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ABSTRACT

The current design method of calculating bending strength of timber
beams is based on elastic theory, that is, on working stress approach.
The elastic theory does not hold true beyond the proportional Timit of
stress and thus does not describe the actual behavior of timber beams in
the inelastic range up to faiiure.

The broad objective of this study is to develop a rational approach
of evaluating the ultimate bending strength of timber beams. The scope
of the research is to cover various sizes of clear beams and of beams
with strength reducing characteristics such as knots.

An ultimate bending strength theory for timber beams is developed.
The theory predicts the ultimate moment capacity of the beam using com-
pressive and tensile strength values of the beam material obtained from
direct tests on small clear specimens.

A comprehensive experimental program is carried out to verify the
theory. Tests were conducted on some two hurdred and fifty-five (255)
eastern spruce and Douglas-fir beams. Beams of five different sizes were
subjected to central and third-point loading. Good agreement is observed
between the theory and experimental results. Tests were also performed on
some one thousand and nine hundred (1900) small specimens matched with the
beams to determine direct compressive and tensile strengths of the test
material. The ultimate tensile strength of the test material is observed
to be two to three times the ultimate compressive strength.

The actual behayior of the test beams is investigated by measuring
strain at various levels along the beam depth. A Tinear variation of the

strain distribution is observed along the depth for all stages of loading
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up to failure. It is observed that, at the proportional 1imit in bending
as obtained from the load-deflection curve, the neutral axis is aporox-
imately at the center of beam depth. Beyond the proportional limit, the
neutral axis shifted gradually towards the tension side, and at ultimate
load, the movement of the neutral axis ranged between five to fifteen
percent of the beam depth.

The proportional Timit stress in bending is not significantly affected
by the depth of the beam. For beams subjected to third-point loading,
this stress is equal to the ultimate compressive strength of the beam
material obtained from direct tests. But for centrally loaded beams, the
proportional limit stress in bending is about eleven percent greater than
the corresponding value for similar beams loaded at third-span points.

The maximum tensile stress developed at the extreme fiber of a beam
at failure is statistically less than the ultimate strength in direct
tension obtained from tests on small size standard specimens. The actual
value is dependent on the depth of the beam and is smaller as the depth is
increased. The effect of method of loading of the beam on maximum tensile
stress at failure is found to be the same as the effect on the proportional
limit-stress. The difference between both methods of loading is about
eleven percent. An empirical formula relating the maximum tensile stress
at failure in a beam to its size is derived.

It is observed that the presence of knots influenced the type of
failure of the beam. Beams containing small knots failed in a compression-
tension sequence, while beams with relatively large knots near the edge of
the tension zone failed in tension without any compression failure. The

load-deflection and load strain curves of the beams with large knots
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indicated that the flexural behavior of these beams is elastic up to failure.
To account for the weakening effect of knots on compressive and tensile
strengths in a beam, correlation equations between the strength and size
and location of knots, are obtained.

The concept presented in this thesis has the advantage that the ultimate
moment capacity of a given timber beam for both elastic and inelastic be-
haviors, could be predicted from two known mechanical properties of the

beam material, and it is simple to apply.®



CHAPTER 1

INTRODUCTION

Timber is considered one of the most common and useful of materials
for building construction. Some, of the advantages of timber are its
availability, economy and ease of fabrication. Today, wood structural
members of almost any size and shape can be fabricated. However, owing
to the fact that timber, unlike other engineering material, is of organic
origin and anisotropic, its strength and mechanical properties are
subject to considerable variation. Thus, more extensive testing
research is needed to meet the demand and the development of timber
construction.

The determination of strength characteristics of timber beams is one
of the major problems in the field of timber engineering. The current
design method of calculating bending strength of timber beams is based on
elastic theory. Experimental investigations on timber beams have shown
that elastic design with the application of high factor of safety is not
adequate in many respects. As the cost of building materials is increasing,
there is a need for a better and more fundamental understanding of the

behavior of timber beams which leads to a more economical use of timber.

1.1 Present Design Method

The present design method of calculating bending strength of timber
beams is based on elastic theory. The following assumptions are made to

study the elastic behavior of a beam subjected to bending loads:



1. Plane section normal to the centriodal axis of the beam remains
plane after bending. In other words, strains are linearly
distributed in a section as a result of bending.

i Stresses and strains in a section are linearly related by the
modulus of elasticity of the material.

The preceding assumptions-lead to the classical elastic beam

formula (10):

f= [1.1]
where:

f = Stress at a given fiber;

M = Bending moment in the section;

Y = Distance from the neutral axis to the given fiber;
and I = Moment of inertia of the section about the neutral axis.

It can be shown that for a linearly elastic material the neutral axis
contains the geometric centriod of the section, and the relation between
bending moments and curvatures (or loads and deflections) is Tinear.

The present design practice for wood beams (8,24) is based on
Eq.[1.1]. The extreme fiber stress of a given section subjected to a
bending moment is equal to, or less than,the allowable unit stress in
bending. Wilson (41) has discussed the overall procedure of determination
of allowable unit stress in bending for Canadian lumber. His commentary
provides a background to the requirements used to assign allowable unit
stress in bending according to the CSA Standard 086-1976: code for
engineering design of wood (8). The requirements follow the general
principles of ASTM Standard D245 (3) and have been modified to reflect

Canadian data and philosophy.



1.2 Inconsistencies between Elastic and Actual Behavior

Experimental research on clear timber beams has shown the following

departures from simple elastic behavior:

1. The relation between bending moments and curvatures (or loads
and deflections) is approximately Tinear in the initial stage
of loading up to a point known as the proportional 1imit. Beyond
this point, the relation is no longer linear.

2. The neutral axis remains approximately at the geometric centroid
of the section up to the proportional limit point. Further
loading of the beam beyond this point causes the neutral axis to
move downwards rapidly.

3. The modulus of rupture defined as the maximum bending stress
given by Eq.[1.1] is larger than the strength of wood under
direct compression but it is smaller than the strength of wood
under direct tension.

4.  The modulus of rupture depends on the depth and shape of the

section.

It can be seen from these results that the elastic theory does not
hold true beyond the proportional limit of stress and thus does not des-
cribe the actual behavior of timber beams in the inelastic range up to
failure. The inelastic concept can be used to explain some of these
inconsistencies for timber beams. In the recent past, there have been
some studies.conducted on the inelastic behavior of timber beams.

Though these studies have made a very valuable contribution to the
knowledge on the subject, they were exploratory in nature and rather

limited in scope.



1.3 Objectives and Scope of the Study

A timber beam can fail in any of the following modes of failure:
1. Flexural failure in compression or in tension.

2.  Shear failure by maximum horizontal shear .

3. Combination of flexural and shear failure.

Only flexural behavior of timber beams is considered in this investi-

gation.

The broad objective of this study is to develop a rational approach
of evaluating the ultimate bending strength of timber beams. The theory
should predict the failing Toad using basic strength values which could
be obtained by mechanical tests on small representative samples. The
scope of the research is to cover various sizes of clear beams and of
beams with strength-reducing characteristics such as knots.

In order to achieve the above objective, the following program of
study is adopted:

1. Reyiew of Titerature on inelastic behavior of timber beams.

2. Review of the available theories and studies that dealt with
and attempted to explain the size effect phenomenon on bending
strength of timber beams.

3. Deyelopment of an ultimate bending strength theory for timber
beams.

4. To verify the theory, a comprehensive experimental program is
conducted on some two hundred and fifty-five (255) beams of
various sizes. The actual behavior of the beams is investigated
through strain measurements. Also, some one thousand and nine
hundred (1900) compression and tension tests are conducted to

obtain strength properties for test beams .



Test results are analysed statistically in order to determine
the reliability of the proposed theory to predict the ultimate
bending strength of timber beams.

The effect of beam size on bending strength is investigated and a
relationship between the maximum tensile stress at failure in a
beam to its size is derived.

The weakening effect of knéts on bending strength is considered
and correlation equations relating the compressive and tensile
strengths in a beam to the size and location of knots are
obtained.

Conclusions are drawn and recommendations are made on further

research on the subject.



CHAPTER 2
REVIEW OF THE LITERATURE
The literature review is divided into two sections. The first
section presents the studies that dealt with inelastic bending of timber
beams. The second section deals with the size effect phenomenon on the

bending strength of timber beams.

2.1 Inelastic Bending of Timber Beams

The development of an ultimate bending strength theory for timber
beams depends to a large extent on the accuracy of determination of the
longitudinal stress distribution in beams. Bach and Baumann (4), accor-
ding to Dietz (11), proposed the first approximation of this distribution
by superimposing the stress-strain curves obtained from tests on com-
pression and tension specimens. A mathematical approach for determina-
tion of an ultimate bending strength of timber beams, which takes into
account the actual stress distribution, is too complicated for practical
application in design. For this reason it is not surprising that a sim-
plified stress distribution was assumed in the development of an ultimate
bending strength theory for timber beams. Several investigators have
used various forms of simplified stress distwibutions in their research.
In the following sections these studies are weviewed and discussed
according to the assumed stress distributions and presented in chrone-

logical order.



2.1.1 Trapezoidal-Like Stress Distribution -- After Prager (31)

Several researchers (5,16,22,27,31,35,38,39) proposed a simplified
stress distribution as shown in Fig. 2.1. This distribution is based on

the following assumptions.

1) Plane section remains plane during bending up to failure.
2) The modulus of elasticity 1ﬁ tension is the same as in compression.
3) In tension the wood behaves as a linearly elastic material up
to failure.
4) In compression the wood behaves as an ideally elastic-plastic
material.
5) The maximum compressive and tensile stresses in beams are the
same as the direct compressive and tensile strengths of the

material.

The stress distribution in the cross-section of a beam must be such

that the conditions of equilibrium are satisfied:

(1) Internal compressive force = Internal tensile force.

(i1) Internal bending moment = External bending moment.
Under these conditions of equilibrium, a relationship between ultimate
bending moment, Mu, of a beam haying a rectangular cross-section and the
ultimate compressive and tensile strengths of the material, Fcu and Ftu’

are derived as follows:

Considering the stress distribution shown in Fig. 2.1, equilibrium
condition (i) yields :

1 1
7 Fo,bd (B+2a) =5F bdy [2.1]



CENTROIDAL

/ AXIS

COMPRESSION

ZONE

r<

b
e

CROSS-SECTION

FIG. 2.1

TENSION
ZONE

STRAIN DIAGRAM

NEUTRAL
AXIS

Ftu = NFcu

™3
<

THEORETICAL STRAIN AND STRESS DISTRIBUTIONS ACROSS DEPTH OF BEAM
AT FAILURE -- AFTER PRAGER (31)

>
>

STRESS DIAGRAM




From the geometry of the stress diagram, Fig. 2.1

Ok o o1 E B~y [2.2]

B = y(%) [2.3]

F
From Eqs. [2.1] to [2.3] and substituting ratio ?EE = N, an expression
cu

for the neutral axis postiion factor, y, in terms of ratio N can be
obtained as

_ 2N
(N+1)2

[2.4]

By using Eqs. [2.2] to [2.4], expressions for o and B in terms of N can

be written
_ N-1
o = NT [2.5]
- 2
B = (N+])2 [2.6]

As per equilibrium condition (ii), equating the external bending
moment to the internal bending moment computed by taking moments of forces
about the neutral axis:

2

y bd?. 2 Ay
= Fo ( 5 ) [2Ny© + 2 B° + 3a° + 6aB] [2.7]

From Eqs. [2.4] to [2.7]
L bd 3N-1
M =F T)[W] [2.8]
Equation [2.8] is derived to predict the ultimate bending moment of

clear wood beams. The ultimate behavior of beams made of lcw grade

materials, in which there are strength reducing effects due to knots
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and other defects, may not be predicted exactly by Eq. [2.8].

Bechtel and Norris (5) have used the simplified stress distribution
shown in Fig. 2.1 and an assumed circular function to derive a combined
stress equation for all three modes of failure (flexural, shear and
combined flexural and shear). They conducted tests on fourteen small
clear beams, and observed that the theoretical value of bending strength
is always higher than the measured value. They stated that this dis-
crepancy is due to the fact that the compression area under the simplified
stress curve, Fig. 2.1, is larger than the corresponding area under the
actual curve.

Mazur (22) has used the same simplified stress distribution of
Fig. 2.1 and followed similar theoretical development, but his final
equation appeared more complex than Eq. [2.8]. He conducted tests on
eighteen small clear beams to check the validity of the theory. He con-
cluded that his study was too small to be considered as conclusive, but
it was intended to be a pilot study for a more extensive investigation.

Ramos (33) developed a method to determine the Tongitudinal stress
distribution in a timber beam loaded beyond its proportional limit. His
test results and other experimental investigations (9,11,42) showed a
satisfactory validity of the three initial assumptions of the preceding
theory. The assumption that the plane section of a beam remains plane
during bending was praven by the fact that the strain distribution in the
cross-section of the beam was approximately limear. The modulus of elas-
ticity in both tension and compression was not always the same but-the
difference between the two values was small. [Dietz (11) found the ten-
sile modulus of elasticity was only five to si;x percent greater than the

corresponding value in compression.
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According to an experimental study by Comben (9), the bending pro-
portional limit, as obtained from the load-deflection curve, was appro-
ximately equal to the ultimate direct compressive strength. Ramos (33)
measured the maximum compressive stress in the beams and found it appro-
ximately equal to the maximum crushing strength of matched specimens.
Nwokoye (27) gave the following.regression equations of the relationship
between the bending proportional limit stress, Fpl’ and the ultimate

compressive strength, Fcu:

Fp] = 1.095 FCu + 189 psi, for dry condition [2.9]

FP1

n

1.28 FCu - 98 psi, for green condition 2100

Equations [2.9] and [2.10] were based on regression analysis of the
data given in (9,21,37) of more than 290 species. Nwokoye (27) concluded
that the maximum compressive stress occurred at the extreme fibers in a
beam just before the proportional 1imit stress in bending is reached and
for practical purposes the bending proportional Timit stress is to be

taken equal to the compressive strength.

Gurfinkel (14) has used the actual stress-strain diagrams of com-
pression and tension tests to construct a simplified stress distribution
qualitatively similar to the stress distribution of Fig. 2.1. It was
assumed that the maximum capacity of the beam is achieved when ultimate com-
pressive strain is attained in the extreme fiber of the section. The
maximum tensile stress in the bottom fiber was assumed to be smaller than
the ultimate tensile strength in direct tension. Accordingly, the maxi-
mum tensile stress in beams depends on the actwual stress-strain diagrams

of the compression and tension tests. Comben (9), according to his test
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results, noted that the maximum tensile stress in beams was smaller than
the ultimate tensile strength, but the value was dependent on the depth of
the beam. To predict the ultimate bending moment of a beam, according to
Gurfinkel (14), the actual stress-strain diagrams of compression and
tension tests must be available.

Several experimental investigations (17,23,32,34) showed that the
stress in the compression failing zone was not constant. It was recog-
nized that, close to the extreme compression fibers, the stress becomes
smaller. This conclusion Teads to some studies based on other various
stress distributions which will be discussed in a later part of this

chapter.

2.1.2 Parabolic-Linear Stress Distribution -- After Suenson (36)

Some investigators (7,36,42) assumed that the compressive stresses
be represented by a parabolic distribution and the tensile stresses by a

linear relationship, as illustrated in Fig. 2.2.

To compute the ultimate bending moment, Mu’ in terms of the ultimate
compressive and tensile strengths of the material, FCu and Ftu’ the con-

ditions of equilibrium (see section 2.7.1) must be satisfied.

Referring to the stress diagram of Fig. 2.2, and using the condition

of equilibrium for horizontal forces in beam section,

2 =
£ Fg, bd (1-7) F, bd Yy [?-H]

| —

tu

F
Substituting ?3! = N in Eq. [2.11], the neutral axis position factor, v,
cu

can be obtained as
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.4
Y= o [2.12]

From the moment condition of equilibrium

2
M, = Fo ) [2:501)% + aw?) [2.13]

Substituting the value of y from Eq. [2.12] into Eq. [2.13], yields

22.5N%+32N-

2
bd (3N+4)2 ] [2.14]

Ma = Feu (_E_) [

Recently, Zakic (42) has expressed the stress distribution curves of
Fig. 2.2 by mathematical expressions and has developed equations for
position of the neutral axis and the ultimate bending moment similar to

Egs. [2.12] and [2.13]. He conducted tests on only three glue-laminated

beams to verify the theory.

The assumed stress distribution, Fig. 2.2, does not seem to describe
the actual behavior of timber beams at failure. According to the form of
the stress distribution, the maximum compressive stress occurs at the
extreme fiber, and fibers close to it are subjected to smaller values.
However, test results by several investigators (9,11,23) indicated that
the compression failure was initiated at the extreme fiber, and then the
further loading of the beam caused failure of fibers in the compression
zone up to one-third of beam depth and greater in some cases. Also,

Eqs. [2.12] and [2.14] do not seem to satisfy the elastic limit boundary
conditions. At and below the bending proportional 1imit stress, the

extreme fiber stresses should be equal (N=1) and the neutral axis should
be at the center of depth (y = 0.5), whereas Eq. [2.12] gives y = 0.571,

for N = 1, which mean that the neutral axis is well above the center of
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depth. Nwokoye (28) has pointed out some other anomalies in the treatment

by Zakic.

2.1.3 Idealized Stress Distribution -- After Radok et al (32)

Radok, Silberstein and Wills (32) proposed an idealized stress dis-
tribution of the type shown in Fig. 2.3. Their study dealt with Wooden
box beams. The hypothesis of this stress distribution is that, at
failure, the maximum compressive stress in a failing timber beam occurs
somewhere between the extreme fiber and the neutral axis, and the stress
decreases from this maximum value Tinearly towards the extreme compression
fiber. The analysis was based on a Targe number of tests of box beams.
The authors (32) have also considered other stress distribution which is
qualitatively similar to the form of the stress distribution of Fig. 2.1.
They found that the stress distribution of Fig. 2.3 provided the best
explanation of the behavior of the beams tested, and that the analysis
based on this stress distribution reduced the random scatter of the test

results to a minimum.

The results of the study (32) were given in the form of semi-empirical
curves. These curves are applicable only to beams with a solidity ratio
less than 0.8. The solidity ratio was defined as the ratio of timber in
the cross-section of any rectangular beam to that in a solid beam with the
same overall dimensions. However, the authors (32) conducted tests on some
eighteen small solid beams and they concluded that the idealised stress
distribution of Fig. 2.3 could be expected to approximate the actu&1

stress distribution of solid beams with sufficient accuracy.
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2.1.4 Assumed Stress Distribution -- After RRobinson and Cooper (34)

Robinson and Cooper (34) suggested a strress distribution of the form
presented in Fig. 2.4. The distribution was 1obtained by assuming that a
combination of compression, tension and shear* failure occurred at
collapse. They conducted tests on fifty-four solid timber beams with
strength-reducing characteristics. The cross-sectional dimensions of the
beams ranged from 1 x 2 to 3 x 8 inches. The stress diagram of Fig. 2.4
was a representation of the type of failure observed on forty-four beams
out of the fifty-four beams tested, the remainder gave rather erratic
failure. The position of the neutral axis was assumed to be at the hori-
zontal splitting of the tension failure. The T1imit of the visible com-
pression wrinkle was observed to extend to roughly halfway to the horizontal
splitting and it was taken as the position of maximum compressive stress.
The value of maximum compressive stress in beams was assumed to be the
direct compressive strength of small clear specimens, although the beams

contained strength-reducing characteristics.

Considering the stress diagram of Fig. 2.4, and from the moment con-

dition of equilibrium, the ultimate bending moment, Mys is given by
bd?2
My = Fey O 13 (1-1) (3-1)] [2.15]
From the force condition of equilibrium, the maximum tensile stress in
the beam at failure, Ft’ can be obtained as

(1-v)
i

Ft = FCU " [2.16]
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Equation [2.15] was used to calculate the theoretical ultimate bending
moment of the test beams. The authors noted that the extremely low po-
sition of the neutral axis, according to the stress diagram, Fig. 2.4,
would require a very large rate of change of tension stress down from
the neutral axis to the extreme tension fibers. It was also observed
that smaller compression wrinkles developed in the deeper beams and was
suggested, for such beams, the use of a stress distribution such as that

given in Fig. 2.3.

2.1.5 Assumed Stress Distribution -- After Moe (23)

Moe (23) proposed the stress distribution given in Fig. 2.5. He
assumed that the reduction of stress in the compression zone, due to
wrinkles, occurred suddenly. The experimental investigation was carried
out on a large number of glue-laminated beams. The beams were produced
from materials which contained strength-reducing characteristics such as
knots. It was observed that, at a lToad ranging between 70 to 100 percent
of the ultimate value, there appeared a number of wrinkles in the com-
pression zone of the beam. These wrinkles often started out from knots
and developed gradually further deeper into the compression zone. The
maximum compressive stress in the cross-section of the beam was found to
be, on the average, slightly smaller than the diyrect compressive strength
of clear specimens,which is to be expected on account of the knots in

the beams.
Referring to Fig. 2.5, and applying the conditions of equilibrium,
the following expressions for the ultimate bending moment, Mu, and

maximum tensile stress in the beam, Ft’ can be obtained as
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=
n

2
Fo ) [0-a7 + co (4-0)] [2.17]
1 = [1-a]1+2c ] Fc [2.]8]

Moe (23) measured the parameter "o ffrom his tests and, by using
Egs. [2.17] and [2.78], he computed the faactor "c" and the maximum ten-
sile stress, Ft' He stated.that the scattter in his test results was
large partly due to the assumed stress disstribution and the fact that the
wrinkles were developed through several lamminations with varying com-

pressive strength and also due to the pressence of knots.

