linear and elastic material.

The OSB webbed I-beams were made from two orthotropic materials, namely sawn
lumber flanges and an OSB web. In order to apply the Vierendec] analysis to wood I-
beams, the material properties parallel to the long axis of the beam must be used. From
material tests, the modulus of elasticity, M.O.E., of lumber was 13600) MPa in tension

and 12100 MPa in compression. Since the tensicn and compression M.O.E. of the
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lumber were so close, the average M.O.E. of 12850 MPa was used in the analysis. The
M.Q.E of OSB in tension was 4840 MPa and in compression was §170 MPa. The
average value of 5005 MPa was used as the M.O.E. for OSB. The compression value
for OSB was based on the tests with the strain readings on the edge side of the specimen.
This value was used because the strain readings on the face strand side of the specimen
were more variable than the edge side readings. In order to apply the elastic flexure
formula, the cross section consisting of two different M.O.E. must be transformed into a
scction with one M.O.E.. This procedure is identical to transforming sections in

reinforced concrete. The Vierendeel analysis can now be applied to the beam.

Using material properties from material tests, the maximum tension or compression
stress of OSB was used as the maximum longitudinal stress the beam could experience
before failure. The longitudinal stresses were then calculated based on elementary beam
theory and the stress concentrations around the corners of the hole were ignored. It is
important to note that the secondary bending moment M;, was calculated using a
moment arm measured from the middle of the hole to the nearest tangent point at the
corner of the hole. The calrulations showed that one corner would reach a maximum
stress before the other corners. Based on test results from specimen 24dTS, one corner
reaching maximum stress does not mean that failure is imminent. The analysis showed
that when a second corner reached a maximum stress, the third corner was also close to
failing as well. Therefore, the failure criteria due to Vierendeel truss action was that
failure will occur when two of the four corners of the hole have reached their maximum
stress. The stresses can be tension or compression or both. The maximum compression
stress from material tests was 18.8 MFa. The face strands of the compression coupon
were parallel to the load. The maximum tension stress from material tests was 14.1

MPa. The results of the analysis were compared to the test shear strengths in Table 6.1.
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Table 6.1. Comparison of test strengths with predicted shear strengths

Specimen Test Predicted Failure Test/Predicted

kN Vierendeel  Cross Section Ratio
kN kN

9.5dT1 10.4 16.0 9.0 1.16
9.5dT3 6.7 6.4 2.0 1.08
9.5dT4 5.1 §.3 4.5 1.14

9.5dTS 3.8 ---- ---- Pullout failure
9.5dT6 8.0 6.8 9.0 1.18
9.5dT7 6.3 5.8 9.0 1.09
9.5dT8 6.3 53 9.0 1.19
16dT1 11.8 14.2 18.0 0.83
16dT2 7.9 6.6 9.0 1.21
24dT1 15.8 25.1 14.5 1.09
24dT3 28.8 42.1 29.0 0.99
24dTS 14.0 19.2 29.0 0.73

244dT6 6.3 ---- Pullout failure

Excluding web pullout failures, the Vierendeel analysis predicts the failure of the beam
with reasonable accuracy with the exception of specimens 9.5dT1, 24dT!| and 24dT3.
These three specimens all have a short hole width dimension of 152 mm. From beam
theory, the longer the "T" section the greater the effect of Vicrendeel truss action. In
these specimens, the length of the "T" section was short enough that Vierendeel truss

action was not significant enough to fully cause failure.

6.3 Cross Section Shear Strength

In Bower's (1968) research on the ultimate sirength of steel I-beams, the shear stress

as weil as the bending stresses were used to determine the ultimate strength of the beam.
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Due to the ability of the beam to form plastic hinges at the corners of the hole, the web
was fully yielded before failure occurred. The yielding, based on Von Mises yield
criterion, was due to a combination of shear and bending stresses. In Bower's analysis,
the shear stresses across the beam were assumed to be uniform across the web of the
beam at the corners of the hole. Similarly, the shear stress distribution may be
approximated by a uniform shear stress distribution across the web of the beam at the
hole location. By assuming this shear stress distribution, the cross section shear strength
of the OSB I-becam can be determined easily. The edgewise shear strength of OSB was

determined by the two-rail shear test to be 8.0 MPa. The cross section shear strength is

then given by
Ve = AT, [7]

in which A, = the net area of the web remaining after the hcle is cut and T, = 8 MPa, the
maximum shear stress. The results of this strength check are tabulated in Table 6.1.
They indicate that specimens 9.5dT1, 24dT1 and 24dT3 are governed by the cross

section shear strength rather than the Vierendeel truss action.