None of the approaches discussed in tthis chapter explain the varia-
tion of bending strength with depth of beaam. It has been observed by
many researchers and recognized in timber design specification and codes
that the bending strength decreases as thee beam depth increases. Moe (23)
attempted to explain this phenomenon by asssuming that when the first com-
pression wrinkle is developed, it penetrattes deeper into the deep beam
than into the shallow one. Thus, the valuue of compression stress in the
failing zone of the deeper beam would be sismaller than the corresponding
value in the shallow beam on account of thche larger deformations in the
wrinkles. However, this assumption was nonot confirmed by his test results
since all the tests were conducted on beamams having the same depth. In
addition, this assumption is in a marked c contrast with the test results
by Robinson and Cooper (34) where they obsbserved smaller compression

wrinkles in the deeper beams.

In recent years, two theories, namelyly, theory of fiber support and

statistical strength theory, have been putut forward to explain the variation
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of bending strength with depth of beam. These theories are discussed in

the following section.

2.2 Effect of Beam Size on Bending Strength of Timber Beams

2.2.1 Theory of Fiber Support

Newlin and Trayer (26) proposed the fiber support theory to explain
the variation of modulus of rupture with depth of timber beams. It is
assumed that wood fibers under compression act as minute column restrained
against buckling as whole and against individual buckling of their cell
walls by the Tignin. In a block subjected to axial load, all fibers are
equally strained and tend to buckle simultaneously, offering one another
little support. In a beam subjected to bending; the compressive strain
decreases from a maximum value of the extreme fiber to zero at the neutral
axis. Hence, support of the extreme fibers by the other less-restrained

fibers is possible.

The variation of modulus of rupture with depth was explained, accord-
ing to this theory, by assuming that the same strain is developed at the
extreme fiber of shallow and deep beams. The fibers under small strain
in deep beams, being distant from the extreme fibers, may not offer much
support. In shallow beams, however, the fibers under small strains are

quite close to the extreme fibers and offer more support.
Newlin and Trayer (26) proposed the following equation for the ratio
of modulus of rupture, Ry, of beam of depth, d, (in inches) to modiulus of

rupture, Ry, of two—inch deep beam.

e 1.07 - 0.07vd/2 [[2.19]
2
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Equation [2.19] was derived from test data obtained from beams having

depths up to twelve inches.
Freas and Selbo (13) published the following equation relating Rd’
Ry and d

2
(3 (&

[2.20]
d=+88

i
Ry
Equation [2.20] was developed on the basis of data obtained from beams

having maximum depth of sixteen inches.

The validity of the fiber support theory depends on the assumption
that additiona1 support is received by the extreme compression fibers
from those which are less strained. Comben (9) pointed out that, accord-
ing to his experimental results, the basic philosophy of this theory was
not confirmed. He observed that the proportional 1imit stress in bending
was very slightly affected by the depth of beam and the value was in
agreement with the compressive strength of the beam material as obtained
from direct tests. On the other hand, the results (9) showed a marked
decrease of maximum stress developed in the extreme tension fibers as the
depth increased. Comben suggested that the reduced modulus of rupture
with increasing depth is due to the decreased tensile stress at the

extreme tension fiber.

2.2.2 Statistical Strength Theory

A study by Bohannan (6) explained the variation of modulus of rrupture
of timber beams with depth from a statistical point of view. The geeneral

statistical strength theory given by Weibull (4Q) was used. This tkheory
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assumes that the failure of a specimen will occur when the stress in the
specimen is the same as the stress that would cause failure of the weakest
element of volume if tested independently. Thus, the theory assumes the
existence of a weakest Tink where failure, once initiated, propagates
without additional Toads. Since final failure in bending of a timber beam
is a tension failure of brittle nature, the theory éésumes a cascade-type
tension failure occurring when any element of volume fails in the tension
zone of the beam. The application of this theory leads to the conclusion
that the modulus of rupture of timber beams is dependent on the product
depth times Tength and on the method of loading, but it is independent of
the beam width.
The mathematical relationship connecting modulus of rupture with beam
size and method of loading of the beam can be summarized as follows:
For two beams under two equal concentrated loads applied symmetrically
to the mid span points, the ratio of modulus of rupture of beam-1 to
modulus of rupture of beam-2 is given by the formula
S
Mo g tes | [2.21]
4

dily (1 +s [T)
where: Subscripts 1 and 2 refer to beam-1 and beam-2;

R = Modulus of rupture;

d = Depth of the beam;

L = Span of the beam;

a

a = Distance between loads placed > each side of mid-span;

and s Constant.
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According to Eq. [2.21], the difference between modulus of rupture
of a centrally loaded beam and modulus of rupture of a similar beam sub-
jected to two-points Toad is given by the expression [1 + s %—] s . For
Douglas-fir beams, Bohannan (6) found the value of constant "s" equal to
18 and, accordingly, the modulus of rupture of a beam subjected to central
load was 11.4 percent greater than the modulus of ruﬁfure of a similar

beam loaded at third-span points.

R
The variation of the strength ratio ﬁd with the depth of the beam
2

for the same span-depth ratio and same method of loading, as per

Eq. [2.21], is given by the following expression:

(=}
=1

ﬁ; = (59 [2.22]

The CSA Standards 086-1976 (8) have adopted Eq. [2.22] for the de-

termination of the variation of the strength ratio with depth of beams.

More recently, Leicester (18) defined the magnitude of size effect,
in general, by the equation:

A

fy = L—‘S’ [2.23]
where:
fo = Nominal stress at fracture of a structure of a specified
shape and loading condition;
2 = Characteristic length that defines the size of the

structure;
s = Size coefficient (s 2 0);

and A, = Constant.
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It can be seen that Eq. [2.23] is the general form of Eq. [2.22].

2.3 Conclusions

The literature review of the studies on inelastic bending of tinber
beams reveals that the scope of these studies was rather limited. Tie
size of the beams or the number of tests were too sma{1. The invest -
gations on beams with knots were not very well suited for such a stuly

since the size and locations of knots were not taken into account.

The statistical strength theory provides an acceptable explanat on
for the decreasing of bending strength with increase in beam depth.
The Tinear stress distribution in the beam section at failure was usd

because of its simplicity in the mathematical computations.
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CHAPTER 3

ULTIMATE BENDING STRENGTH THEORY FOR TIMBER BEAMS

3.1 General Considerations and Assumptions

The occurrence of compression failure, before tengion failure, in
timber beams subjected to bending loads has been recognized by many re-
searchers (4,5,9,11,23,30,33). The reason for this behavior is that wood
is, in general, much stronger in tension than in compression, parallel to
the grain. Figure 3.1 shows a typical overall stress-strain relationships
for tension and compression specimens under direct axial Toad. In tension,
the curve is almost linear up to failure. In compression, the curve is
essentially linear up to about 80 percent of the maximum load. Thereafter,
the Joad or stress, reduces rapidly with increasing strain and then
attains a fairly constant reduced value until the specimen split or fail

in shear.

If each of the fibers of a bent timber beam are considered to behave
as infinitesimally small axially loaded rods stressed to levels that de-
pend on the corresponding strain, the characteristics of the stress-
strain diagram shown in Fig. 3.1 can be used to prescribe the stress

patterns in these fibers.

When a timber beam is subjected to bending, compression failure occurs
initially at the extreme fibers. Further Joading of the beam causes these
fibers to lose some of their capacity to sustain stress and there is a

redistribution of stresses along the beam depth. The adjacent fiberss, at
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this stage, are subjected to a greater stress, and the neutral axis shifts
towards the tension side resulting in higher stress in tension. This
process continues until tension failure occurs at maximum load capacity

of the beam.

The non-linear relationship of the stress-strain curve up to the
maximum stress in direct compression has been investigated by Malhotra
and Mazur (20) and 0'Halloran (29). In the present study, it is assumed
that the stress increases linearly to a maximum value beyond which the
stress reduces linearly with increasing strain (dotted line in Fig. 3.1).
This simplification of the stress-strain diagram approximates the actual
stress distribution with sufficient accuracy and Teads to simple mathe-

matical computations.
The following assumptions are made in the theoretical development:

1)  Strain is linearly distributed in a section as a result of
bending up to failure.

2) The moduli of elasticity in tension and compression are equal.

3) The extreme fiber stress at the proportional 1imit in bending
equals the ultimate compressive strength of the beam material
as obtained from direct tests.

4) The stress distribution is linear up to the proportional limit
stress in bending beyond which the distribution is of the form
shown in Fig. 3.2. This figure illustrates the theoretical
strain distributions and the corresponding stress distributions
at the critical section of the beam, in relation to a progressive

bending.
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The validity of assumptions 1, 2 and 3 has been proved by previous
experimental investigations (9,11,33), as discussed in Chapter 2. The
reason and considerations related to assumption 4 were outlined in an

earlier part of this chapter.

3.2 Development of the Mathematical Models

The assumed stress and strain distributions in a beam of rectangular
cross-section in the inelastic range are shown in Fig. 3.3. The following

notations are used in the mathematical computations.

o
n

Width of the beam

¢ = Coefficient to account for the reduced stress at the
extreme compression fiber (c<1)

d = Depth of the beam

F . = Ultimate compressive strength of the beam material as
obtained from direct compressidn tests

F, . = Ultimate tensile strength of the beam material as
obtained from direct tension tests

Fi = Maximum. tensile stress in the beam at failure (F, < F )

fe = Tensile stress at the extreme fiber in inelastic

range (ft < Ft)

M = Bending moment in the beam section in inelastic range
Mu = Ultimate bending moment capacity of the beam
F
N=Ft_u>-|
= CU
Ft
N' = e 1, (N'" £N)

Ccu
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f
n = FL il
cu
i Reduction factor toaccount for the reduced maximum

compressive stress in the beam due to knots. (Pc =1

e = Reduction factor to account for the reduced maximum
tensile stress in the beam due to knots. (?t < 1)

S = Size factor(S 1)

o = Maximum Compressive stress position factor measured
from top of the beam

B = Maximum compressive stress position factor measured from

the neutral axis

Yy = Neutral axis position factor measured from bottom of
the beam
gs = Maximum compressive strain at the extreme fiber
Et= Compressive strain at proportional limit stress in bendin.

The stress distribution in the cross-section of a beam must be wuch
that the conditions of equilibrium are satisfied.

(i) Internal compressive force = Internal tensile force

(i1)  Internal bending moment = External bending moment

Considering the stress distribution shown in Fig. 3.3, the resu tant

compressive and tensile forces, respectively are:

7 Foy bd [8 + (14¢) o] [3.3

JZ_Fcu bd n y , 3.2
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Substituting Eqs. [3.1] and [3.2] into equilibrium condition (i)

yields
B+ (1+c) a = ny [3.3]

From the geometry of stress diagram in Fig. 3.3,

o = 1-8-y l [3.4]
g = 1 [3.5]

From Egs. [3.3] to [3.5], an expression for y in terms of ¢ and n

can be obtained as

g n(1+c
= ey [3.6]

By using Eqs. [3.4] to [3.6], expressions for o and B8 in terms of

¢ and n can be written:

_ (n-1
R T [3.7]

= 1+c
2 = ) [3.8]

As per equilibrium condition (i1), equating the external bending
moment to the internal bending moment computed by taking moments of

forces about the neutral axis:

2
M=, b_g. [2n v2 + 282 + (1+2¢) o? + 3(1+c) a8] [3.9]

From Egs. [3.6] to [3.9],

2
k. bd™ rn + (2n-1)c
N = F, Y- il L3 36l
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Now, the reducing stress after the initial occurrence of compression
failure is proportional to the increasing strain in the compression zone.

Thus ,
1 -c = constant x (Ec - EO) [3.01]

From the strain distribution of Fig. 3.3,

- a [2.027
e 5 FE %

From Eqs. [3.11] and [3.12],
E o
1-c = constant x g € [3513]
Since the compressive strain, €y at the proportional limit is
constant and dependent only on the beam material, thus

1-¢c =A@ [3.14]

where A is a constant to be determined.

Substituting the value of o and B from Eqs. [3.7] and [3.8] into

Eq. [3.14] and rearranging the results,

g = {1-Afn°-1) [3.15]

From Egs. [3.10] and [3.15], an expression for the bending moment, M,

can be obtained as

bd n + (2n-1) A-AGP-1),
Sl 0 n +yV1-A(n2-1)

The bending moment capacity of the beam will be maximum when

M= F

[3.16]

dM 4
@ -0

n=N'
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Differentiating Eq. [3.16] with respect to n and substituting N' for
n and then equating the result to zero, an expression for constant A can

be obtained as:

2N' + 1
A= R e :
(N' + 1)3(N'—1) . L

Substituting the value of A from Eq. [3.17] into Eq. [3.16] and
replacing N' for n, the following expression for the ultimate bending

moment capacity of the beam, Mu’ is obtained

3N’

g bd
M = FC e s N+ [3.18]

u u

From Eqs. [3.15] and [3.17], and replacing N' for n, an expression

for ¢ at ultimate bending moment is obtained,
¢ = §rr ] [3.19]

Substituting the value of € from Eq. [3.19] into Eq. [3.6], and
replacing N' for n, an expression for the neutral axis position factor, v,

at ultimate bending moment can be obtained as

y N 41
Y = NTF 2N ) [3.20]

The ultimate bending moment, Mu’ can be obtained by using Eq. [3.18].
To predict the ultimate bending moment capacity of a beam, one requires
the values of cross-sectional dimensions, b and d, and the maximum tensile and
compressive stress values of the beam material, Ft and Fcu' However,
due to the size effect, the maximum tensile stress in the beam at fai Ture,
Ft’ may be smaller than the ultimate tensile strength of beam material,

Ftu’ as obtained from direct tests (9). Thus,
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S, where S =1 [3.21]

N* = S-N [3.22]

Substituting the value of N' from Eq. [3.22] into Egs. [3.18] and
[3.201,

o
My = Foue e o) [3.23]
. 2 SN +1
Y F GBRFOGNFT) [3.24]

In the case of beams with knots, the values of tensile and com-
pressive strength of the beam will be smaller than the corresponding
values for clear beam of the same size, due to the presence of knots. To
account for the weakening effect of knots on strength, Eqs. [3.23] and
[3.24] can be modified as

bdz 3rc'rt-S-N

My = Feu T s ] [3.25]
r 2P SN+ 1)
S e T +C2 rt)(r -S-Nc+ r) [3.26]
t ¢l c

It should be noted that, if the value of the expression between
parentheses in Eq. [3.25] is smaller than os the behavior of the beam is
elastic to failure and the uyltimate bending moment, in this case, is

given by

bd?
R, = Foyu—e brpSal; [3..27]

u u

and the corresponding value of y is Q.5.
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In this investigation, the theory is verified by experimental tests
on different sizes of clear beams and beams with knots. The values of
maximum tensile stress at failure are obtained by means of strain mea-
surement in beam specimens and they are compared with the ultimate

tensile strength of the beam material in direct tension.
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CHAPTER 4

EXPERIMENTAL PROGRAM

4.1 Test Material

Test material was selected from two species of lumber. The first
was eastern spruce available in the Maritime Provinces of Canada, and the
second was Douglas-fir. The Tumber used can be divided into three groups
depending on its grade. The first group was select structural grade
eastern spruce of 2 x 4, 2 x 6, 2 x 8, and 4 x 12 nominal sizes. The
corresponding actual cross-sectional dimensions were approximately 1.5 x
B985 1.5 x 5.5, 1.5 x 7.3, and 3.5 x 11.3 inches, respectively. The
second group was structural grade No. 1 Douglas-fir of 2 x 6 nominal
size, and the third group was construction grade No. 1 eastern spruce of

2 x 4 and 2 x 6 nominal dimensions.

Lumber of the first and second groups was visually inspected and
only straight-grained clear pieces free of knots were selected for fabri-
cation of clear beam test specimens. Beam specimens fabricated from the

third group contained knots.

Each piece of lumber used was of sufficient Tength to provide enough
material for the required length of the beam specimen, at least threee
compression test specimens, and three or more tension test specimenss.

A cutting diagram for obtaining beam and matched compression and ternsion
specimens is given in Fig. 4.1. The Jength of 4 x 12 Tumber was nobt

enough to accommodate compression and tension specimens. As a resullt,
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the matched specimens for compression and tension tests were obtained
from the unstressed ends of the beam specimens after testing. A summary

of the experimental program is given in Table 4.1.

Before cutting, each piece of Tumber was given an identification
number which was then given to subsequent specimens taken from this piece.
After cutting, all test specimens were kept in a room having a controlled
atmosphere for a period of several weeks in order to maintain a steady
moisture content of 12 * 1 percent. Since 4 x 12 beams could not be ac-
commodated in the moisture control room, they were dried in the open air

for a few days to approximately 17 percent moisture content.

4.2 Beam Test Specimens

Five groups of clear beam sizes were tested. Four sizes were actual
lumber sizes of nominal dimensions of 2 x 4, 2 x 6, 2 x 8 and 4 x 12.
The fifth size, 1.50 x 1.65 inches was obtained from 2 x 6 lumber. In
addition, two groups of knotted beam sizes were also tested. They were
actual Tumber sizes of 2 x 4 and 2 x 6 nominal dimensions. The beams
were tested as simply supported beams and under two methods of loading,
namely, central and third-point loading. The selected length of each
beam was such to provide a span-depth ratio of about 16. This span-depth
ratio was selected to ensure that the effect of shear would be relatively
insignificant on the failure mode and that the type of failure would be
predominantly flexural in character. A special group of 2 x 6 nominal
size clear beams were stiffened at the ends and tested under third-point
loading. The purpose of the stiffeners was to decrease the probability

of shear effect and to observe if any differences occurred in the type of
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Experimental Program
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Actual Size of Beam No. of Beam Test No. of No. of
fiine) Specimens Matched Matched
Compression Tension
Width Depth Span Central Third-point Specimens Specimens
(b) (d) (L) Loading Loading
Clear Beams
1.50 1.65 27 13(5)2,9(D) 14(S),9(D) 184 176
1.50 3.50 57 20(S) 20(S) 120 120
1.50 5.50 90 21(S),8(D) 17(s),8(D) 226 206
1.50 5.50 90P - 24(S),8(D) 132 132
1.50 730 123 10(S) 10(S) 60 60
3.50 11.30 180 5(S) 2(S) 28 28
3.50 (530 162 - 3(S) 12 12
Knotted Beams
1.50 3.50 57 15(S) 15(S) 120 120
1.50 5.50 90 6(S) 12(S) 72 72
1.50 5.50 80 6(S) - 24 24
TOTAL 113 142 978 950

a:

b:

(S) and (D) refer to spruce and Douglas-fir Lumber, respectively.

Stiffened beams.
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failure between stiffened and unstiffened beams. The stiffeners were

glued to the outer ends of each beam as shown in Fig. 4.2.

After the beam specimens were machined to their final lengths, the
positions of supports, applied loads and the center 1line of span were
marked. The size and location of knots in the knotted beams were mea-
sured according to the ASTM Standard D245 (3) and recorded. An illus-

tration of record of knots is given in Fig. 4.3.

A group of 6.3 mm diameter stainless steel discs (Demec points) for
a mechanical gage were glued at intervals across the two faces of each
beam at midspan to allow strain measurement. The number and the longitu-
dinal distance between these gage points were varied depending on the
beam size. The number was chosen such that a representative strain dis-
tribution could be obtained, and the time taken to read the gages would

not be excessive. The arrangement of the gage points is shown in Fig. 4.4.

4.3 Compression and Tension Test Specimens

The dimensions of test specimen for compression parallel to grain as
per ASTM Standard D143(1) are 2 x 2 x 8 inches. Since most of the Tumber
used in testing was 1.5-inch thick (actual size), compression specimens
were 1.5 x 1.5 x 6 inches. A1l specimens were free from knots and each
one was surfaced on all four faces. The ends of each specimen were plane

and normal to its longitudinal axis.

The tension test specimens were made in accordance with the ASTM
Standard D143 (1). The minimum cross-section of the specimen was 3/8 by

3/16 inch over a 2%-1nches central length and the curved portion had a
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radius of 17%-inches. The detailed dimensions of a tension specimen are

given in Fig. 4.5.

4.4 Bending Tests

4.4.1 Instrumentation

A Tinius Olsen universal testing machine was used for testing the
actual lumber size beams. The machine has four speeds of movement of the
cross-head (0.05, 0.3, 1.0 and 7 in./min.), and three load ranges with
maximum capacity of 100,000 pounds. Beams having 1.50 X 1.65 inches
cross-sectional dimensions were tested using an Instron universal testing

machine (see section 4.5.1).

Steel metal bearing plates were used to prevent damage to the beams
at support reactions and load points. The size of the bearing plate was
varied with the size of the beam. The length of the bearing plate was
approximately one half of the beam depth and its width was extended
entirely across the width of the beam (2). Each beam was supported by
fixed knife edge at one end and roller support at the other end. The
load was applied perpendicular to the longitudinal axis of the beam using
a cross-head of knife edge. In the case of third-point Toading, the Toad
was transferred to the beam through a steel I-beam which was supported on

the beam by two rollers.

Deflections were measured at midspan and at load points, using dial
gages indicated to the nearest 0.001 inch. The fiber strains were mea-
sured at the installed gage points by a mechanical gage with an adjus-

table gage length and read to the nearest 0.0001 inch.
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4.4.2 Test Procedure

Actual cross-sectional dimensions of each beam were measured prior
to testing. The beam was located symmetrically on the supports where
load bearing and reaction bearing plates were in place. The deflection
dial gages were placed under midspan and 1oad points. The set-up for
bending tests with third-point and central loading are shown in Figs. 4.6

and 4.7, respectively.

Initial reading, at zero load, was recorded from each strain gage
on the beam and from each deflection dial gage. The load was applied
vertically at two speeds of the moveable cross-head of the testing
machine. A rate of motion of 0.1 inch per minute was used in testing the
1.65-inch deep beams, and a speed of 0.3 inch per minute was applied to
the actual lumber size beams. The continuity of the gradual application
of load was stopped for about 30 - 60 seconds at predetermined load levels
to record strain and to take deflection readings. In some cases, it was
necessary to stop loading for about another 30 - 60 seconds to readjust
the deflection dial gages. The tests were carried until ultimate failure
occurred. The maximum load was achieved in about 20 - 45 minutes for a

beam test.

Immediately after the bending test was completed, at least three
pieces were cut from the beam for determining the moisture content in the

test specimen. Moisture content at test was obtained as:

weight at test - oven-dried weight < 100

Moisture content (percent) = Sven-dred welght




FIG. 4.6 SET-UP FOR BENDING TEST WITH THIRD-POINT LOADING
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FIG. 4.7

BENDING TEST
CENTRAL LOADING

SET-UP FOR BENDING TEST WITH CENTRAL LOADING
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4.4.3 Type of Failure

It was observed that once the load had reached a value corresponding
to the proportional Timit as indicated by the load-deflection curve,
there appeared a number of wrinkles in the extreme compression fibers.

In the case of central loading, these wrinkles appeared near the point of
application of load. For the third-point Toading case, the wrinkles ap-
peared first near the Toad points followed by other wrinkles throughout
the central part of the beam. In the special group of stiffened beam,
there was no sign of compression failure near the load points since the
width of the beam at these points was three times the width of the cri-
tical section (see Fig. 4.2). The compression wrinkles appeared only

throughout the Tength of the critical section (the minimum cross-section).

When the load exceeded the proportional Timit, the wrinkles developed
gradually further down into the compression zone. This process continued
with increasing Toad until the final tension failure occurred. At this
stage, the compression wrinkles developed up to 0.2 to 0.5 of the beam
depth. In some cases, the tension failure was a splintering on the bottom
of the beam. In other cases, the failure was a comhination of a vertical
crack (fracture across the bottom) and a horizontal crack running from

the top of the yertical crack.

In the case of knotted beams, 47 beams (87% of the tatal number)
failed similar to the clear beams. The failure followed a compression-
tension sequence. The remainder, 7 beams, failed in tension without any
compression failure. The knots and the associated cross-grain influenced

the failure of the beams. Compression wrinkles formed through knots near
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the compression edge, or detoured around the knots along the distorted
grain. Tension failure was also started from a knot near the tension edge
and, in most cases, the failure was associated with cross-grain tension.
Typical failures in clear beams of 2 x 6 and knotted beams of 2 x 4 are
shown in Figs. 4.8 to 4.11. Typical failure in beams of other sizes are

shown in Figs. B.49 to B.58 (Appendix B).

4.5 Compression and Tension Tests

4.5.1 Instrumentation

Compression and tension tests were conducted on an Instron universal
testing machine having a maximum load capacity of 10,000 kg. The X-Y
plotter of the machine automatically recorded the load-deformation curve
for each test specimen. Special gages were used in combination with an
X-Y chart drive amplifier to measure deformations in the specimens. The
gages were specially designed using metal fail electrical resistance
strain gages bonded to beryllium cooper metal. The gage 1length was two
inches and the deformations were measured on two faces of each specimen.
The gage was calibrated using a Huggenberger portable calibrator having
a least count of * 0.01 mm. The relationship between the chart movement
and the deformation was found to be Tinear and resulted in a strain of

0.Q0055 inch per inch for one centimeter of chart movement.

4.5.2 Compression Test Procedure

Dimensions of the compression specimens were measured to the nearest

0.0Q1 inch. Before testing, each specimen was weighed and this weight



FIG. 4.8 TYPICAL FAILURE IN 2 x 6 CLEAR BEAMS SUBJECTED TO
THIRD-POINT LOADING )



FIG. 4.9

TYPICAL FAILURE IN 2 x 6 CLEAR BEAMS SUBJECTED
TO CENTRAL LOADING
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FIG. 4.10 TYPICAL FAILURE IN 2 x 4 KNOTTED BEAMS SUBJECTED
TO THIRD-POINT LOADING
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FIG. 4.11

TYPICAL FAILURE IN 2 x 4 KNOTTED BEAMS
TO CENTRAL LOADING

SUBJECTED
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was recorded as initial weight which was used for determination of mois-
ture content. The gages, for measuring deformations, were placed on two
faces of the specimen as indicated in Fig. 4.12. A vertical load was
applied through the geomteric centre of each specimen and parallel to its
grain. Vertical load was obtained using loading plates at each end of
the specimen as shown in Fig. 4.12. The Toad was applied gradually at a
rate of motion of the moveable cross-head of 0.5 mm/min. The Compression

test set-up is shown in Fig. 4.13.

The compression tests were carried well beyond the maximum load in
order to get a complete history of the load-deformation curve. In most
of the compression test specimens, crushing, shearing or wedge split
failures were obtained. Figure 4.14 shows the types of failures obtained
in compression specimens. After testing, the compression specimens were
oven-dried at about 105°C, and the final weights recorded. Moisture con-
tent at test for each specimen was obtained, and specific gravity was

determined using the oven-dried weight and the volume at test.

4.5.3 Tension Test Procedure

Actual cross-sectional dimensions, at minimum section, of the tension
specimens were measured to the nearest 0.001 inch. The gdages, for mea-
suring deformations, were placed on two faces of the central length of the
specimen as shown in Fig. 4.15, and the specimen was fastened in special
grips (Fig. 4.15). The parallel to grain load was applied continuously
throughout the test at a rate of motion of the moveable cross-head of
1 mm/min. until failure occurred. Figure 4.16 shows a set-up for tension

test, and typical failures in tension specimens are shown in Fig. 4.17.



COMPRESSION
TEST

FIG. 4.12 LOCATION OF STRAIN GAGE IN COMPRESSION TEST
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FIG. 4.13 COMPRESSION TEST SET-UP

60



FIG. 4.14

TYPICAL FAILURE IN COMPRESSION SPECIMENS
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TENSION
TEST

FIG. 4.15 LOCATION OF STRAIN GAGE IN TENSION TEST
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FIG. 4.16 TENSION TEST SET-UP
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FIG. 4.17 TYPICAL FAILURE IN TENSION SPECIMENS
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Moisture content of each tension specimen was determined by oven-dried
ethod using a small piece which was obtained from the tension specimen

diately after testing.
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CHAPTER 5

PRESENTATION OF MATERIAL PROPERTY TEST RESULTS

5.1 General

Ultimate compressive and tensile strengths of the beam material are
obtained by conducting direct compression and tension tests on specimens
matched with the beams as described in Chapter 4. Specific gravity of
each beam is determined using oven-dried weight and volume at test of the
matched compression specimens. To minimize any difference in moisture
content between the beam test specimens and the matched compression and
tension specimens, prior to test, all specimens of one group of beams and
the corresponding compression and tension specimens were maintained toge-
ther at the same moisture conditions (approximately 12 £ 1 %) for several
weeks in a moisture control room. By adopting this procedure the strength
properties obtained from direct compression and tension tests would re-
present directly the direct compressive and tensile strength of the cor-
responding beam specimens. Moisture contents at time of testing for each
beam specimen and the matched compression and tension specimens were mea-
sured by oven-dried method (Chapter 4) and were found to be approximately
the same. Since 4 x 12 beams could not be accommodated in the moisture
control room, the moisture content values of the matched compression and
tensian specimens were about 4 to 5 percent smaller than the corresponding
values for the beams. It was then necessary to adjust the compressive
strength values of these specimens to values at the moisture content of

the corresponding beams. But no adjustment was applied to the tensile
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strength values as this property is not significantly affected by the

moisture content variation encountered in this case (9,11,12).

Since the compression tests of this study were not suited for ob-
taining such relationship between the compressive strength and moisture
content, a relationship between the two properties which was obtained by
Malhotra (19) from test program on eastern spruce, was used to adjust the
ultimate compressive strength values of compression specimens to values
at the moisture content of the corresponding 4 x 12 beams. The relation-

ship can be written in the form:

- 0.058 (mp - my)
(Fcu) (Fcu) & b [58.1]
1 2
where
FCu = Ultimate compressive strength;
and m = Moisture content in percent.

5.2 Test Results and Discussion

Load-deformation curve for each test specimen in compression or
tension was automatically recorded on the X-Y plotter of the testing
machine (Chapter 4). A typical stress-strain curve of compression test
is shown in the top portion of Fig. 3.1 and a typical curve for tension

test can be seen in the bottom portion of Fig. 3.1.

The values of specific grayity, mositure content, ultimate compressive /
strength and ultimate tensile strength of the material for each test beam
are tabulated in Tables A.1.1 to A.1.20 (Appendix A). Each value Tisted

in these tables is the average value of three or more test results.
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The average values and the coefficients of variation of these properties

for each group of beams are summarized in Tables 5.1 and 5.2.

To study the variation in the properties of the material used in the
tests, the average values and the corresponding coefficients of variation
of specific gravity, moisture content and ;ompressive and tensile strengths
for eastern spruce and Douglas-fir, are coﬁputed (Table 5.3). The ratios
between the average values of tensile and compressive strengths of eastern
spruce and Douglas-fir, respectively, are 2.43 and 2.14. The coefficient
of variation of the tensile strength is greater than the corresponding
value of compressive strength. The larger variability of tensile strength
compared to compressive strength is probably due to that the tensile
strength is quite sensitive to small deviation in the slope of grain in
test specimens. Table 5.3 indicates that the variation in strength pro-
perties is greater in Douglas-fir than in eastern spruce. This more va-
riability in strength properties of Douglas-fir is clearly due to the

larger variation in specific gravity of the test specimens.

A statistical approach, as outlined in the following paragraph, is
adopted to study the variation in strength properties of eastern spruce
since the largest number of test specimens were obtained from this species.
The average value of a group is a single value that typifies the whole
group but does not generally give adequate information about the variabi-
1ity of observations within the group. This variability is a factor of
significant importance to the code writers and designers and it is essen-
tial that they should have some means of taking it into account if they
are to make a judicious and effective use of the material. Standard de-
viation, or coefficient of variation, and histogram are the most useful

measures of variability. The histograms for compressive and tensile
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TABLE 5.1: Summary of Material Property Test Results for Beams
Subjected to Third-Point Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
Depth Gravity Content Strength of Matched Strength of Matched
(in.) (%) Specimens Specimens
(ksi) (ksi)
" Clear Beams
1.65(5)2 0.407 11.6 7T 14.47
( (6.5) (152) (12.2) (13.3)
1.65(D) 0.482 11:8 8.64 15.41
(12.8) (4.8) (10.9) (24.7)
3.50(S) 0.399 2.0 6.80 18.17
(6.2) (1.5) (7.5) (16.2)
5.50(S 0.404 12.4 6.29 15.65
o (4.9) (2.5) (11.0) (7.43)
5.50(D) 0.465 12.8 7.26 16.76
(13:5) (4.3) (18.0) (28.2)
5.50(S) 0.409 11.9 5.54 13.13
8.3 : 14.7 (19.7)
- L (4.7) (14.7)
beams )
5.50(D) 0.457 1.9 6.63 14.27
(Stiffened  (2.7) (3411 (9.0) (10.0)
beams )
7.30(S) 0.399 12.5 6.04 15.02
(7.7) (0.9) (9.7) (19.7)
11.30(S) 0.395 16.6 4.62 12.17
(3.8) (7.4) (8.8) (16.0)
Knotted Beams
3.50(S 0.415 119 6.19 15.89
i) (9.0) (2.1) (15.0) (19.4)
5.50(S 0399 il 6.83 1525
) (11.7) (4.0) (10.5) (16.6)

a: (S) and (D) refer to spruce and Douglas-fir lumber, respectively.

b: Values in first lines are averages and those in parentheses are coefficients
of variation 1in percent.
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TABLE 5.2: Summary of Material Property Test Results for Beams
Subjected to Central Loading
Beam Specific Moisture Ultimate Compressive Ultimate Tensile
Depth Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens
(in.) (ksi) (ksi)
Clear Beams
b

1.65(5)2 0.407 11.6 7.28 15.64
(6.7) (1.3) (10.2) (14.5)

1.65(D) 0.481 11.6 8.25 19.61
(12.8) (3.0) (15.6) (28.7)

3.50(S) 0.399 13.0 6.40 16.93
(6.2) (1.4) (8.9) (16.9)

5.50(S) 0.390 13.1 6.11 15.70
(6.0) (1.0) (12.0) (13.8)

5.50(D) 0.490 2.3 8.17 17.31
(19.5) (4.0) (20.2) (28.3)

7.30(S) 0.379 13.5 5.27 15.92
(7.3) (1.1) (9.4) (15.2)

11.3(S) 0.377 18.4 3.87 10.97
(5.3) (6.3) (11.6) (13.7)

Knotted Beams

3.50(S) 0.415 11.9 6.18 15.61
(9.0) (2.1) (13.3) (19.2)

5.50(S) 0.422 10.7 7.18 16.24
(9.0) (6.9) [1715:3) (11.4)

a: (S) and (D) refer to spruce and Douglas-fir lumber, respectively.

b: Values in first 1ines are averages and those in parentheses are
coefficients of variation 1in percent.



TABLE 5.3: Properties of Test Materials

Eastern Spruce

Douglas-Fir

Property
Standard Coefficient Standard Coefficient
Average Deviation of Variation Average Deviation of Variation
(%) (%)
Specific gravity 0.402 0.031 7.8 0.475 0.061 12.8
Moisture content (%) 12.1 0.790 6.5 12.1 0.62 5.1
Ultimate compressive 6.35 0.900 14.1 7.82 1.36 17.4
strength (ksi)
Ultimate tensile 15.46 2.850 18.5 16.71 4.55 272

strength (ksi)

WA
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strengths of eastern spruce are shown in Figs. 5.1 and 5.2. The statis-
tical normal distribution curves are also plotted onto these histograms.

The general mathematical equation of the normal distribution curve is

e 1 e-(z_lz)(x" e [5.2]
avem
where
y = Vertical ordinate of the curve at point x on the x - axis;
o = Standard deviation;
and Mean = Arithmetic mean of observations

By using the normal distribution, it is possible to predict the per-
centage probability occurrence of observations falling within any range.
Based on normal distribution, the predicted percentages of observations
lying within ranges (Mean * o), (Mean % 1.645 o) and (Mean * 2.33 o),
are given in Table 5.4. The percentages of the actual test results in
these ranges are also given in Table 5.4. It can be seen that the theore-
tical predictions are in fairly close agreement with the experimental
data. From Figs. 5.1 and 5.2 and Table 5.4, it can be concluded that, for
the test results under consideration, the actual distributions are appro-

ximately normal.
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TABLE 5.4: Percentages of Test Values of Ultimate Compressive and Tensile
Strengths of Eastern Spruce in Various Ranges

% of Theoretical ) % of Test Results
Range Predictions :
Ultimate com- " Ultimate Tensile
pressive Strength Strength
(Mean * 1.000 o) 68.2 68.1 7.1
(Mean * 1.645 o) 90.0 89.7 88.7

(Mean * 2.330 o) 98.0 99.5 98.1
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CHAPTER 6

ANALYSIS OF CLEAR BEAM TEST RESULTS

Test Results and Discussion

76

Load-deflection curves, Toad-strain curves and diagrams representing

strain distribution across beam depth are produced for each beam test.

As an illustration, these diagrams for a 2 x 6 beam specimen subjected to

both third-point and central loading are given in Figs. 6.1 to 6.6.

Similar diagrams for each group of beams are presented in Figs. B.1 to

B.42 (Appendix B). By using these diagrams, the following results are

computed for each beam:

1l

Moduli of elasticity in tension and compression, Et and Ec'

These values are computed from the load-strain curves of the
extreme tension and compression fibers.

Extreme fiber stress at the proportional limit, Fp], as indicated

by the load-deflection curve

(F.. = Bending moment at proportional 1imit)
pl Section modulus

Maximum tensile and compressive strains at the proportional limit.

Position of the neutral axis at the proportional 1imit and at
the ultimate load.

Ultimate bending moment, Mu'

Maximum tensile strain at ultimate load, €4
Maximum tensile stress at ultimate Toad, Ft = Et X g4
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These results for each test beam are tabulated in Tables A.2.1 to A.2.16
(Appendix A), and a summary of these results for each group of beams is
given in Tables 6.1 and 6.2.

The load-deflection and load-strain curves for each beam, which are
qualitatively similar to those shown in Figs. 6.1, 6.2, 6.4 and 6.5, show
that the beams are stressed beyond the prbportiona1 Timits. The propor-
tional limits as observed from the load-deflection curves occur, at higher
loads than those at which the extreme compression fibers reach their pro-
portional 1imit. The behavior of individual fibers in the beam could be
considered as localized response to the applied load on the beam while
the load-deflection curve gives the overall response of the whole beam to
the applied load.

The strain distribution diagrams for each' test beam are drawn, for
the purpose of analysis, at four stages of loading. Initially at a small
value of the applied load (elastic stage), secondly at the proportional
limit of the load-deflection curve, thirdly at load value between the
proportional limit and ultimate load (inelastic stage) and finally at the
ultimate load. These strain diagrams, Figs. 6.3 and 6.6, show a satis-
factory linear variation of the strain distributions in all four stages
of loading. The deviation of strain values from linear distribution may
be considered as due to experimental limitations. Thus, the validity of
the assumption that plane section remains plane during bending of timber
beams up to failure is proven by the present test results.

The initial position of the neutral axis (when small load is
applied) is slightly above or below the center of the beam depth. The

initial position of the neutral axis probably depends on the relative
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TABLE 6.1: Summary of Clear Beam Test Results -- Third-point Loading

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
Depth Modulus of  Modulus of
(in.) Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum Maximum N.A.
E EC Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from s from
(X107ksi)  (X107ksi) Fp] -3 -3 Bottom Mu t Fi Bottom
(ksi) (X107°) (X107°) of Beam (in-k) (X10_3) s ofyBeam
1.65(5)2 1.77b 1.84 7.20 4.10 3.94 0.490 7.30 6.98 12.65 0.437
(13.0) 2.7) (12.7) (9.8) (14.2) (3.2) (12.1) (19.3) (14.8) (5.5)
1.65(D) 2.04 2.08 8.94 4.60 4.28 0.480 8.51 6.90 14.46 0.445
(21.0) (19.7) (18.8) (10.5) (8.1) (3.8) (22.4) (14.1)  (29.0) (5.2)
3.50(S) 2.00 2.00 723 3.67 3.64 0.492 33.42 7.38 14.57 0.411
(11.0) (11.5) (10.6) (8.5) (10.6) (3.0) (8.1) (16.9) (14.2y (2.4)
5.50(S) 1.88 1.92 6.29 3.40 3.29 0.489 70.80 5.98 11,31 0.437
(12.3) (15.0) (9.9) (8.4) (10.9) (2.9) (7.5) (16.8) (13.6) (6.1)
5.50(D) 1.93 2.04 7.24 3.82 3.55 0.480 17:25 5.98 12.18 0.437
(20.6) (19.9) (21.6) (12.6) (11.-38) (4.7) {21.3) (23:0) (31.9) (7.2)
5.50(S) 1.62 1.65 5.74 8. 71 3.49 0.498 61.48 6.06 9.97 0.438
(Stif- (16.9) (16.1) (16.7) (13.8) (12.9) (i3 (16.7) (15.7) (19.5) (6.3)
fened
Beams )

¥8



TABLE 6.1 (Cont'd.)