6.4 Web Buckling

Web buckling occurred in specimens 24dT3 and 24dTS. In specimen 24dT3, the
ceffect of overall buckling of the web did not effect the cross section shear strength
significantly. However, in specimen 24dTS the local buckling of the web may have
reduced the shear strength of the beam resulting in a lower shear strength than expected.

The influence of buckling may be significant in hole geometries where the stem of the
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"T" section is long compared to the thickness of the web. Future rescarch should

investigate the effects of web buckling.

6.5 Shear Span Effects

The shear strength increased when the shear span increased. Specimens 9.5dT3 and
9.5dT6 had the same hole gcometry but specimen 9.5dT6 had a 500 mm longer shear
span. Longitudinal strain diagrams in Figures 5.12, 5.13, 5.16 and 5.17 show that the
deformations at the left side of the hole increased slightly near the flanges but remained
the same near the hole. However, the longitudinal strains on the right side of the hole
decreased. The increase in moment due to the longer shear span shifted the neutral axis
away from the flanges of the beam. This reduced the strain at the corners of the hole

thus allowing the beam to carry a higher load.

6.6 Corner Radius Effects

OSB has wafers oriented on the face layers of the board. However, there is stil a
randomness in the arrangement of the wafers which allows thc wafers to interlock
together in different directions. Test specimens 9.5dT3, 9.5dT8 and 9.5dT7 all had the
same hole dimensions except the holes had 25mm radius, 12mm radius and squarc
corners, respectively. From Figure 5.7, the shear strength varied onl ., between
the tests. Specimen 9.5dT3 carried only 6% more shear than the other two specimens.
The radius of the corner had litile effect on the overall shear strength of the beam. The
random interlocking of the wafers at the corners allowed cracks to form by breaking
some fibers but tension forces were transferred through c:her fibers which remained

intact. The tension cracks formed are jagged through the thickness of the web and the
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cracks zig zag from the tension corners of the hole to the nearest flange. At the
compression corners, the shear capacity is more a function of the amount of material

available to transfer load than the shape of the comer of the hole.

6.7 Deflection of the reference beams

The deflection of the three reference beams 9.5dT2, 16dT3, and 24dT7 were
calculated and compared with the actual deflections. The calculated deflections were
based on an approach used by Ghali and Neville (1989). The essence of the method is

described below.

Using the method of virtual work and applying it to elastic systems, the deflection at

coordinate 1 (load point) shown in Figure 6.1 is

D1 =J'Md1 + _Yul_'_\_/dl (8]
E-1 G-a,

where

E = the clastic modulus of the I-beam

I = the moment of inertia

G = modulus of rigidity or shear modulus

a, = the reduced area of the cross section taken as the area equal to the thickness of
the web times the full height of the beam.

V,; and M, are the values of the shear and bending moment internal forces at any
section due to a unit virtual force applied at coordinate 1 where the displacement

is required.



V and M are the shear and bending moment stress resultants at any section due to
the actual applied loads.

Figure 6.1, shows the concepts of V,; and M,,.

u3t, 13t EY
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Figure 6.1 Loading on reference beam, (a) Beam (b) Coordinate system

(c) M diagram (d) V diagram (e) M,,; diagram (f) V| diagram

83



84

The integration of equation [8] can be carmried out by

M= Ton- M, 19)

whore
ap, = the area in a section of the bending moment diagram divided by EL

M, = the value of the M, diagram at the section where the centroid of the arca,

ap,. is located.
V-V =

where

a, = the area in a section of the shear force diagram divided by Ga;.

V 1 = the value of the V) diagram at the section where the centroid of the arca, ay,

is located.