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
Depth Modulus of Modulus of
(in.) Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum Maximum N.A.
: E Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from . from
(X10%ksi)  (X107ks1i) F 1 -3 3, Bottom M t Fi Bottom
P (X107%)  (X10™%) of Beam ’ -4 of Beam
(ksi) (in-k) (x10°°) (ksi) Y
5.50(D) 1.97 1.99 6.87 3.61 3.48  0.495 72.00 5.60 11.06  0.454
(Stif- anez) (14.7) (10.7) (4.5) (9LT) - .2y (9.9) (18.1)  14.5) (4.0)
fened
Beams )
7.30(S) 1.96 2.04 6.13 3.25 3.05  0.489 113.67  4.90 9.96 0.443
(17.3) (13.9) (11.4) (14.8) (10:3) (3.7) (12.8) (21.4) (24.4) (5.3)
11.30(S) 1.51 1.90 4.63 2.89 2.44 0.463 471.30 3.78+ 7.14 0.425
(17 (11.5) (11.5) (16.7) (9.4) (3.6) (12.9) (17.6) (17.6) (8.3)

(S) and (D) refer to spruce and Douglas-fir lumber, respectively.
Value in first lines are averages and those in parentheses are coefficients of variation in percent.
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TABLE 6.2: Summary of Clear Beam Test Results -- Central Loading
Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
Depth Modulus of  Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum Maximum N.A.
(in.) Ec Et Com- Tensile Position Bending Tensile Tensile Position
Stress pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from . from
(X10%ksi)  (X10%ksi) F 1 -3 -3, Bottom M, t Ft Bottom
P (X1077) (X107°) of Beam -3 of Beam
(ksi) (in-k) (X10°°) (ksi) i
1.65(5)a ].87b 1.87 7.94 4.52 4.32 0.506 7.66 7.74 14.44 0.441
(15.0) (15.9) (13.9) (9.8) (v0.1) {2.1) (13.5) (16.1) (20.0) (6.5)
1.65(D) 2.07 2.13 9.40 5.06 4.48 0.496 9.43 9.02 19.33 0.411
(20.0) (21.8) (19.9) (13.7) (11.5) (2.6) (21:1) (14.4) (30.0) (10.1)
3.50(S) 1.81 1.95 7.33 4.86 3.82 0.502 31.96 7.81 15.15 0.397
(12.2) (14.8) (8.6) (11.6) (13.0) (2.5) (9.5) (18.3) (19.7)  (9.7)
5.50(S) 1.69 1.83 6.50 4.23 3.64 0.492 70.82 7.06. 12.66 0.415
(15.3) (15.9) (=) {171-1) (13.1) (4.5) (12.1) (13.8) (18.9) (8.3)
5.50(D) 2.20 2.23 9.19 4.53 4.21 0.502 91.13 6.66 14.71 0.440
(31.6) (29.0) (25.6) (18.4) (13.0) (5.5) (24.8) (21.2) (33.0) (9.7)
7.30(S) 1.80 2.03 5.79 3.94 2,87 0.490 115.0 5.80 11.74 0.409
(12.4) (14.5) (8.0) (13.5) (13.2) (2.2) (11.9) (17.2) (21.6) (9.0)
11.30(S) 1.20 1.44 4.24 4.02 3.00 0.500 434.25 5.22 7.22 0.413
(22:7) (22.5) (14.9) (19.5) (17.4) (0.0) (13.8) (27.8) (18.6) (11.6)

a: (S) and (D) refer to spruce and Douglas-fir Tumber, respectively.
b: Value in first lines are averages and those in parentheses are coefficients of variation in percent.
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strength of the tension and compression fibers in the beam. At the pro-
portional limit, the position of the neutral axis, in some cases, is the
same as the initial position. But in other cases, the neutral axis shifts
slightly towards the tension side of the beam by amount varying up to two
percent of the depth. It can be concluded that, up to the proportional
1limit, the neutral axis is approximately at the center of depth. Beyond
the proportional limit, the neutral axis gradually moves downwards rapidly
and at ultimate load the movement of the neutral axis varies from about

five to fifteen percent of the beam depth.

Tables 6.1 and 6.2 indicate that at the proportional 1imit, the ma-
ximum compressive strain is slightly greater than the maximum tensile
strain. The average value of maximum compressive strain is about fifteen
percent greater than the average value of maximum tensile strain. The
larger difference between the two values is for the cases where the mois-
ture content of the beams is relatively high. Tables 6.1 and 6.2 also
show that the moduli of elasticity in tension and compression are not
significantly different. The modulus of elasticity in tension is about
six percent higher than the value in compression. The larger difference

between the two values is observed in beams with higher moisture content.

The test results show that, up to the proportional limit as indi-
cated by the Joad-deflection curve, the strain distribution is approxi-
mately a straight line passing close to the center of depth. Thus, the
stress distribution up to this stage of loading (proportional Timit) is
yery nearly a straight 1ine passing through the center of depth, that is,
the stresses in the fibers are proportional to their distance from the

neutral axis and to the load on the beam. Further increase in load on
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the beam is accompanied by a redistribution of stresses as a result of
the development of compression wrinkles and consequently the downward

movement of the neutral axis.

The behavior of the wood fibers at different points across the depth
of beam in tﬁe inelastic stage of 1oad1ngxcan be analyzed by dividing
the fibers into three groups. The first is the fibers near the compres-
sion edge of the beam. The second is the fibers near the tension edge of

the beam and the third is the fibers close to the center of depth.

It is observed that, at a load corresponding to the proportional
limit, compression failure occurs initially at the extreme fibers.
Further loading of the beam beyond this point causes these fibers to lose
some of their capacity to sustain stress. This is revealed by the stress-
strain curve of axial compression test (Fig. 3.1). As a result, there is
a redistribution of stresses along the beam depth and the adjacent fibers,
at this stage, are subjected to greater stresses. This may not be re-
vealed by the load-strain curve of these fibers (Figs. 6.2 and 6.3), since
the actual stress is not now proportional to the load on the beam as a

result of the redistribution of stresses.

The load-strain curves of the fibers near the tension edge of the
beam, Figs. 6.2 and 6.5, indicate a non-linear relationship between the
load and strain in the inelastic stage of loading; whereas, when wood is
stressed in direct tension, the relationship between Toad and strain is
almost linear up to failure (Fig. 3.1). An explanation for this behavior
is that, as a result of the downward movement of the neutral axis and the

redistribution of compressive stresses, the tension fibers are subjected
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to relatively increased stresses in order to maintain equilibrium of the
beam. These relatively increased tension stresses are no longer propor-
tional to the load on the beam. Although, the load-strain curve for
tension fibers is not linear in the inelastic stage, the relationship
between actual tensile stresses and strains of these fibers may still be
a straight line up to the ultimate load on the beam. As the neutral axis
moves progressively towards the tension side, fibers just above the
center of depth are subjected to increasing strains while those just
below the center of depth are subjected to somewhat reducing values. The
fibers close to the center of depth originally strained in tension are
later strained in compression. This can be seen from the load-strain
curves of these fibers, Figs. 6.2 and 6.5, where the curve turned

"backwards".

The results (see Table 7.1 of Chapter 7) show that the proportional
1imit stress in bending is not significantly affected by the depth of
beam. For beams subjected to third-point loading, the proportional
Timit stress is equal to the ultimate compressive strength of the beam
material as obtained from direct tests. But for beams subjected to cen-
tral Joading, the proportional 1imit stress in bending is about eleven
percent greater than the ultimate strength in direct compression tests.
For practical purposes, it can be assumed that the proportional limit
stress in bending is equal to the ultimate compressive strength of the

beam material as obtained from direct tests.

The test results (Table 7.1) also show that the maximum tensile
stress in the beam at failure is statistically smaller than the ultimate

strength in direct tension tests. The actual value is dependent on the



90

beam depth and is proportionally smaller as the depth of beam is

increased.

Based on the test results of this study, it can be concluded that
the assumptions made in the proposed theory (Chapter 3) for bending be-

havior of timber beams are quite valid.

6.2 Comparison Between Theory and Test Results

In order to compare the proposed theory with the experimental re-
sults, Figs. 6.7 and 6.8 are presented. In Fig. 6.7, a theoretical curve,
based on Eq. [3.18], of the relationship between ratio '!EEHQ and ratio
;E— , is shown. Experimental results for individual beaﬁuzggts are also
p%gtted on this graph. A theoretical curve, based on Eg. [3.20], othhe

relationship between the neutral axis position factor, y, and ratio FE—-,

cu
together with the results of beam tests are given in Fig. 6.8. For com-
parison purposes, theoretical curves {curve 1) based on Egs. [2.4] and
[2.8] and test data by Comben (9) and Ramos (33) are also plotted on the

graphs.

Figures 6.9 and 6.10 show the frequency distributions of the percen-
tage difference between the theoretical predictions of Mu and vy, and the
experimental values. The first distribution, Fig. 6.9, is for the per-
centage difference between the theoretical and experimental values of the

uTtimate bending moment, Mu‘ Figure 6.9 shows the following:

a) 35.0 percent of all test results are within £ 3 percent of
theoretical predictions.
b) 67.0 percent of all test results are within * 6 percent of

theoretical predictions.
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c) 84.5 percent of all test results are within £ 9 percent of
theoretical predictions.

d) 98.5 percent of all test results are within % 12 percent of
theoretical predictions.

e) 100.0 percent of all test results aré within * 15 percent of
theoretical predictions.

The second distribution, Fig.6.10, is for the percentage difference bet-

ween the theoretical and experimental values of the neutral axis position

factor, y. In this case, the trend is as follows:

a) 45.0 percent of all test results are within t 3 percent of
theoretical predictions.

b) 72.0 percent of all test results are within ¥ 6 percent of
theoretical predictions.

c) 88.0 percent of all test results are within ¥ 9 percent of
theoretical predictions.

d) 98.5 percent of all test results are within £ 15 percent of
theoretical predictions.

e) 100.0 percent of all test results are within t 18 percent of

theoretical predictions.

Comparison of the results shown in Figs. 6.6 to 6.10 indicates good
agreement between the theory and test data. In practical application,
the thoery should predict the ultimate bending moment of a beam using
the ultimate tensile strength of the beam material as obtained from di-
rect tension tests on small representative specimens. This necessitates

that the effect of beam size on maximum tensile stress in the beam at



96

failure, in relation to the ultimate tensile strength in direct tests,
must be determined. This issue of the size effect is investigated in the

following chapter.
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CHAPTER 7

EFFECTS OF BEAM SIZE AND METHOD OF LOADING
ON STRESSES IN BEAMS

The proportional 1imit stress in bending and maximum tensile stress
at failure in individual beams are compared with the ultimate compressive
and tensile strengths of the beam material as obtained from direct tests
on small specimens. Table 7.1 and Figs. 7.1 to 7.4 present a summary of
the proportional 1imit stress and maximum tensile stress at failure in
beams, expressed as ratios of the ultimate compressive and tensile

strengths of the beam material, Fp1/Fcu and Ft/Ftu'

7.1 Effects of Beam Size and Method of Loading on Proportional

Limit Stress in Bending

The results in Table 7.1 and Figs. 7.1 and 7.2 show that the average
values of Fpl/Fcu’ for the same method of loading, are virtually the same
for beams of all depths. Thus, the proportional 1limit stress in bending
is not significantly affected by depth of beams. However, for centrally
loaded beams, the average value of Fp]/Fcu for all depths, is about
eleven percent greater than the corresponding value for similar beams
with third-point Toading. An explanation of this difference due to method
of loading can be offered by applying the statistical strength theory (6).
For the beam with third-paoint loading, the maximum moment occurs a third
of the span. In the case of centrally loaded beam, the maximum moment

occurs theoretically at midspan; or in practice it may be assumed to



TABLE 7.1

Proportional Limit Stress in Bending and Maximum Tensile Stress in Clear Beams Expressed as

Ratios of Ultimate Compressive and Tensile Strengths of Beam Material

Proportional limit stress in Bending (fgl) Maximum Tensile Stress in Beams (fj;q
Beam Ultimate Compressive Strength Fcu Ultimate Tensile Strength Ftu
Depth : - - - . -
. Third-point Ratio s Third-point Ratio
(in.) Central Loading Loading Between Central Loading Loading Between
Coeffi- Coeffi-  Central & Coeffi- Coeffi-  Central &
Average cient of Average cient of Third-point Average cient of Average cient of Third-point
Varia- Varia- Loading Varia- Varia- Loading
tion (%) tion (%) (6) = tion (%) tion (%) (11) =
(M (2) (3) (4) (5) (2)/(4) (7) (8) (9) (10) (7)/(9
1.65 1.10 Ts el 8.8 1.09 0.95 12.8 0.90 8.0 1.06
3.50 1.16 9.3 1.00 10.7 1.16 0.90 14.4 0.81 16.8 110
5.50 1.08 9.6 1.00 10.7 1.08 0.82 12.1 0.73 A2 1:13
5.50% - - 1.04 4.2 - B - 0.77 1.3 -
7530 1 1] 0 1.01 6.8 1.10 0.74 15.2 0.66 13.3 1.12
11.30 1.09 5.09 0.98 2.6 1 0.66 10.8 0.59 13.9 1.12

a: Stiffened Beams.
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extend a small distance on either side of midspan. As the region of maxi-
mum moment is larger in beams with third-point loading, the probability

of encountering a region of low strength is greater in these beams. The
findings in the case of stiffened beams also support this explanation.

The maximum moment, for these beams, covers a third of the span, but the
critical section extended along a distance smaller than the third of the
span (see Fig. 4.2). The average value of Fpl/Fcu for the stiffened

beams is about four percent greater than the corresponding value for un-

stiffened beams of the same depth and method of loading (see Table 7.1).

For beams subjected to third-point loading, it is noted (Table 7.1)
that the proportional 1imit stress, Fp]’ is equal to the ultimate strength
in direct compression tests, Fcu’ If the statistical strength theory by
Bohannan (6) is adopted, a relationship between Fp] and Fcu’ which takes

into account the method of loading of beams, can be expressed as:

1.11 F
b mﬁ% [7.1]
where
a = Distance between loads placed a/2 each side of midspan
L = Beam span

Equation [7.1] gives a difference of eleven percent between a beam loaded
at the center and a similar beam loaded at third-span points. This
agrees very well with the test results, Table 7.1. It should be noted
that, for practical purposes, it is assumed that the proportional Timit
stress in bending is equal to the ultimate compressive strength of the

beam material.
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7.2 Effects of Beam Size and Method of Loading on Maximum

Tensile Stress in Beams

The results in Table 7.1 and Figs. 7.3 and 7.4 indicate that, for
the same method of loading, there is an appreciable decrease in the ave-
rage values of Ft/Ftu with increase in beém depth. This behavior suggests
that the maximum tensile stress at failure, in bending of timber beams, is
statistically less than the tensile strength of the beam material as ob-
tained from direct tests, and the average value is proportionally smaller
as the depth of the beam is increased. The effect of method of loading
on maximum tensile stress at failure is found to be similar to the effect
on proportional Timit stress. The difference between the two methods of

loading is about eleven percent (see Table 7.1).

The statistical strength theory provides an acceptable explanation
for the decrease of maximum tensile stress at failure with the increase
in beam depth. The probability of encountering regions of Tow strength
that would reduce the maximum tensile stress at failure is greater in the
deeper beams. Tension failure of a timber beam is brittle, and once

initiated, it propagates without the application of additional Toads.

An attempt is made to apply the statistical strength theory to the
proposed stress distribution (Fig. 3.3). However, the evaluation of an
expression that accounts for the size effect on maximum tensile stress in
beams is mathematically intractable. A possible alternative is to derive
an empirical formula which is a best fit to the available test data. The
results from beams loaded at third-points are adjusted to the case of

central loading and the combined average values for each depth are used
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in the statistical curve fitting. Several forms of equations are consi-
dered in the statistical curve fitting between ratio Ft/Ftu’ or size
factor,S, and the depth of beam, d, in inches. Three best fit equations

of the various forms considered are presented here:

s = 102 (%2 [7.2]
with a correlation coefficient of 0.96;

S = 1.18 - 0.16/d [7.33
with a correlation coefficient of 0.97,

S = 0.60 (511;955) [7.41

34 +d

with a correlation coefficient of 0.99. The three curves corresponding
to Eqs. [7.2] to [7.4] and the combined average values are shown in

Big. 7.5,

It can be seen that Eq. [7.4] is the best fit to the test data. As
Eq. [7.4] is derived for beams loaded at center, for beams loaded at
third-points the values of the size factor, S, obtained from this equation
should be reduced by eleven percent. Thus Eq. [7.4], for third-point
loading, becomes:

2
s = o0.54 L4 [7.5]
34 + d°

the two curves corresponding to Eqs. [7.4] and [7.5] together with the
average test results for both methods of loading are shown in Fig. 7.6.
For purpose of comparison, test data by Comben (9) is also plotted on

this graph.
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If the effects of both beam depth and method of loading are to be
incorporated into one single empirical formula, Eq. [7.4] can be expressed

as:

2
0.60  ,57+d
) [7.6]
(14183) 1718 "34447 ‘

It should be noted that, according to the statistical strength
theory, the size effect on bending strength depends not only on the beam
depth but on its aspect area, that is, depth times span. In the present
study, all beams had the same span-depth ratio of about sixteen and thus
the influence of aspect area amounted to essentially depth effect only.
If the aspect area effect is to be included in Eq. [7.6], then

0.60 912+L-d)

[7.71

By the use of Egs. [3.23] and [7.7], the ultimate bending moment for
a given beam can be predicted provided that the ultimate compressive and
tensile strengths of the beam material in direct tests are known. Figures
7.7 to 7.10 show a comparison between the theory (including the size ef-
fect) and the experimental results. In Figs. 7.7 and 7.8, theoretical

curves, based on Eqs. [3.23] and [7.6], of the relationship between ratio

M F
-——iL?—-and ratio ?EH , are shown. Experimental results for individual
F_ bd cu
Ch=r—
6

beam tests are also plotted on these graphs. Theoretical curves, based
on Eqs. [3.24] and [7.6], of the relationship between the neutral axis
position factor, vy, and ratio ;f% » together with the results of beam
tests are given in Figs. 7.9 and 7.10.. For comparison purposes, a theo-

retical curve (curve 1) based on Eq. [2.4] is plotted in Figs. 7.7 and 7.8,
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and test data by several investigators (5,9,11,42) are shown in Figs. 7.7

o' 7.10.

The differences between the theoretical predictions and experimental
values of the ultimate bending moment, Mu, and the neutral axis position
factor, v, for each group of beams, are summarized in Table 7.2. The
average difference in "Mu“ ranges between -0.3 to -2.9 percent, and the
average difference in"y"ranges between +1.7 to -5.6 percent. The overall
average difference in "Mu" is -1.7 percent and the standard deviation of
this percentage difference is 6.4 percent. The corresponding values for

"y" are -1.8 and 7.8 percent, respectively.

Comparison of the results shown in Figs. 7.7 to 7.10 and Table 7.2
indicate good agreement between the theoretical predictions and experi-
mental results. It should be noted that, for 1.65-inch deep beams, the
average difference between the theoretical predictions of ultimate bending
moment, using a size factor "S" equals one, and the test results is less than
two percent. It may be concluded that, for small beams with depth up to
two inches, the theory could be applied without any adjustment for size
effect. Also, since the bending moment distribution of a beam Toaded at
third-span points, simulates approximately the condition of uniformly dis-
tributed loading to develop a bending moment of the same magnitude, it is
suggested that Eq. [7.5] of the size factor for third-point Toading case,

can be used for beams subjected to uniformly distributed loading.



TABLE 7.2% Comparison Between Theory and Experimental Results

Depth Percentage Difference in Mu Percentage Difference in vy

OF —

Beam Third-point Loading Central Loading Third-point Loading Central Loading

(in.) Standard Standard Standard Standard
Average Deviation Average Deviation Average Deviation Average Deviation

1.65 -2.2 4.3 -0.3 6.7 -0.1 6.4 -5.6 6.2

3,50 -2.3 4.8 -0.8 6.8 -1.7 9.1 -2.0 6.7

5.50 -2.3 6.9 -2.1 6.7 -1.5 6.7 -1.1 6.7

7.30 -2.9 753 -1.5 9.0 -0.4 4.9 -3.4 8.5

11.30 =1.7 4.8 -2.0 1.0 -4.4 8.7 .7 9.0

vLL
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CHAPTER 8

ANALYSIS OF KNOTTED BEAM TEST RESULTS

8.1 Test Results and Discussion

Load-deflection curves, load-strain curves and diagrams representing
strain distribution across beam depth are produced for each beam test.
Samples of these diagrams can be seen in Figs. 8.1 to 8.9 and Figs. B.43
to B.48 (Appendix B). The results obtained, using these diagrams, are
tabulated in Table A.2.17 to A.2.20 (Appendix A), and summarized in
Table 8.1.

The behavior of knotted beams can be divided into two marked groups,
depending on the type of failure. In the first group (47 beams, or 87%
of the total number of test beams), the failure followed a compression-
tension sequence. In the second group (7 beams), the tension failure
occurred before any compression failure. The load-deflection and load-
strain curves of the first group (Figs. 8.1, 8.2, 8.4 and 8.5) are quali-
tatively similar to those obtained for clear beams. These curves have
very well defined proportional Timits which indicate that the plastifica-
tion in the beams took place. The load-deflection and load-strain curves
of the second group (Figs. 8.7 and 8.8) show that the proportional Timit
load values virtually coincide with the ultimate loads, indicating that

the flexural behavior of these beams is elastic up to failure.

The strain distribution diagrams of both groups (Figs. 8.3, 8.6 and

8.9) show a satisfactory linear variation of the strain distribution at
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TABLE 8.1: Summary of Knotted Beam Test Results

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
Depth Modulus of  Modulus of
P Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum Maximum N.A.
(in.) Ec Et Com- Tensile Position Bending Tensile Tensile Position
. Stress  pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from 8 from
(X107ksi)  (X107ksi) F 1 3 3 Bottom M i Ft Bottom
P (x1077) (X1077) of Beam M 5 of Beam
(ksi) (in-k) (x1077) (ksi) %

Third-point Loading

3.50(s)? ].70b 178 5.80 3.58 3.36 0.487 23.72 5.01 8.69 0.451
(20.3) (19.7) (16.2) (18.8) (16.5) (4.5) (22.6) (28.4) (29.8) (8.6)

5.50(S) 1.93 1.96 6.35 3.38 3.24 0.497 63.75 4.74 9.31 0.458
(10.0) (12.7) (16.0) (11.6) (13.0) (3.1) (18.62) (19.4) - (19.4) (7.8)

Central Loading

3.50(S) 1.58 1.66 6.12 4.18 3.78 0.494 24.65 5.65 9.16 0.455
(22.0) (21.8) (16.8) (21.2) (19.3) (3.9) (20.4) (25.9) (24.5) (8.8)

5.50(S) 1.73 1.87 6.17 3.83 3.36 0.503 61.33 5.56 10.25 0.433
(16.0) (17.2) (15.1) (17.2) (15.0) (5.2) (17.9) (27.5) (28.5) (13.5)

a: (S) refers to spruce lumber.
b: Values in first lines are averages and those in parentheses are coefficients of variation in percent.

G521
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different stages of loading, up to failure. But the deviation of the
strain values from linear distribution, in some knotted beams, is more
pronounced than for the case of clear beams which is to be expected due

to knots.

The test results (Table 8.1) indicaté that, at the proportional
limit, the average value of maximum compressive strain is about nine
percent greater than the average value of maximum tensile strain, while
the modulus of elasticity in tension is only about five percent larger
than the value in compression. Table 8.1 also indicates that, at the
proportional 1imit, the neutral axis is approximately at the center of
depth. But, at ultimate load of the beams in the first group (inelastic
behavior),- the neutral axis shifts towards the tension side of the beam

by varying amounts up to about ten percent of the beam depth.

The results show that the presence of knots influences the behavior
of the beams. In the second group where the behavior of the beams is
elastic to failure, it is observed that these beams have relatively larger
knots near the tension edge of the beams. It is observed that the knots
reduce the compressive and tensile strengths of the beams. This issue is
further investigated in a later part of this chapter. It should be noted
here that the proportional 1imit stress in bending, Fp], is, on the ave-
rage, about seven percent smaller than the compressive strength of the
beam material, Fcu’ as obtained from direct tests on small clear specimens. .
In other words, the average value of the ratio Fp]/Fcu is 0.93. The
smallest value of this ratio (Fpl/FCu) is observed to be 0.70. The average

value of ratio between the maximum tensile stress in the beam at failure
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and the ultimate tensile strength of the beam material as obtained from
direct tests on small clear specimens, Ft/Ftu’ is 0.63 with a minimum

value of 0.35.

8.2 Comparison Between Theory and Test Results

To check the validity of the proposed theory (Chapter 3) to knotted
beams failing in the inelastic range, a comparison between the theoretical
predictions and test results of the first group of beams (47 beams) is
made, Figs. 8.10 and 8.11. In Fig. 8.10, a theoretical curve (curve 2)

based on Eq. [3.18], of the relationship between ratio ———!——7 and
F_ .bd

cu'——
ratio ;fh’ is shown. Experimental results for individual beag tests are
also plotted on this graph. A theoretical curve (curve 2) based on

Eq. [3.20], of the relationship between the neutral axis position factor,
Y, and ratio Fﬁﬁ’ together with the results of beam tests are shown in
Fig. 8.11. Theoretical curves (curves 3 and 4) based on Eqs. [3.18] and
[3.20] with modified compressive strength values by the average and mini-
mum reduction factors of 0.93 and 0.70, respectively, are also plotted on
the graphs. For comparison purposes, theoretical curves (curve 1) based

on Egs. [2.8] and [2.4] are shown in Figs. 8.10 and 8.11.

The frequency distributions of the percentage difference between the
theoretical predictions of Mu and y (curve 2) and the experimental values,
are given in Figs. 8.12 and 8.13. For the ultimate bending moment, M,

Fig. 8.12 shows the following:

a) 31.8 percent of the test results are within * 3 percent of

theoretical predictions
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b) 65.8 percent of the test results are within * 6 percent of
theoretical predictions

c) 82.8 percent of the test results are within ¥ 9 percent of
theoretical predictions

d) 97.9 percent of the test results are ‘within * 15 percent of
theoretical predictions

e) 100.0 percent of the test results are within * 18 percent of

theoretical predictions

For the neutral axis position factor, vy, Fig. 8.13 shows the

following:

a) 34.0 percent of the test results are within ¥ 3 percent of
theoretical predictions.

b) 65.7 percent of the test results are within t 6 percent of
theoretical predictions.

c) 82.7 percent of the test results are within * 9 percent of
theoretical predictions.

d) 95.4 percent of the test results are within £ 15 percent of
theoretical predictions.

e) 100.0Q percent of the test results are within ¥ 18 percent of

theoretical predictions.

Comparisons of the results shown in Figs. 8.10 to 8.13 indicate good
agreement between the theory and experimental results. In practice, one
should be able to predict the ultimate bending Joad using the ultimate
compressive and tensile strengths of the beam material as obtained from
direct tests on small clear specimen. This requires that the effect of

knots on the stresses in beams must be determined.
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8.3 Effects of Knots on Stresses in Beams

Knots reduce the stresses in beams principally because knots inter-
rupt the direction of grain and cause localized cross-grain with steep
slopes. Intergrown or live knots resist some stresses but encased knots
or knotholes transmit little or no stresses. On the other hand, dis-
tortion of grain is greater around an intergrown or live knot than around
an encased or dead knot. As a result, overall effects are roughly

equalized (12).

The effect of a knot on bending strength depends approximately on
the proportion of the cross-section of the piece of Tumber occupied by
the knot, upon knot Tocation and upon the distribution of stress across
the depth of the beam. A knot located close to the neutral axis will
have less effect on bending strength than a knot located close to the
edge. Also, the effect of knots on strength is greater in tension than

in compression (14,15).

The true effects of knots on bending strength are not completely
known. The present design practice of timber beams (8,24) uses a hypo-
thetical strength ratio to account for the weakening effect of knots.

The ASTM Standard D245 (3) provides formulas for this strength ratio.
These formulas are based on the assumption that the knot is effectively a
hole through the piece reducing the cross-section of the beam. Hence,
for a bending member, the strength ratio is the ratio of the bending
moment capacity of a beam with the reduced cross-section will carry to
the bending moment of the beam without knot. According to the ASTM Stan-
dard, three knot ratios should be considered. The first is the maximum

knot ratio on the narrow face of the beam, Kn . The second is the maximum
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K
centerline knot ratio on the wide face of the beam, —% , and the third

is the maximum knot ratio at the edge of wide face of the beam, E% :
The hypothetical strength ratios corresponding to these knot ratios are,
respectively, [1 - E%], [1- Eg] and [1 - E%JZ. The smallest of the
three strength ratios is the controlling value used to determine the

strength property.

In the present study, a combined effect of all three knot ratios is
considered. It is assumed that the effect of knots is dependent on a

parameter ¢, where ¢ is defined as:

K K
o = -0y - p L e [8.1]

The size of the knots in each test beam is measured according to the

ASTM Standard D245 (3). For the purpose of the analysis, knots located in
the top half of the beam (compression zone) are considered to affect the
compressive strength while knots appearing in the bottom half of the beam
are considered to influence the tensile strength. The maximum knot ratios
and the corresponding values of the parameter ¢: and ¢t , as computed from

Eq. [8.1], are given in Tables A.3.1 to A.3.8 (Appendix A).

The proportional 1limit stress in bending and the maximum tensile
stress at failure in individual knotted beams are expressed as ratios of
the ultimate compressive and tensile strength of the beam material as ob-
tained from direct tests on small clear specimens, Fp1/Fcu and ft/Ftu 3
The ratio Fpl/Fcu for clear beams is observed to be unaffected by the
depth of the beam and practically equals one (see Chapter 7). Thus, this

ratio (Fp1/Fcu) for knotted beams only is affected by the knots. But the

* Parameters ¢. and ¢t refer to knots in compression and tension zones,
respectively.
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ratio Ft/Ftu for clear beams is dependent on the beam depth, and it is
reducing as the depth of the beam is increased, although there are no
visible knots. In order to obtain the effect of visible knots on the
maximum tensile stress in the beam, the values of ratio Ft/Ftu for knotted
beams are adjusted to the size of the beam using Eq. [7.6], that is, the
values of Ft/Ftu are divided by the appropriate size factor "S". The
ratios Fp1/Fcu and Ft/S-Ftu for knotted beams are referred to it as reduc-
tion factors (573 and i respectively. These reduction factors are usually
smaller than one and they account for the weakening effects of the knots.
The reduction factors i and e for the test beams are given in Tables

A.3.1 to A.3.8 (Appendix A).

Correlations between the reduction factor Ne and the parameter ¢. ,

and between the reduction factor r, and the parameter ¢, , are obtained.

i
They are derived with first order regression equation fitting one inde-
pendent variable and one response variable. The parameter ¢ is taken as
the independent variable and the reduction factor r is taken as the res-

ponse variable. The following results are obtained:

re = 0.71+0.35 ¢, [8.2]

with a correlation coefficient of Q.80 and a standard error of estimate
of 0.05 for res

re = 0.31+0.79 ¢, [8.3]

with a correlation coefficient of 0.82 and a standard error of estimate

of 0.07 for I The two curves representing Eqs. [8.2] and [8.3] and the

corresponding test data are shown in Figs. 8.14 and 8.15.
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Equation [8.2] and Fig. 8.14 indicate a good correlation between r.
and ¢.. But Fig. 8.15 indicates that Eq. [8.3] predicts values of rt
larger than the test data for beams with large knots (¢+ < 0.45) and that
the equation giv es values of ri smaller than the experimental results for
beams with small knots (¢t > 0.45). The experimental data is divided
into two groups. The first group includgs the data with ¢t > 0.45, and
the second covers the data with ¢4 < 0.45. Regression analysis on each

group is made separately and the following results are obtained:

rt = 0.54 +0.48 gl ===t (for 9y 2 0.45), [8.4]

with a correlation coefficient of 0.89 and a standard error of estimate

of 0.04 for res

re = 0.25 + 0.84 gy --m-n (for o, < 0.45), (8.5]

with a correlation coefficient of 0.78 and a standard error of estimate

of 0.05 for rg- The two lines representing Eqs. [8.4] and [8.5] are shown
in Fig. 8.15. It can be seen that Eqs. [8.4] and [8.5] provide a better
correlation between ri and ¢ than Eq. [8.3]. It should be noted that the
correlation equation for r. is derived using knot ratios measured on the
compressive zone of the beam, while the correlation equations for ry are
derived using knot ratios measured on the tension zone of the beam. For
practical applications, the parameters ¢. and ¢t should be replaced by one
parameter ¢ which could be obtained using Eq. [8.1]. The three knot ratios,
Kn K and Eg_ are the maximum knot ratios measured on a piece of

e d d
Tumber from which the beam is fabricated.



139

By the use of Eqs. [3.25], [3.27] and [7.7] together with Eqs. [8.2],
[8.4] and [8.5], the ultimate bending moment for a given beam with knots,
can be predicted provided that the ultimate compressive and tensile
strengths of the beam material in direct test on small clear specimens
are known. Figures 8.16 and 8.17 show a comparison between the theory
(including the effects of beam depth and knots) and the experimental
results. In these figures, theoretical curves based on Eqs. [3.25],
[3M27]’ [7:71. [8.2;, [8.4] and [8.5], of the relationship between ratio

———2—7— and ratio ?EE , are shown. Experimental results for individual

Fcug%_ cu

beam tests including those where the behavior is elastic to failure, as
well as the average test results for each beam depth, are also plotted

on these graphs. Curve 1 represents the theory with no adjustment for
depth or knot effects. Curves 2 and 3 represent the theory with size
factor and reduction factors corresponding to the average knot ratios for
each depth. Curves 4 and 5 represent the theory with size factor and
reduction factors corresponding to the largest knot ratios for each depth.

For comparison purposes, test data by Mazur (22) is shown in Fig. 8.16.

It should be noted that, if the theoretical value of ——Jijz is equal to,
F . bd
cu—p—
6

or less than r., the behayior of the beam is elastic to failure. The
point below which the behavior of the beam is elastic to failure is marked

in the graphs.

Comparison of the results shown in Figs. 8.15 and 8.16 indicates
good agreement between the theoretical predictions and experimental
results. The following example illustrates the prediction of bending

strength for a 2 x 4 beam of eastern spruce:



T

Cr

ULTIMATE BENDING MOMENT
ULTIMATE COMPRESSIVE STRENGTH x SECTION MODULUS

6

2.2

1.4

iI0

0.6

0.2

FIG:

TEST DATA
o Inelastics
T o Elastic, d=3.5 in
® Average,
4 a Inelastic, !
mElastic, 4=5.5 1n.
a Average, 2/
* Mazur(22) ,d=5.5in| o ///3/
° 8o Lt
-~ o 4
oy = %
=
% aa0 4
i A Ao;y s B o 4 4
= ==
%4 e —
V -~ -k
4 Fo a_~ T
-#y o /’;’/ F
7 u*// _ 1-5 Proposed Theory
) B T //F | PR rery =S =1
/ // P 2-Av. Knots,d=5.5"
¥ ;y// 3-Av. Knots, d=3.5"
A 4-Largest Knots,
// d= 5.5 in
+ 5-Largest Knots
d=_3.5 dn}
+ Elastic Limit
1 2 : 3 ; 4
ULTIMATE TENSILE STRENGTH ( Ftu )

ULTIMATE COMPRESSIVE STRENGTH Feu

8.16
VALUES OF ULTIMATE BENDING MOMENT OF KNOTTED
BEAMS SUBJECTED TO THIRD-POINT LOADING

140

COMPARISON BETWEEN THEORETICAL AND EXPERIMENTAL
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Example

Given: Ftu = 15.46 ksi , FCu = 6..35 ksi

a) Clear Beam

The actual dimensions of the cross-géction are 1.5 x 3.5 inches.
Considering third-point loading (or uniformly distributed loading) on the

beam,

= 2.43

By using Eq. [7.7], the size factor S = 0.81

From Eq. [3.23],

M
W . 3(0.81)(2.43) .
PR bR il
cug— '

b) Select Structural Grade

The specifications for this grade as defined by the standard grading
rules for Canadian Tumber by NLGA (25) are: maximum knot on narrow face,

k = %~in.; maximum knot at edge of wide face, k_ = %-in.; and maximum

n e
knot at centerline of wide face, kw = % in.
Kn K
The corresponding three knot ratios are: ¢ Q<253 ST 0253
k
and — = 0.21.

From Eq. [8.11, ¢ = [1 - 0.25] [1 - 0.25] {1 - 0.211% = 0.35
By using Eq. [8.2], r, = 0.71 + 0.35 (0.35) = 0.83
From Eq. [8.5], ry = 0.25 + 0.84 (0.35) = 0.54
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By using Eq. [3.25],

M
u_ . _3(0.83 054)081)243)
F bg?  (0.54)(0.87)(2.43)+2(0.83) 0.97 > r_ (inelastic
e behavior)

PPN s VAN
Strentth Ratio = 1488 = 0 6§

c¢) No. 1 Grade
The specifications for this grade according to NLGA (25) are:
2—1n, 1%1n and kg = 1 in.

k Ky
The corresponding three knot ratios are: —E— = 0.33, _d = 0.43 and

k

e _

& = 0.29.

From Eq. [8.1], ¢ = [1 - 0.33] [1 - 0.32] [1 = 0.29]2 =0.19
By using Eq. [8.2], P * 0.71 + 0.35 (0.19) = 0.78

From Eq. [8.5], rt = 0.25 + 0.84 (0.19) = 0.4]
By using Eq. [3.25],

.80 > r. (inelastic
cug— ) ) e ' =T behavior)-

she = 0580
Strength ratio = 1488 gzgt:l

According to the ASTM Standard, the strength ratio = 0 57

It can be seen that the strength ratios calculated by using the pro-

posed' theory and the correlations accounting for the weakening effect
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".due to knots are in good agreement with the strength ratios given by the
ASTM standard.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

.1 Conclusions

with

The following conclusions are drawn from the present investigation

a comprehensive appraisal of the study:

An ultimate bending strength theory for timber béams is developed.
The theory predicts the ultimate bending moment capacity of the
beam, using compressive and tensile strength values of the beam
material obtained from direct tests on small clear specimens.

By conducting tests on different sizes of clear beams and beams
with strength-reducing characteristics such as knots, and subjected
to central and third-point loading, good agreement is observed
between the theory and the experimental results.

By measuring strain at various levels along the depth of the

beam, a linear variation of strain distribution is observed

along the depth for all stages of loading up to failure.

The modulus of elasticity in tension is only about six percent
greater than the corresponding value in compression.

At the proportional 1imit, as indicated by the load deflection
curve, the neutral axis {s approximately at the center of the
beam depth. But at ultimate load, the neutral axis shifts
towards the tension side of the beam by an amount varying

between five to fifteen percent of the beam depth.
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Based on direct tension and compression tests on small clear
specimens matched with the beams, the ultimate tensile strength

is found to be two to three times the ultimate compressive strength.
The proportional 1imit stress in bending is not significantly
affected by the beam depth. For beams subjected to third-point
loading, this stress is equal to the Ultimate compressive strength
of the beam material as obtained from direct tests. But for cen-
trally loaded beams, the proportional 1imit stress in bending is
about eleven percent greater than the value for similar beams
loaded at third-span points.

The maximum tensile stress developed in the extreme fiber of a
beam at failure is statistically less than the ultimate strength
in direct tension obtained from tests on small size standard
specimens. The actual value is dependent on the beam depth and

is smaller as the depth of the beam is increased.

The maximum tensile stress at failure for a centrally loaded beam
is about eleven percent greater than the corresponding value for

a similar beam loaded at third-span points.

An empirical formula relating the maximum tensile stress at
failure in a beam to its size, is derived.

The presence of knots influences the behavior of beams. For beams
with small knots, the failure is of a compression-tension sequence;
whereas beams with relatively large knots near the edge in the
tension zone behave elastically up to the ultimate load and fail
in tension only.

Correlation equations accounting for the weakening effect of knots

on compressive and tensile strengths in beams, are obtained.
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9.2 Recommendations

The following recommendations are made to further research on the

behavior of timber beams:

1. Further experimental investigations §hou1d be carried out on
bending of timber beams with high moisture content (green
condition).

2. The effect of shear on the mode of failure should be investigated.
The influence of shear might reduce the ultimate flexural moment
capacity of the beam and failure could occur at a Tower flexural
moment corresponding to a combined flexural and shear mode of
failure.