The first part of equation [8] accounts for bending deformations whilc the second part
accounts for shear deformations. The values for E and G were 12850 MPa and 1640
MPa respectively. The calculations show that the shear deformations were a significant
part of the total deflection. The results of the calculated deflection, shown in Figure 6.2,
are conservative and over predict the deflections. However, this method gives a good

approximation of the actual deflection.
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7. Conclusion and Recommendations

7.1 Conclusion

The short term shear behaviour of OSB wehbbed I-beams was experimentally
investigated by testing 18 I-beams which included three depths of beams with different
hole geomeitries. Material properties of the I-beam components were determined from
material tests and were used in the theoretical phase of this research. The results of both

the experimental and theoretical phases of this research are summarized as conclusions.

1. Four mechanisms which contribute to shear failure were identified.

a. Beams with web opening heights equal to the full height of the web failed in
shear at the web/flange connection. This shear failurc allowed the web to
pull out of the flange.

b. Beams with sufficient web material above and below the hole exhibited a
Vierendeel failure if the web hole was sufficiently wide enough to allow large
deformations and corresponding large longitudinal stresses to develop at the
corners of the hole.

c. If the hole was short in width, the beam failed due to the shear strength of
the cross section being exceeded.

d. Web buckling was observed in deeper beams (610 mm) with or without

holes.

2. Specimens with web openings failed without warning.
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3. Tests show that the effects cf varying the radius of the comer of the hole were not
significant. When the corner detail of the hole was reduced from a 25 mm radius to a

square corner, there was only a 6% loss in shear strength.

4. Longer shear spans corresponding to greater bending moments at the location of the

hole resulted in an increase in shear strength.

5. The load point deflection of the beam was predicted with reasonable accuracy by
using the principle of virtual work and including bending and shear deformations.

The shear deflection was a large part of the total deflection.

6. The compression strength and M.O.E. of OSB were determined in two perpendicular
directions from material tests. The tension strength and M.O.E. of OSB were also
determined in two perpendicular directions from material tests. The edgewise shear

strength and shear modulus of OSB were also determined experimentally.

7.2 Recommendations

A design procedure using a Vierendeel analysis and a cross section check was used to
predict the shear strength of OSB I-beams w.th a rectangular opening. This procedure
gave a good estimate of the shear strength of the OSB I-beams and resulted in a
testpredicted ratio varying between 0.73 and 1.21. This simple design procedure is
recommended and will be described below with certain cautions which the designer

should keep in mind.
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1. Calculate the shear strength based on the Vierendeel analysis using equation (6]

which is

Ox =V X-yr 4+ M-y

I I

The value of "x" must be measured along the edge of the hole from the centre of the hole
to the nearest tangent point at the corner if the hole has rounded corners. When oy
exceeds the maximum compression or tension stress of OSB at onc comer, that corner
has failed. When any two of the four corners have failed, the beam has reached its

maximum shear strength, V.

2. Calculate the cross section shear strength using equation [7] which is

Ves = AgT,

3. The ultimate shear strength, V,,, is equal to the lesser of V, or V.

Assumptions;

o The OSB and flange lumber material were linear elastic until failure occurred.
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e The absolute values of the compression and tension M.O.E. of the OSB in the
direction of the longitudinal axis of the beam were close enough that the average
value was used.

e Similarly, the absolute values of the compression and tension M.O.E. of the flange
lumber were close enough that the average value was used.

e The beam was restricted to in-plane movement only. Therefore, sufficient bracing
must be provided so that lateral-torsional buckling does not occur. Also, web
buckling was not included in the design procedure so web buckling must not occur
or it must be shown that its effects are negligible.

e Bearing failures were excluded by providing the necessary web stiffeners and
ensuring the bearing area was sufficient to avoid local crushing of the flange.

e Bending failures were excluded by using elementary beam theory to estimate the
bending stresses in the flanges and ensuring that the flange material was strong

enough.

Future research should investigate the following topics.

1. The long term behaviour of OSB I-beams with web openings
2. Web hole reinforcement.
3. Lateral-torsional buckling of OSB I-beams with openings.

4. Web buckling and web stiffener design.
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