3. The study should be extended to cover other shapes of cross-
sections such as box beams and I-beams.

4, The effect of end forces (compressive and tensile forces) on

a beam under bending Toads should also be investigated.
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TABLE A.1.1 _Material Property Test Results for 1.50 X 1.65 inches
Eastern Spruce Clear Beams Subjected to Third-point Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength. of Matched Strength of Matched
(%) Specimens Specimens

(ksi) (ksi)

.1 0.431 11.8 7.79 17.60

1.2 0.399 11.5 7.29 13.08

i3 0.419 11.6 7.78 15.04

1.4 0.374 11.5 6.52 12,51

1.5 0.427 11.6 7.79 15.47

1.6 0.421 11.6 759 14.35

1.7 0.443 11.3 8.01 14.00

1:8 0.378 11.5 5.29 13.59

1.9 0.376 11.6 6.98 14.33

1.10 0.405 7 7.62 16.50

111 0.398 116 7.36 13.82

i:12 0.448 176 8.01 17.95

.13 0.365 1.9 5.48 13.31

1.14 0.408 15 6.90 11.02
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TABLE A.1.2 Material Property Test Results for 1.50 X 1.65 inches
Douglas-Fir Clear Beams Subjected to Third-point Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens

(ksi) (ksi)

2.1 0.464 12.2 8.41 16.61

2.2 0.547 13.0 8.93 13.90

2.3 0.520 12.0 9.34 20.83

2.4 0.580 11.5 9.98 21.73

2.5 0.408 11.3 8.48 11.80

2.6 0.496 11.2 8.44 11.88

27 0.421 11.4 7.29 13.31

2.8 0.410 117 7.:29 12.00

2:9 0.490 1115 9.53 16.63




156

TMBLE A.1.3 Material Property Test Results for 2 X 4 Eastern Spruce
Clear Beams Subjected to Third-point Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength ‘of Matched Strength of Matched
(2) Specimens Specimens
(ksi) (ksi)
3.1 0.384 12.0 6.89 15.98
3.2 0.378 12.1 6.49 18.89
8.3 0.438 2.1 7..20 22.68
3.4 0.430 1.9 7.69 22.85
8.5 0.399 12.0 6.89 19,91
3.6 0.380 120 6.72 20.62
3.7 0.405 12.0 710 17.82
3.8 0.372 11.9 7.26 17.00
3.9 0.386 12.5 6.77 16.88
3.10 0.387 1.9 6.54 17.93
3.11 0.390 11.9 6.62 15.49
3.12 0.379 1.9 6.56 17.58
3.13 0.384 11.9 6,72 19.78
3.14 0.439 125 7.10 13.70
3.15 0.449 11.7 8.05 23.59
3.16 0.429 12.4 6.14 13.62
g.17 0.378 12.0 5.83 16.45
3.18 0.396 12.0 6.43 18.32
=19 0.383 9 6.65 20.60
3.20 0.372 11.8 6.34 12.44




157

TABLE A.1.4  Material Property Test Results for 2 X 6 Eastern Spruce
Clear Beams Subjected to Third-point Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength.of Matched Strength of Matched
(%) Specimens Specimens
(ksi) (ksi)
4.1 0.410 12.8 6.55 17.31
4.2 0.432 13.0 5.00 15.68
4.3 0.362 12.8 4.34 13.24
4.4 0.430 12.6 6.69 13.97
4.5 0.415 12.6 6.88 17,22
4.6 0.392 12.5 6:35 15.66
4.7 0.399 12.3 6+53 15875
4.8 0.418 12.2 6.45 15516
4.9 0.444 12.3 7.30 16.06
4.10 0.396 122 6.34 15.74
4 0.385 12.1 6.54 15.67
4.12 0.416 2.2 6.85 17.44 .
4.13 0.396 12.3 6.17 15.69
4.14 0.399 12,2 6.37 16.70
4.15 0.394 12.1 6.34 14.10
4.16 0.396 12:0 6.23 14.88
4.17 0.390 119 5.99 1578
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TABLE A.1.5 Material Property Test Results for 2 X 6 Douglas-Fir
Clear Beams Subjected to Third-Point Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile

No. Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens

(ksi) (ksi)

5.1 0.412 12.8 6.55 11,20

5.2 0.421 127 6.17 14.68

5.3 0.547 14.0 7.41 22.10

5.4 0.520 13,0 9.98 22.29

5.5 0.496 2.2 7.02 16.66

5.6 0.421 12.4 b.72 12.61

5.7 0.410 12.7 7.29 12,57

5.8 0.490 12.5 7.90 21.94
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TABLE A.1.6 Material Property Test Results for 2 X 6 Eastern Spruce
Clear Stiffened Beams Subjected to Third-point Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength .of Matched Strength of Matched
(%) Specimens Specimens
(ksi) (ksi)
6.1 0.368 10557 5.95 11.64
6.2 0.417 11.8 6.00 1151
6.3 0.446 1057 6.10 15.00
6.4 0.443 124 6.67 16.56
6.5 0.397 TS 5.67 16.56
6.6 0.396 12,7 4.70 913
6.7 0.399 1l 6.24 16.56
6.8 0.417 11.8 6.23 14.71
6.9 0.350 12,3 4.70 9.41
6.10 0.410 12.9 4.95 12.14
6.11 0.460 12.2 6.19 15.38
6.12 0.445 12.1 6.26 15.72
6.13 0.39%4 12.4 4.02 15.34
6.14 0.493 11.0 6.24 1338
6.15 0.430 116 4.40 12:10
6.16 0.385 12.7 5.19 14.71
6.17 0.434 175 6.18 16.86
6.18 0.414 13 4.58 9.83
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TABLE A.1.6  (Cont'd)

Beam Specific Moisture Ultimate Compressive Ultimate Tensile

No. Gravity Content Strength of Matched Strength of Matched

(%) Specimens Specimens

(ksi) (ksi)

6.19 0.399 11.9 5.47 9.91

6.20 0.407 12.1 5.67 9.93

6.21 0.410 11.5 6.38 12.59

6.22 0.417 11.6 6.35 14.04

6.23 0.350 12.0 4.40 10.37

6.24 0.350 12.0 4.40 11.67
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TABLE A.1.7 Material Property Test Results for 2 X 6 Douglas-Fir
Clear Stiffened Beams Subjected to Third-point Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens

(ksi) (ksi)

Vi 0.480 11.4 7.70 16.36

7.2 0.462 107 6.95 14.06

7.3 0.467 135 6.82 12.13

7.4 0.441 12.5 5.57 13.85

1.5 0.457 11.9 6.67 13,32

56 0.450 T2 6.48 15,21

Ticlg 0.452 121 6.44 1337

7.8 0.450 1241 6.44 15.88
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TABLE A.1.8 Material Property Test Results for 2 X 8 Eastern Spruce
Clear Beams Subjected to Third-Point Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens

(ksi) (ksi)

8.1 0.416 12,5 6.15 15.62

8.2 0.402 12.3 5.56 12.25

8.3 0.390 12.6 6.10 15.93

8.4 0.473 12.4 7.54 22:17

8.5 0.382 12.6 6.00 14.45

8.6 0.364 12.5 5.75 14.06

BL7 0.373 12.4 6.22 13.41

8.8 0.381 12.4 5.91 16.97

8.9 0.409 12.6 5.56 12.88

8.10 0.400 1223 5.56 12.50
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TABLE A.1.9  Material Property Test Results for4 x 12 Eastern Spruce
Clear Beams Subjected to Third-point Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength -of Matched Strength of Matched
(%) Specimens Specimens
(ksi) (ksi)
9.1 0.379 18.0 4.15 11.20
9.2 0.386 17.3 4.36 10.94
9.3 0.404 17.0 4.49 10.20
9.4 0.390 15:2 5.08 13.90

9.5 0.416 15.4 5.00 14.60
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Table A.1.10 Material Property Test Results for 1.50 X 1.65 inches
Eastern Spruce Clear Beams Subjected to Central Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens

(ksi) (ksi)

10.1 0.431 11.8 7.98 16.66

10.2 0.399 11.5 7..29 13.47

10.3 0.419 116 7.81 17.30

10.4 0.374 ) 6.50 14.18

10.5 0.427 116 7.81 14.78

10.6 0.421 116 7.61 16.35

10.7 0.443 113 7:97 13.79

10.8 0.378 15 6.65 16.67

10.9 0.376 11.6 7.02 13.53

10.10 0.405 1 7.5 18.60

10.11 0.448 11.6 8.03 20.38

10.12 0.365 11.9 552 15.00

10.13 0.408 11.5 6.89 12.55
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TABLE A.1.11 Material Property Test Results for 1.50 X 1.65 inches
Douglas-Fir Clear Beams Subjected to Central Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens

(ksi) (ksi)

il 0.464 122 7.29 15.69

0il.2 0.547 12.0 8.88 19.72

il 3 0.520 12.0 9.49 24.76

11.4 0.580 1155 9.98 29.08

-5 0.408 1153 6.51 13.65

11.6 0.496 7.2 8.41 1819

.7 0.421 11.4 6.89 16.18

11.8 0.410 17 7:29 16.20

iit.9 0.490 18155 9.49 26.13
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TABLE A.1.12 Material Proberty Test Results for 2 X 4 Eastern Spruce
Clear Beams Subjected to Central Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens
(ksi) (ksi)
12,1 0.384 13.0 6.53 14.28
i2.2 0.378 13.1 6.36 1732
12.3 0.438 131 6.88 20.52
12.4 0.430 12.9 738 22.98
§2.5 0.399 13.0 6.70 17.90
12.6 0.380 13.0 5.90 18.55
2.7 0.405 13.0 6.98 15.97
12.8 0.372 12.9 6.37 15.18
12.9 0.386 13.5 5.97 15.27
12.10 0.387 12.9 5:76 17.88
12,11 0.390 12.9 527 13.83
2,12 0.379 12.9 6.38 15.98
12.13 0.384 12.9 5.86 1725
12.14 0.439 13:1 6.98 17.80
§2. 15 0.449 12.7 7.82 21.13
12.16 0.420 13.4 6.01 14.34
12.17 0.378 13.0 5.72 14.75
12.18 0.396 13.0 6.20 16.20
12.19 0.382 12.9 6.20 20.54
12.20 0.372 12.8 6.20 11.18
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TABLE A.1.13 Material Property Test Results for 2 X 6 Eastern Spruce
Clear Beams Subjected to Central Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens
(ksi) (ksi)
13.1 0.420 13.1 6.61 17.66
3.2 0.410 13.3 6.77 16.60
183 0.379 13.0 5.70 13.88
13.4 0.408 13+1 6.43 19.32
43.5 0.388 13.3 531 18515
13.6 0.398 13:1 6.81 17.26
3.7 0.364 1342 5.22 1513
3.8 0.355 130 5.22 14.05
{189 0.406 1351 6.27 14.70
13.10 0.400 13:1 - 6.62 16.36
§8.11 0.420 12.8 6.91 13.86
i3 12 0.359 13.0 5.30 16.58
18513 0.357 34 5.30 13.41
13.14 0.385 13.2 6.62 15.69
13.15 0.378 13- 6.35 15.67
13.16 0.425 T3:1 6.97 20.42
13,17 0.347 13.4 4.63 15.05
13.18 0.387 13.0 6.01 12.46
3. 19 0.411 131 6.93 13.50
13.20 0.396 13.0 6.43 1931
13.21 0.402 13.0 5.38 13.54
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TABLE A.1.14 Material Property Test Results for 2 X 6 Douglas-Fir
Clear Beams Subjected to Central Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens

(ksi) (ksi)

14.1 0.465 1257 6.49 14.05

14.2 0.390 12.8 6.56 1244

14.3 0.658 135 9.98 20.28

14.4 0.580 12.0 9.98 25.60

14.5 0.543 13:9 9.98 19.84

14.6 0.408 118 6.56 12.51

14.7 0.409 11.9 7.7 13.24

14.8 0.468 12.4 8.64 20.54
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TABLE A.1.15 Material Property Test Results for 2 X 8 Eastern Spruce
Clear Beams Subjected to Central Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens

(ksi) (ksi)

15 1 0.400 13:5 5.90 14.60

5.2 0.352 13.8 4.72 14.81

i15.3 0.353 18:7 5.08 16.42

15.4 0.384 1357 5.57 17.99

155 0.350 13.4 4.55 12.19

15.6 0.352 18.5 5.03 14.68

5.7 0.366 13.3 5.48 17.10

15.8 0.435 13.6 6.09 20.19

5.9 0.377 13.5 5.00 13.38

15.10 0.391 13.5 5.28 17.88
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TABLE A.1.16 _Material Property Test Results for 4 X 12 Eastern Spruce
Clear Beams Subjected to Central Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength .of Matched Strength of Matched
(%) Specimens Specimens
(ksi) (ksi)

16.1 0.361 20.4 3.10 9.48

16.2 0.392 17.5 4.27 11.29

16.3 0.404 18.2 4.03 10.67

16.4 0.364 18.0 3.91 13.37

16.5 0.362 17.8 4.03 10.04
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TABLE A.1.17 Material Property Test Results for 2 X 4 Eastern Spruce
Knotted Beams Subjected to Third-point Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens

(ksi) (ksi)

7.1 0.443 11.9 6.12 19.55

7.2 0.433 12.1 6.47 16.43

7.3 0371 TL.9 6.30 13.06

17.4 0.421 12.1 5,55 10.19

17.5 0.480 1251 7.80 16.93

17.6 0.369 11 9577 5.23 13.22

7.7 0.374 11.6 5.37 12.86

17.8 0.425 118 6.97 17.44

7.9 0.417 12.1 6.35 16.94

17.10 0.400 2l 4.72 15.97

7. 11 0.390 23 6.07 11.33

712 0.430 11.4 6.73 19,19

0713 0.428 1.8 6.97 19.18

17.14 0.478 12.0 7.41 19.81

§7.15 0.361 12.3 4.72 16.26
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TABLE A.1.18 Material Property Test Results for 2 X 6 Eastern Spruce
Knotted Beams Subjected to Third-point Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens

(ksi) (ksi)

18.1 0.383 1152 6.22 16.00

18.2 0.434 11.5 7.18 19.07

18.3 0.373 1l 6.38 18.13

18.4 0.482 TAL6 8.03 18.60

18.5 0.442 1156 7.20 16.28

18.6 0.350 10.6 5,66 11.82

18.7 0.378 10.8 6.78 14.49

18.8 0.343 10.2 6.15 13.84

18.9 0.395 110 6.40 12,91

18.10 0,337 10.5 6.78 11.61

18.11 0.423 11.0 T v37 16.02

18.12 0.451 10.8 7:87 14.22
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TABLE A.1.19 Material Property Test Results for 2 X 4 Eastern Spruce
Knotted Beams Subjected to Central Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength of Matched Strength of Matched
(%) Specimens Specimens

(ksi) (ksi)

19.1 0.369 119 5,23 13522

19.2 0.390 12.1 6.07 11.33

19.3 0.443 12.0 6.12 17575

19.4 0.374 11.9 5.37 12.86

9.5 0.430 12,1 6.73 19.19

19.6 0.433 1251 6.47 16.43

9.7 0.425 il 15574 6.97 17.44

19.8 0.428 1146 6.47 19518

1959 0.371 11.8 6.30 13.06

19.10 0.417 12.1 6.35 ‘ 16.94

19.11 0.478 121 7.14 19.81

19,12 0.421 12,3 9.55 10.19

19,13 0.400 11.4 4.72 15.97

19.14 0.361 148 5.37 1387

19.15 0.480 2.3 7.80 16.93
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TABLE A.1.20 _Material Property Test Results for 2 X 6 Eastern Spruce
Knotted Beams Subjected to Central Loading

Beam Specific Moisture Ultimate Compressive Ultimate Tensile
No. Gravity Content Strength. of Matched Strength of Matched
(%) Specimens Specimens

(ksi) (ksi)

20.1 0.452 9.9 7.83 17.03

20.2 0.347 9.2 5.70 13.53

20.3 0.407 10.4 737 18.44

20.4 0.445 10.6 7533 18.15

20.5 0.424 10.6 6.78 15.33

20.6 0.430 11.0 8.05 14.97

20.7 0.383 Jil.2 733 17,03

20.8 0.434 11..5 5.70 13.53

20.9 0.373 el 737 18.44

20.10 0.442 116 7+38 18.15

20.11 0.442 116 6.78 1533

20.12 0.482 10.2 8.05 14.97




TABLE A.2.1:

Subjected to Third-poi nt Loadi ng

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum Maximum N.A.
c Et Com- Tensile Position Bending Tensile Tensile Position
Stress pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from = from
(X10%ksi)  (X107ksi) For -3 .3, Bottom M, t Fe Bottom
p (X1077) (X107°) of Beam -3 of Beam
(ksi) : (in-k) (X107°) (ksi) Y
11 .93 1.99 8.02 4.21 4.03 0.500 8.43 7.52 14.96 0.424
12 1.99 1.93 8.02 3.97 4.16 0.491 7.29 5.83 1125 0.464
1.3 1.56 1.70 6.85 4.46 4.03 0.485 7.29 7.08 12.03 0.440
1.4 1.65 1.65 6.85 4.33 4.15 0.500 6.55 6.52 10.76 0.458
i 1.61 1.68 8.02 4.51 4.76 0.509 8.43 9.21 T 15.47 0.439
1.6 1.59 1.70 7.29 4.58 4.28 0.485 7.74 8.02 13.63 0.424
it 1.82 2.25 7.29 4.13 3.24 0.450 6.94 4.89 11.00 0.445
1.8 1.41 1.41 6.56 4.64 4.64 0.491 7.09 8.77 12,37 0.430
1.9 185 1.85 6.56 3.60 3.54 0.491 7.14 751 13.90 0.394
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TABLE A.2. Cont'd i

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum Maximum N.A.
Ec Et Com- Tensile Position Bending Tensile Tensile Position
Stress pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from E from
(X10%ksi)  (X107ks{) Foy -3 _3, Bottom M t Fy Bottom
i (X0 =) (X10™7) of Beam 3 of Beam
(ksi) (in-k) (x1077) (ksi) i/
1.10 2.2 2.12 8.31 3.91 3.91 0.491 8.38 7.08 15.01 0.391
kel 1.98 2.09 7.29 3.91 3.48 0.500 7.44 6.08 12.71 0.448
1.12 1.94 1.72 8.02 4.28 4.64 0.500 8.04 8.14 14.00 0.440
1.13 1.42 1.67 5.10 3.42 3.06 0.500 5.46 6.14  10.25 0.476
1.14 197 2.06 6.56 3.48 3.18 0.464 6.05 4.76 9.81 0.451
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TABLE A.2.2: Beam Test Results of 1.50 X 1.65 inches Douglas-Fir Clear Specimens Subjected
To Third-point Loading

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No. Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
Es Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from & from
(X10%ksi)  (X107ksi) F 1 3 .3, Bottom Mu t Ft Bottom
Pt (x10™°)  (X10™%) of Beanm 5 of Beam
(ksi) (in-k)  (X107%)  (ksi) Y
2.1 2.38 2.38 8.75 3.67 3.67 0.500 9.08 6.77 16.11 0.412
2.2 1.75 1.93 8.75 5.19 4.52 0.500 7.54 5.76 T 12 0.464
2.3 2.63 2.29 10.93 4.52 4.77 0.500 10.9i 8.46 19.37 0.455
2.4 2.40 2.67 11.66 5.07 4.13 0.450 1.7 8.14 21.73 0.450
2.5 1.67 .73 8.31 4.70 4.64 0.482 6.94 6.27 10.85 0.473
2.6 1.85 1.96 8.02 4.64 4.09 0.464 7.14 5.64 11.05 0.455
2.7 1.90 173 7.29 4.28 4,22 0.482 7.14 7.39 12.78 0.439
2.8 1.36 1.47 6.56 5. 13 4.46 0.482 6.45 7.02 10.32 0.452
2.9 2.40 2.53 10.20 4.40 4.03 0.464 9.72 6.64 16.80 0.403
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TABLE A.2.3: _Beam Test Results of 2 X 4 Eastern Spruce Clear Specimens Subjected to Third-poin

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
Ec Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from e from
(X10°ksi)  (X107ksi) F 1 -3 -3 Bottom Mu t Fy Bottom
P {X30"%) (X10™7) of Beam 3 of Beam
(ksi) (in-k) (x1077) (ksi) X
357 1.98 2.07 6.82 3.46 3.31 0.500 32.30 7.4 15.34 0.411
3.2 1.85 1.85 7.14 3.93 3.88 0.500 32.30 6.64 12.28 0.429
3.3 1.96 1.96 8.07 3.46 3.48 0.479 38.00 7.52 14.74 0.371
3.4 2.36 2.21 8.69 3.76 3.93 0.500 37.50 6.41  14.17 0.443
3.5 2.08 2.08 6.82 3.28 3.28 0.486 33.25 7.08 14.73 0.429
396 2.02 2.09 8.07 4.04 3.87 0.493 34.20 6.41 13.40 0.429
3.7 1.67 1.67 6.82 4.10 4.10 0.500 32.30 9.07 15.15 0.434
3.8 1.92 1.94 6.82 3.56 3.53 0.500 33.25 8.41 16.32 0.343
3.9 2,15 2:11 7.45 3.46 3.53 0.486 34.68 6.64 14.01 0.434
3.10 2.29 1.81 7.45 3.26 4.12 0.500 32.30 6.64 12.02 0.434
3.1 2.17 2.24 8.07 3.72 3.61 0.500 35.15 6.36 14.25 0.429
3.2 1.85 1..85 6.82 3.50 3.72 0.486 34.20 8.74 16.17 0.400
3513 2.16 ; 1.94 7.45 3.46 3.86 0.500 34.20 7.02 13.62 0.429 &
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TABLE A.2.3 Cont'd)

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No. Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
Ec Et Com- Tensile Position Bending Tensile Tensile Position
Stress pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from c from
(X107ksi)  (X10°ks1i) F 1 3 -3 Bottom M t Fy Bottom
Pt (x107°)  (x10™°) of Beam 3 of Beam
(ksi) (in-k)  (x107%)  (ksi) Y
3.14 1.76 1.61 6.82 4.04 4.26 0.500 34.20 9.95 16.02 0.423
3.15 2.49 2.58 8.69 3.48 3.37 0.500 38.95 7.59 19.58 0.386
3,16 1.62 1.62 6.82 4.22 4.23 0.500 31.35 7.85 1272 0.434
317 1.95 2.02 6.82 3.72 3.39 0.500 31-35 7.74 15.63 0.360
3.18 .77 2.02 6.82 4.15 3:39 0.457 31..35 8.52 : 1721 0.371
3.19 1.96 2.01 6.58 3.60 3.28 0.500 31.35 6.97 14.01 0.436
3.20 2.03 Z.15 5.58 3.22 2.78 0.450 26.60 4.63 9.95 0.393

6L1



TABLE A.2.4 Beam Test Results of 2 X 6 Eastern Spruce Clear Specimens Subjected to Third-point Loading

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
E Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from = from
(X10%ksi)  (X107ksi) For -3 _3. Bottom M, t Fy Bottom
p (%10 ) (X10™°) of Beam -3 of Beam
(ksi) (in-k) (X107°) (ksi) Y
4.1 2.18 2.25 6.94 3.17 3.08 0.500 77.25 5.00 11.25 0.473
4.2 1.80 1.80 5.95 3.33 3.28 0.491 69.00 5.75 10.35 0.445
4.3 1.5l 1.49 5.16 3.38 3.44 0.482 61.50 7.02 10.46 0.431
4.4 2.15 2.25 6.35 3.20 2.81 0.482 69.00 4.47 10.06 0.458
4.5 2.30 2.41 6.74 2.88 2.78 0.482 78.00 5.43 < 13.09 0.409
4.6 1.87 1.96 6.35 3.42 3.23 0.473 71.25 5.59 10.96 0.427
4.7 1.40 1.47 5.55 4.02 3.74 0.473 62.25 6.54 9.61 0.415
4.8 1.84 1.81 5.565 3.14 3.06 0.491 69.00 5.69 10.30 0.436
4.9 1.69 1.69 5.55 3.32 3.27 0.491 66.75 6.27 10.60 0.445
4.10 1.69 1.46 6.15 3.49 4.18 0.527 69.00 8.30 1212 0.473
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TABLE A.2.4 (Cont'd)

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
EC Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from o from
(X10%ksi)  (X107ksi) F 1 -3 -3, Bottom M t By Bottom
P (X1077) (X10™°) of Beam -3 of Beam
(ksi) (in-k) (x1077) (ksi) Y
4.1 1.98 2.08 6.74 3.54 3.23 0.482 73.50 7.23 15.04 0.377
4.12 1.93 2.05 7.54 3.81 3.65 0.476 78.75 6.21 12.73 0.404
4.13 1.79 =92 6.35 3.61 3.28 0.478 72.75 5.81 11.14 0.455
4.14 1.97 2.05 7.14 3.78 3.46 0.482 77.25 6.11 12.53 0.441
4.15 1.81 1wl 6.15 3.32 3.45 0.509 67.50 5.34 9.45 0.476
4.16 2.02 2.27 6.35 3.26 2.78 0.500 66.00 4.26 9.67 0.436
4.17 2.04 1.96 6.35 3.14 3.23 0.491 75.00 6.60 12.94 0.422
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Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
EC Et Com- Tensile Position Bending Tensile Tensile Position
Stress pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from B from
(X10%ksi)  (X107ksi) Foi -3 3. Bottom M, £ Fi Bottom
P (x1077) (X10™7) of Beam -3 of Beam
(ksi) - (in-k) (x1077) (ksi) Y
5.1 1.87 .70 6.35 3.86 3.70 0.482 7125 6.33 10.76 0.424
52 187 .05 5.55 2.98 2.70 0.491 57.00 4.00 8.22 0.455
5.3 1.78 .09 7.93 4.45 3.78 0.455 96.75 8.46 17.68 0.418
5.4 2.64 .64 10.11 3.81 3.81 0.500 99.00 5.49 14.49 0.473
5.5 1.56 92 6.74 4.44 3.49 0.436 75.00 5.64 +10.83 0.391
5.6 1.49 37 5.85 3.64 4.03 0.491 60.00 67 8.45 0.455
5.7 1.:82 .01 7.14 3.92 3.52 0.482 67.50 4.69 9.43 0.473
5.8 2.42 .50 8.53 3.49 3.38 0.500 91.50 7.02 17.55 0.404
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TABLE A.2.6 Beam Test Results of 2 X 6 Eastern Spruce Clear Stiffened Specimens Subjected to
Third-point Loading

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum Maximum N.A.
Ec Et Com- Tensile Position Bending Tensile Tensile Position
Stress pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from . from
(X10%ksi)  (X107ksi) E 1 -3 .3, Bottom M, t Fi Bottom
P (x107°)  (X107°) of Beam _3 of Beam
(ksi) (in-k) (x1077) (ksi) ¥
6.1 1.76 1.88 6.49 3.86 3.45 0.500 63.00 4.90 9.22 0.455
6.2 1.65 1.69 6.13 3.80 3.65 0.500 60.00 5512 8.65 0.470
6.3 1.79 1.94 6.64 3.83 3.42 0.491 75.00 6.00 11.64 0.455
6.4 1.94 747 6.85 3.53 3.86 0.509 70.50 6.14 10.87 0.451
6.5 1.40 1.53 6.13 4.41 4.00 0.500 70.50 8.90 "13.61 0.391
6.6 1.30 137 4.46 3.61 3.26 0.500 45.00 4.72 6.46 0.475
6.7 2.04 1.96 6.35 3.14 3.23 0.491 75.00 6.60 12.91 0.422
6.8 1.69 177 6.49 4.03 3.67 0.495 70.50 6.60 11.69 0.436
6.9 1.49 1.40 4.98 3.35 3.56 0.500 55.00 6.39 8.94 0.420
6.10 1.47 1.47 5.41 3.78 3.68 0.500 60.00 6.20 9.1 0.468
6.11 1.84 1.88 6.53 3.72 3.48 0.500 70.50 6.11 11.48 0.433
6.12 1.86 1.95 657 3.89 3.37 0.496 70.50 6.25 12.18 0.400
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TABLE A.2.6 (Cont'd) —

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum Maximum N.A.
Ec Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from - from
(X10%ksi)  (X107ks1i) For -3 _3, Bottom M, t Fe Bottom
P (x1077) (X10™7) of Beam -3 of Beam
(ksi) (in-k) (x1077) (ksi) Y

6.13 1.41 1.49 4.03 3.00 2.70 0.496 48.00 6.38 9.51 0.379
6.14 1.36 1.56 6.54 5.30 4.19 0.486 72.00 7.85 12.25 0.429
6.15 1.30 1.28 4.33 3.34 3.38 0.500 45.00 5.44 6.97 0.470
6.16 1.50 1.49 5.53 3.78 3.70 0.500 60.00 6.64 9.90 0.426
6.17 2.12 2.13 6.13 3.18 2.87 0.500 69.00 5.70 ‘12,15 0.420
6.18 1.34 1.44 4.33 3.54 3.00 0.496 48.00 6.10 8.79 0.400
6.19 1.74 1.74 5.95 3.53 3.45 0.500 60.00 4.93 8.58 0.467
6.20 1.73 1.74 5.95 3.60 3.42 0.500 60.00 5.00 8.68 0.467
6.21 2.09 2.16 6.35 3.18 2.94 0.491 69.00 5.04 10.89 0.440
6.22 1.48 1.43 6.95 4.68 4.86 0.509 66.00 6.45 9.23 0.470
6.23 133 1.32 4.46 3.35 3.38 0.500 45.00 5.78 7.63 0.446
6.24 1.20 1.29 4.18 3.69 3.25 0.489 48.00 6.18 7.98 0.433
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Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No. Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum Maximum N.A.
E Et Com- Tensile Position Bending Tensile Tensile Position
Stress pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from & from
(X10%ksi)  (X107ksi) Fo1 -3 _3, Bottom M t Fy Bottom
P (x1077) (X10™7) of Beam -3 of Beam
(ksi) (in-k)  (X107°)  (ksi) Y
/i) <15 2.19 7.93 .69 3.62 0.496 84.00 5.91 12.95 0.451
T2 i 2.18 757 .74 3.48 0.500 75.00 4.90 10.66 0.475
1.3 .99 1.98 721 .70 3.64 0.500 69.00 4.56 9.03 0.475
7.4 .49 1.37 5.55 .64 4.03 0.491 60.00 6.17 8.45 0.455
7/t .08 2.28 6.85 45 3.00 0.489 70.50 4.86 “11.07 0.455
7.6 .94 1.94 6.49 .55 3.35 0.500 70.50 6.14 11.91 0.451
747, .79 1.84 6.49 .80 3.53 0.485 69.00 6.55 12.06 0.417
7.8 i 2.17 6.85 «31 3.16 0.500 78.00 5.68 12.33 0.451
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TABLE A.2.8

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No. Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum Maximum N.A.
EC Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain  Factor Moment Strain Stress  Factor
3 3 Strain from & from
(X10%ksi)  (X107ksi) F 1 -3 3 Bottom Mu t Fy Bottom
P (x1077) (X1077) of Beam -3 of Beam
(ksi) (in-k)  (Xx107%)  (ksi) Y
8.1 .40 .25 6.16 2.28 2.2 0.500 109.68 3.68 8.28 0.470
8.2 .88 .05 5.39 2.89 2.62 0.500 86.10 3.05 6,25 0.488
8.3 .10 ikl 7.08 3.53 3.34 0.500 125.05 5.36 1131 0.458
8.4 .65 13 7.39 2.90 2.68 0.500 139.40 5.36 14.63 0.422
8.5 .80 .81 5.69 3.21 3.13 0.500 116.85 6.00 10.84 0.440
8.6 .65 .81 5.69 3.39 3.13 0.500 110.70 5.36 9.70 0.440
8.7 .78 .87 6.16 3.45 3.28 0.476 108.65 4.62 8.45 0.422
8.8 .79 .95 6.62 4.10 3.60 0.452 127.10 6.44 12.56 0.410
8.9 .57 .80 5.39 3.39 2.98 0.464 106.60 5.15 9.27 0.440
8.10 .98 .02 5.69 3.39 2.98 0.500 106.60 4.12 8.32 0.445
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TABLE A.2.9

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum Maximum N.A.
E Et Com- Tensile Position Bending Tensile Tensile Position
& Stress pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from o from
(X107ksi)  (X107ksi) Foi -3 _3, Bottom Mu t Ft Bottom
p (x107%)  (X107%) of Beam % of Beam
(ksi) (in-k) (x1077) (ksi) Y
9.1 1.38 1.82 4.03 2.62 2.21 0.465 420.00 3.50 6.37 0.440
9.2 1.31 1.64 4.23 3.75 2,57 0.447 465.00 4.74 L7 0.367
9.3 1.49 1.89 4.53 2.72 2.39 0.456 405.00 2.91 5.50 0.451
9.4 1.76 2.24 5.08 2.67 2.26 0.456 540.00 3.91 8.76 0.420
9.5 159 1.89 5.26 2.67 277 0.491 526.50 3.86 7.30 0.451
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TABLE A.2.10 Beam Test Results of 1 ;
Subjected to Central Loading

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of

Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.

EC Et Com- Tensile Position Bending Tensile Tensile Position
Stress pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from from
(X10%ksi)  (X10%ksi) Foy -3 _3, Bottom My St F Bottom
P (%10°7) (X10"°) of Beam 3 t of Beam
(ksi) (in-k) (x107°) (ksi) %

10.1 2.14 2.26 10.06 5.02 4.45 0.500 9.45 8.11 18.33 0.422
10:2 2.01 2.09 7.65 3.91 3.67 0.512 6.68 4.90 10.24 0.492
10.3 2.08 1.96 7.65 4.03 3.91 0.524 7.44 6.71 13,15 0.500
10.4 1.60 1.50 6.56 4.1 4.38 0.515 6.47 7.94 11.91 0.439
10.5 1.83 1.81 8.75 4.95 4.83 0.500 8.48 8.33 15.08 0.439
10.6 1.93 1.94 8.75 4.80 4.60 0.500 8.63 9.52 18.47 0.391
10.7 1.74 1.88 7.65 4.64 4.16 0.500 7.66 7.99 15.03 0.427
10.8 1.60 1.56 7.65 5.26 5.07 0.500 7.44 9.40 14.67 0.427
10.9 1.69 1.64 7.65 4.83 4.77 0.500 7.07 7.67 12.58 0.452
10.10 2.33 2.22 7.65 4.08 3.95 0.515 8.19 7.87 17.48 0.427
10.11 2.23 2.30 8.75 4.1 3.80 0.524 8.71 753 17.32 0.436
10.12 1.35 1.39 8.75 4.40 4.03 0.500 5.73 7:12 9.90 0.452
10.13 1.82 170 5.69 4.58 4.52 0.488 7.59 7.92 13.55 0.430 373'




Subjected t

Central Loading

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
ES Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain  Factor Moment Strain Stress  Factor
3 3 Strain from = from
(X107ksi)  (X107ksi) Foi -3 _3. Bottom M, t F¢ Bottom
D (x1077) (X1077) of Beam -3 of Beam
(ksi) (in-k) (x1077) (ksi) o
=0 2.06 2.06 7.165 3.91 3.79 0.512 8.04 F-77 16.00 0.427
11.2 1.90 1.98 10.39 6.36 5.32 0.500 10.42 9.66 19.13 0.445
113 2.53 2.83 11.59 5.07 4.03 0.476 1176 7:87 22.28 0.403
11.4 2.77 2.80 12.68 4.7 4.16 0.500 12.95 11.32 31.70 0.367
15 1.70 1:43 8.20 5.:32 4.83 0.489 8.19 8.44 14.60 0.430
11.6 175 1.92 8.75 5.13 4.71 0.512 8.48 7.40 14.20 0.488
7 1.86 Tl ¥ 7.65 4.89 4.64 0.500 7.44 8.1 15.53 0.403
11.8 157 1.59 7.65 5.62 5.13 0.479 7.44 10.24 16.28 0.382
119 2.53 2.5 10.06 4.52 4.16 0.500 10.12 9.68 24.30 0.355
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Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No. Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.

E Et Com- Tensile Position Bending Tensile Tensile Position

¢ Stress pressive Strain  Factor Moment Strain Stress  Factor

3 3 Strain from from

(X10%ksi)  (X107ksi) F 1 -3 -3 Bottom M Et Ft Bottom
P (x107%)  (X107%) of Beam 3 of Beam
(ksi) (in-k) (X10°%) (ksi) Y

124 2.03 2.07 7.44 4.75 3.59 0.536 30.64 7.3 15.14 0.386
12.2 1.96 2.05 7.44 5.00 3.63 0.500 32.78 8.19 16.78 0.357
1253 2.07 2.41 7.9 5.03 3.28 0.514 36.34 8.68 20.93 0.343
12.4 1.90 2.25 8.38 4.87 3.73 0.500 35.63 8.17 18.38 0.386
125 1465 1.79 7.44 6.08 4.17 0.500 29.93 6.90 12.35 05377
126 1.67 1.'92 7.44 4.77 3.87 0.500 31.35 7.05 13.54 0.406
12.7 1.47 1.47 6.98 5.63 4.76 0.500 28.50 7.06 10.38 0.471
12.8 159 1.63 6.05 4.70 3.72 0.500 28.50 117 11.69 0.429
12:8 1.84 2.09 6.98 4.48 3.34 0.500 31.35 7.09 14.81 0.414
12.10 1.74 2.21 7.26 5.03 3.28 0.500 3)..35 7.52 16.63 0.371
1201 2.14 2.14 7.44 3.80 3.48 0.521 32.06 6.14 13.14 0.457
j2.12 157 1.165 7:2] 5.03 4.38 0.479 31235 8.62 14.22 0.414
12.13 167 1.73 7.44 5.28 4.30 0.500 32.78 9.97 17.24 05377

061



4,2 —

TABLE A.2.12 Cont'd)

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
Ec Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain  Factor Moment Strain Stress  Factor
3 3 Strain from - from
(X10%ksi)  (X107ksi) E 1 -3 -3 Bottom Mu £ Ft Bottom
P (x107%) (X10™°) of Beam 3 of Beam
(ksi) (in-k) (x10°7) (ksi) Y
12.14 1557 152 6.98 5.03 4.83 0.500 34.20 11.69 17.77 0.414
1215 231 257 8.84 4.26 3.45 0.514 39.90 7+13 19.86 0.398
12.16 1.93 1.94 721 4.59 3.72 0.500 31.35 7.46 14.48 0.386
12.17 1.95 2.06 7.44 4.76 3.62 0.486 32.78 7.95 16..37 0.357
12.18 1.60 1.70 7.44 5.66 4.38 0.500 3135 9.05 15.39 0.391
12.19 1.84 1.86 T2 4.81 3.88 0.500 3135 7.95 14.79 0.334

12.20 127 197 6.05 3.72 3.06 0.486 25.65 4.65 917 0.471
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TABLE A.2.13

Beam Test Results of 2 X 6 Eastern Spruce Clear Specimens Subjected to Central Loading

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum Maximum N.A.
IEc Et Com- Tensile Position Bending Tensile Tensile Position
Stress pressive Strain  Factor Moment Strain Stress  Factor
3 3 Strain from 5 from
(X10%ksi)  (X107ksi) Foq -3 _3. Bottom M, i Fi Bottom
P (x1077) (X10™") of Beam -3 of Beam
(ksi) (in-k) (x107) (ksi) g
13.1 1.95 1.88 714 3.91 3.93 0.509 78.75 7.14 13.42 0.445
13.2 2.01 2..35 759 4.39 3.33 0.464 85.50 7.42 17243 0.382
113=3 175 1.90 6.84 4.34 3.76 0.500 72.00 6.28 11.94 0.343
13.4 1.98 1.88 7.14 3.63 3.82 0.536 78.75 7.81 14.68 0.405
13.5 1.46 1.42 595 4.41 4.21 0.500 63.00 7.58 10.76 0.436
13.6 1.56 1.83 6.40 4.65 3.49 0.483 67.50 6.88 12.60 0.400
137 132 1.34 5.95 4.50 4.44 0.482 63.00 6.81 10.29 0.455
13.8 1.70 1.89 5.36 3.38 2.83 0.500 58.50 7.38 9.13 0.473
13.9 1.82 1.85 6.84 4.04 3,70 0.500 74.25 7.54 13.96 0.413
13.10 1.70 2.00 6.55 4.18 3.38 0.491 74.25 7.20 14.40 0.382
13584 1.90 1.80 6.84 3.86 3.91 0.500 69.75 6.39 11.50 0.464
13.12 1.54 1.82 6.84 4.97 3.75 0.500 74.25 7.20 13.10 0.409 -
O
13:13 1.50 157 5.65 4.97 3.60 0.491 61.88 7.00 11.00 0.382 =




TABLE A.2.13

(Cont'd)

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No. Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
Ec Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain  Factor Moment Strain Stress  Factor
3 3 Strain from from
(X10%ksi)  (X107ksi) 1 3 .3, Bottom M t Fe Bottom
Pt (x107)  (x10™%) of Beam - of Beam
(ksi) (in-k) (x1077) (ksi) Y
13.14 1.64 1.92 6.69 4.55 3.49 0.473 69.75 6.62 12.71 0.400
13.15 1.59 1.92 5.65 4.02 2.94 0.473 65.25 7.00 13.48 0.373
13,16 1.94 2.5 7.74 4.39 3.60 0.500 83.25 7.98 1715 0.382
13.17 1.20 1.19 5.65 4.97 4.76 0.509 60.75 9.49 11.29 0.418
13.18 1.47 1.49 5.65 4.12 3.81 0.514 61.88 6.35 9.47 0.467
13.19 2.00 2.31 704 3,72 3.09 0.491 81.00 5.14 11.88 0.436
13.20 2.10 2.00 7.14 3.73 3.58 0.500 83.25 8.10 16.22 0.427
13.2] 132 1.89 5.65 4.44 2.96 0.422 60.75 5.00 9.48 0.422
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TABLE A.214 Beam Test Results of 2 X 6 Douglas-Fir Clear Specimen Subjected to Central Loading

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No. Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
Ec Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from from
(X107ksi)  (X107ks1i) F 1 -3 3 Bottom Mu 2 Ft Bottom
P (x10™°)  (X107°) of Beam _3 of Beam
(ksi) (in-k) (X1077) (ksi) Y
14.1 2.36 225 7.14 3.1 3.19 0.545 72.00 4.43 9.97 0.500
14.2 1.38 1.44 6.55 4.92 4.60 0.500 72.00 8.89 12.81 0.391
14.3 2.92 2.83 11.90 4.08 4.21 0.500 108.00 5.30 15,01 0.473
14.4 2.90 3.05 17.31 4.02 3.70 0.500 121.50 Ti22 22.01 0.391
14.5 2.65 2.92 11.90 4.77 4.38 0.518 108.00 6.71 18.25 0.436
14.6 1.19 1.46 6.55 5.71 4.44 0.445 60.75 6.08 8.88 0.445
14.7 1.61 1.62 8.03 5.36 4.97 0.509 78.75 6.78 10.99 0.482
14.8 2.55 2.50 10.11 4.23 4.18 0.500 108.00 7.89 19.72 0.400
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TABLE A.2.15 Beam Test Results of 2 X 8 Eastern Spruce Clear Specimens Subjected to Central Loading

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of —
' Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
Es ; Et Com- Tensile Position Bending Tensile Tensile Position
Stress pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from e from
(X10%ksi)  (X107ksi) Fp] -3 3, Bottom Mu t Fi Bottom
) (x1077) (X10°°) of Beam -3 of Beam
(ksi) (in-k) (x1077) (ksi) X
15.1 1.79 2.12 5.31 3.08 2.50 0.500 104.55 4.20 8.91 0.462
15.2 1.68 1.81 6.00 4.64 3.32 0.473 113.78 6.14 LA 0.415
15.3 1.64 179 5.54 4.31 3.09 0.500 107.63 7.16 12.81 0.397
15.4 2.16 2.31 6.46 3.81 2,79 0.486 138.38 6.31 14.57 0.377
15.5 1275 12 6.00 4.48 3.49 0.486 104.55 5.24 9.02 0.432
1526 177 1.87 5.08 3.54 2.7 0.500 101.48 5.5% 10.42 0.418
15:7 1.83 2.34 5.54 3.80 2.37 0.473 116.85 5.70 13.34 0.384
15.8 2.2 2457 6.46 3.44 2.5 0.500 138.38 6.28 16.15 0.342
15:9 1.48 1.75 6.00 4.59 3.18 0.500 119.93 7.03 12.31 0.404
15.10 1.7 2.01 5.54 3.73 2-75 0.479 104.55 4.36 8.76 0.459
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TABLE A.2.16

Beam Test Results of 4 X 12 Eastern Spruce Clear Specimens Subjected to Central Loading
Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
Ec Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain  Factor Moment Strain Stress  Factor
3 3 Strain from - from
(X107ks1)  (X107ksi) Fay -3 _3, Bottom M, t E. Bottom
P (x1077) (X1077) of Beam 3 of Beam
(ksi) (in-k) (Xx1077) (ksi) Y
16.1 0.90 1.06 3.32 4.27 3:.12 0.500 353.25 5.63 5.97 0.398
16.2 157 1.81 4.83 3.32 2.67 0.500 490.50 4.12 7.45 0.438
16.3 1.33 1.75 4.23 3.08 2.41 0.500 405.00 3.35 5.87 0.482
16.4 .21 132 3.99 4.52 3.03 0.500 414.00 6.89 9.09 0.358
16.5 0.97 1527 4.83 4.90 3.79 0.500 495.00 6.09 773 0.389
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TABLE A.2.17

Beam Test Results of 2 X 4 Eastern Spruce Knotted Specimens Subjected to Third-point Loading

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No. Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
Ec Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from & from
(X10%ksi)  (X107ks1i) F 1 3 - Bottom Mu t Ft Bottom
P (x1077) (x10 of Beam -3 of Beam
(ksi) (in-k) (X1077) (ksi) Y
17.1 .62 78 6.32 4.26 3.55 0.486 28.50 6.20 11.03 0.443
172 .80 2.05 5.89 3.28 2.87 0.506 18.05 2.87 5.89 0.506
1743 .35 1.56 5.58 5.06 3.57 0.457 23,75 5.86 9.15 0.414
17.4 .29 1.13 4.65 3.62 4.11 0.494 17.10 5.14 5.81 0.477
17..5 523 2.107 7.46 3.38 3.60 0.471 3135 5.45 11.29 0.423
176 .34 130 5.21 3.87 3.98 0.500 26.60 6.7% 8.87 0.450
17.7 .88 1.96 4.94 2.63 2.52 0.463 21.38 3.86 7.57 0.443
17.8 .10 2.10 4.94 2.35 2.35 0.500 20.43 3.57 139 0.500
17.9 .90 1.96 6.20 3.47 3.16 0.463 28.50 5.22 10.24 0.400
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TABLE A.2.17 (Cont'd)

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
Ec E,c Com- Tensile Position Bending Tensile Tensile Position
Stress pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from e from
(X10%ksi)  (X107ksi) Fol -3 3, Bottom M, t Fe Bottom
P (x1077) (X107°) of Beam -3 of Beam
(ksi) (in-k) (X1077) (ksi) Y
17.10 1.10 1 11174 4.79 4.37 4.09 0.529 18.05 5.43 6.36 0.494
1712 151 1.60 5.27 3.50 3.29 0.471 16.15 3.29 5.27 0.471
17.12 1.92 2.13 6.77 3.54 3.18 0.457 29.45 5.22 L 0.394
17,13 1.76 1.76 6.93 3.94 3.94 0.500 31,35 8.13 14.31 0.394
17.14 2.21 2.7 713 3.23 3.29 0.509 27.55 4.38 9.50 0.480
1Z-15 1.56 1.74 4.95 3.7 2.84 0.500 20.43 3.73 6.49 0.477
a: Elastic behavior to failure

861



—ﬁ__q

TABLE A.2.18 _ Beam Test Results of 2 X 6 Eastern Spruce Knotted Specimens Subjected to Third-point Loading

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
Ec Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain  Factor Moment Strain Stress  Factor
3 3 Strain from from
(X10%ksi)  (X10°ksi) Fi 4 _3. Bottom M ot F Bottom
Pt (x107°)  (x107°)  of Beam .3 of Beam
(ksi) (in-k)  (X107°)  (ksi) ¥
18.1 1.82 2.01 4.76 2.85 2.37 0.500 48.00 3.44 6.92 0.490
18.2 1.95 2.12 7.14 3.66 3.37 0.491 81.00 6.37 13.50 0.409
18.3 1.94 2.08 5.58 2.86 2.67 0.500 60.00 4.12 8.57 0.473
18.4 2.30 2.45 7.54 3.31 3.08 0.491 8.00 4.38 10.70 0.454
18.5 1.96 2.00 7.14 4.04 3.57 0.473 75.00 5.65 11.30 0.418
18.6 1.65 185 4.76 2.88 3.07 0.500 48.00 4.26 6.60 0.480
18.7 1.99 77 6.74 3.38 3.81 0.500 72.00 5.70 10.09 0.422
18.8 1.79 1.81 5.9 3.34 3.29 0.491 60.00 4.88 8.83 0.427
18.9 1.74 1.70 6.35 3.65 3.74 0.509 60.00 5.22 8.87 0.467
18.102 1.90 1.88 6..35 3.30 3..38 0.527 48.00 3.38 6.35 0527
1851 1.85 1.93 5.95 3.26 3.08 0.473 63.00 5.30 10.23 0.445 )
O
18.12 2.2 2.21 7.93 3.49 3.49 0.513 72.00 4.28 9.72 0.491 =

a: Elastic behavior to failure
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TABLE A.2.19 Beam Test Results of 2 X 4 Eastern Spruce Knotted Specimens Subjected to Central Loading

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No. Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
E Et Com- Tensile Position Bending Tensile Tensile Position
& Stress pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from = from
(X10°ksi)  (X107ksi) Fo1 -3 _3, Bottom Mu t Fi Bottom
P (x1077) (X10™”) of Beam -3 of Beam
(ksi) (in-k) (x107) (ksi) i
19.1 .07 1.49 5.77 5.11 3.87 0.471 25.65 6.66 9.93 0.400
19.2 123 1.24 5:77 5.35 4.65 0.500 22.80 6.92 8.58 0.480
19.32 1.99 1.65 5.67 2.85 3.44 0.514 17.10 3.44 5.67 0.514
19.4 1.80 2.22 5.12 2.83 2.30 0.486 22.80 3.7 8.25 0.448
19.5 1.39 1. 72 6.40 5.24 3.72 0.457 27.08 6.55 11.27 0.400
19.6 1.54 1.54 6.60 4.29 4.28 0.500 29.21 7.55 11.63 0.429
19.7 2.01 2.06 7.42 3.90 3.60 0.500 27.79 4.89 10.09 0.486
19.8 1.47 1125 6.60 5. %7 5.28 0.514 25.65 7.24 9.05 0.486
19.92 1.55 1.:55 5.58 3.60 3.60 0.528 17.10 3.60 5.58 0.528
19.10 1.16 1.36 6.05 5.33 4.44 0.463 25.65 7.00 9.52 0.423

a: Elastic behavior to failure
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TABLE A.2.19 (Cont'd)

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
Ec Et Com- Tensile Position Bending Tensile Tensile Position
Stress pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from e from
(X10°ksi)  (X107ksi) F 1 -3 -3 Bottom Mu t Fi Bottom
P (x1077) (X1077) of Beam -3 of Beam
(ksi) (in-k) (X1077) (ksi) it
19.11 1.68 1.73 7.42 4.50 4.29 0.500 32.06 7.40 12.80 0.408
19.12 a3 1.49 4.65 3.61 312 0.486 19.95 5.10 7.60 0.428
19.13 1.48 .58 4.95 37T 3.13 0.486 19.95 4.72 7.47 0.463
19.14 1.46 1.46 5.36 3.67 3.67 0.500 22.80 5.13 7.49 0.466
19.15 2.39 2.55 8.38 3.50 3.29 0.505 34.20 4.88 12.44 0.466

a: Elastic behavior to failure
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TABLE A.2.20

Beam Test Results of 2 X 6 Eastern Spruce Knotted Specimens Subjected to Central Loading

Beam Compressive Tensile At Proportional Limit Load At Ultimate Load
No.  Modulus of Modulus of
Elasticity Elasticity Maximum  Maximum N.A. Ultimate Maximum  Maximum N.A.
EC Et Com- Tensile Position Bending Tensile Tensile Position
Stress  pressive Strain Factor Moment Strain Stress  Factor
3 3 Strain from c from
(X10°ksi)  (X10%ksi) 1 -3 _3, Bottom M t Fy Bottom
p (x1077) (X10") of Beam -3 of Beam
(ksi) (in-k) (x1077) (ksi) Y

20.1 1.96 2.16 7.81 4.22 3.62 0.500 81.00 6.08 13.14 0.431
20.2 1.60 1.55 5.36 3.35 3.46 0.509 54.00 5.90 9.1% 0.436
20.3 72 2.07 5.95 4.08 2.87 0.482 67.50 7.00 14.50 0.345
20.4 1.78 1.98 7.14 4.03 3.61 0.496 76.50 7.49 14.84 0.382
20,5 1.54 1.87 6.55 4.56 3.50 0.500 67.50 6.15 11.50 0.409
20.6 1572 2.0 7.14 4.68 3.38 0.500 67.50 4.98 10.50 0.378
20.72 2.04 2.01 6.35 3.1 3.16 0.509 48.00 3.16 6.35 0.509
20.8 1.07 1..30 5.02 4.83 3.86 0.436 56.00 8.18 10.63 0.367
20.9 2.16 2.39 6.35 3.24 2.66 0.545 64.00 4.00 9.56 0.455
20.10 1.80 1.82 5.29 2.96 2.91 0.515 56.00 5.29 9.63 0.485
20.11 1.63 1.69 4.76 3.19 2.82 0.518 50.00 4.03 6.81 0.482
20.12° 72 1.44 6.35 3.69 4.4 0.522 48.00 4.41 6.35 0.522

20¢

a:

Elastic behavior to failure
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TABLE A.3.1 Reduction Factor "¢ and parameter ¢c corresponding to

Knot Ratios Measured in Compression Zone of 2 X 4 Beams
Subjected to Third-point Loading

203

Beam K Ig” K ¢ Reduction Factor
() ) ) % F
No. brc d’c d ‘¢ Eq.[8.1] b # Fp_]_
[ o

Ccu

17.1 = 0.071 = 0.929 1.03
i7:2° 0.042 0.143 = 0.821 0.91
17:3 0.417 0.250 0.107 0.349 0.89
17.4 0.417 0.250 0.179 0.295 0.84
17.5 0.125 0.054 = 0.828 0.96
17.6 0.063 0.179 - 0.769 0.99
17.7 0.333 0.143 - 0.572 0.92
17.8 0.583 0.286 = 0.298 0.71
17.9 0.083 0.143 0.071 0.627 0.98
17.10 0.083 0.161 - 0.769 1.01
17.112 0.417 0.286 0.107 0.332 0.87
17.12 0.083 0.071 = 0.852 1.00
17.13 0.083 0.143 0.034 0.733 0.99
17.14 0.250 0.107 3 0.670 0.96
17.15 0.250 0.214 0.143 0.541 0.92

a: Elastic behavior to failure



| TABLE A.3.2 Reduction Factor

r

n
¢ _and parameter

u¢

c _, corresponding to
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Knot Ratios Measured in Compression zone of 2 X 6 Beams Subjected

to Third-point Loading

Beam (EEO E!h (ESJ b Reduct;on Factor
No. b d d ‘c [Eq.[8.1] n, FEl
cu
18.1 0.500 0.182 0.136 0.305 0.77
18.2 = 0.091 = 0.909 0.99
18.3 0.250 0.102 0.136 0.503 0.87
18.4 0.167 0.114 = 0.738 0.94
18.5 = 0.091 = 0.909 0.99
18.6 0.167 0.136 0.114 0.565 0.84
18.7 - 0.091 - 0.909 0.99
18.8 0.167 0.136 = 0.720 0.97
18.9 - 0.091 = 0.909 0.99
18.10% - 0.114 = 0.886 0.94
18.11 0.333 0.159 0.091 0.463 0.81
18.12 - 0.091 L 0.909 1.01

Elastic behavior to failure
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TABLE A.3.3 Reduction Factor 'c and parameter ¢’c corresponding to
i Knot Ratios Measured in Compression Zone of 2 X 4 Beams Subjected

to Central Loading

Beam (Kn) (&) (fﬂ) e Reduct:_on Factor
No. b e dc d’¢ Eq.[8.1] r - “pl
cu
19.1 - 0.071 - 0.929 1.10
19.2 0.417 0.214 - 0.485 0.95
19.3% 0.167 0.179 0.143 0.502 0.94
19.4 0.417 0.161 - 0.489 0.95
9.5 0.292 0.125 - 0.620 0.95
19.6 0.208 0.196 - 0.637 1.02
19.7 0.083 0.054 - 0.867 1.06
19.8 0.167 0.107 - 0.744 1.02
19.92 0.167 0.214 - 0.655 0.89
19.10 0.250 0.161 - 0.629 0.95
19.11 0.167 0.143 - 0.714 1.04
19.12 0.500 0.250 0.196 0.242 0.84
19.13 0.167 0.143 - 0.714 1.05
19.14 0.167 0.107 - 0.744 1.00
19.15 - 0.071 - 0.929 1.07

a; Elastic behavior to failure
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TABLE A.3.4 Reduction Factor "¢ and parameter q’c corresponding to Knot

Ratios Measured in Compression Zone of 2 X 6 Beams Subjected to
Central Loading

Beam (Kn) (K_w) (K_e) e Reduct,i__on Factor
No. b ‘e d ‘e At Eq.[8.1] r = FR]_
% cu
20.1 0.250 0.159 0.045 0.575 1.00
20.2 0.250 0.159 2 0.631 0.94
20.3 0.500 0.136 0.091 0.357 0.81
20.4 0.250 0.114 = 0.665 0.97
20.5 0.250 0.182 = 0.614 0.97
20.6 0.333 0.114 0.091 0.488 0.89
20.7% 0.167 0.182 = 0.681 0.81
20.8 0.500 0.159 0.136 0.314 0.88
20.9 0.500 0.159 0.091 0.347 0.86
20.10 0.583 0.159 0.159 0.248 0.72
20.11 0.500 0.182 0.159 0.289 0.70
20.122 0.500 0.182 = 0.409 0.80

a: Elastic behavior to failure
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TBLE A.3.5 Reduction Factor 't and parameter d’t: Corresponding to Knot
Ratios Measured in Tension Zone of 2 X 4 Beams Subjected to
Third-point Loading

Beam (K_n) (Igﬂ) (E) by Reduct'i?_n Factor
No. b/t T/t d’t Eq.[8.1] o i b
£ OW
17.1 0.500 0.143 - 0.429 0.69
i 22 0.500 0.214 0.214 0.243 0.44
17 3 0.250 0.143 - 0.643 0.86
17.4 0.500 0.250 = 0.375 0.70
7.5 0.250 0.143 0.071 0.555 0.82
17.6 0.333 0.214 - 0.524 0.82
Hi7.7 0.417 0.179 = 0.479 0.72
17.8 0.333 0.289 0.179 0.320 0.53
7.9 0.333 0.143 - 0.572 0.74
17.10 0.500 0.161 0.179 0.283 0.49
72 0.333 0.286 0.143 0.350 0.57
17.12 0.333 0.250 - 0.500 0.71
17.13 - 0.179 - 0.821 0.92
17.14 0.500 0.214 0.179 0.313 0.59
17,15 0.500 0.214 0.214 0.265 0.49
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TABLE A.3.6  Reduction Factor Irt" and Parameter "¢t" Corresponding to Knot
Ratios Measured in Tension Zone of 2 X 6 Beams Subjected to
Third-point Loading

Beam (Kn) (Kw) (Ke) ¢t Reduction Factor
No. B¢ Aol d 't Eq.[8.1] _
. 03
tu

18.1 0.500 0.182 - 0.409 0.60
18.2 - 0.091 - 0.909 0.98
18.3 0.417 0.182 0.182 0.394 0.65
18.4 0.250 0.182 0.136 0.458 0.79
18.5 0.083 0.091 - 0.834 0.96
18.6 0.167 0.136 0.114 0.565 0.77
18.7 - 0.114 - 0.886 0.96
18.8 0.167 0.159 0.114 0.550 0.88
18.9 - 0.159 - 0.841 0.95
18.10% 0.250 0.227 0.136 0.433 0.81
18.11 0.333 0.159 - 0.561 0.88
18.12 0.167 0.091 0.045 0.691 0.94

Elastic behavior to failure
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TABLE A.3.7 Reduction Factor 't and Parameter O Corresponding to Knot
Ratios Measured in Tension Zone of 2 X 4 Beams Subjected to

Central Loading

Beam (K_n) (K_w) (l_<§_) o Reductiop Factor
No. bt d’t d ‘'t Eq.[8.1] _ t
19.1 0.167 0.250 0.107 0.498 0.83
19.2 0.333 0.214 o 0.524 0.84
9. 3% 0.500 0.250 0.214 0.231 0.40
19.4 0.417 0.196 = 0.469 0.71
19.5 0.250 0.143 0.214 0.397 0.65
19.6 0.250 0.196 - 0.603 0.79
19.7 0.333 0.107 0.143 0.437 0.64
19.8 0.417 0.250 2 0.437 0.52
19.9% 0.333 0.214 0.214 0.324 0.54
19.10 0.333 0.214 0.179 0.430 0.62
19.11 0.250 0.250 0.179 0.379 0.72
19.12 0.333 0.250 = 0.500 0.83
19.13 0.500 0.250 z 0.375 0.52
19.14 0.333 0.214 0.179 0.430 0.60
19.15 0.250 0.143 = 0.643 0.82

a: Elastic behavior to failure
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1} n " "
TABLE A.3.8 Reduction Factor 't and Parameter ¢’t Corresponding o Knot
Ratios Measured in Tension Zone of 2 X 6 Beams Subjectel to
Central Loading

Beam (K_n) (&) (_e) ¢t Reducticr; Factor
No. b/t d’t d’t  Eq.[8.1] "t=681t—F
tu
20.1 . 0.159 = 0.841 0.4
20.2 0.167 0.182 = 0.681 0.83
20.3 = 0.114 = 0.886 0.96
20.4 - 0.068 = 0.923 1.00
20.5 0.167 0.091 = 0.757 0.92
20.6 0.250 0.114 0.068 0.577 0.86
20.72 0.500 0.182 0.136 0.305 0.46
20.8 - 0.159 - 0.841 0.96
20.9 0.500 0.159 0.159 0.421 0.63
20.10 0.333 0.159 0.114 0.440 0.65
20.11 0.500 0.182 = 0.410 0.54
20.122 0.500 0.182 - 0.410 0.52

a: Elastic behavior to failure
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FIG. B.46 TYPICAL LOAD-DEFLECTION CURVE IN BENDING TEST -- 2 x 6
EASTERN SPRUCE KNOTTED BEAM SUBJECTED TO CENTRAL LOADING



LOAD (kips)

3.0

BEAM No. 20.2

2.0

TENSION

COMPRESSION

100 35

0.5 +

10 8 6 4 2 0 2 4 6

STRAIN x 1073

FIG. B.47 TYPICAL LOAD-STRAIN CURVES IN BENDING TEST -- 2 x 6 EASTERN
SPRUCE KNOTTED BEAM SUBJECTED TO CENTRAL LOADING

862



In

At

Ultimate Load

Inelastic Range

(2.4 kips)

STRAIN x 1073
02 4

| R R

In
Elastic Range Proportional Limit
(0.8 kips) (2.2 kips)
ry 1("
BEAM No. 20.2
< COMPRESSION
i ZONE
= \
o
= entroidal
2 Axis
o B ¢
_\_ Neutral J
- TENSION b
— ZONE
wn
~
o~
J_ X Sm——
FIG. B. 48 TYPICAL STRAIN DISTRIBUTIONS ACROSS BEAM DPETH IN BENDING TEST -- 2 x 6 EASTERN
SPRUCE KNOTTED BEAM SUBJECTED TO CENTRAL LOADING

652



260

FIG. B. 49 TYPICAL FAILURE IN 1.50 x 1.65 INCHES CLEAR BEAM
SUBJECTED TO THIRD-POINT LOADING
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FIG. B. 50 TYPICAL FAILURE IN 1.50 x 1.65 INCHES CLEAR BEAIS
SUBJECTED TO CENTRAL LOADING
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FIG. B.51  TYPICAL FAILURE IN 2 x 4 CLEAR BEAMS SUBJECTED
TO THIRD-POINT LOADING



263

FIG. B.52 TYPICAL FAILURE IN 2 x 4 CLEAR BEAM SUBJECTED TO
CENTRAL LOADING
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FIG. B.53 TYPICAL FAILURE IN 2 x 8 CLEAR BEAMS SUBJECTED
TO THIRD-POINT LOADING
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FIG. B.54  TYPICAL FAILURE IN 2 x 8 CLEAR BEAMS SUBJECTED
TO CENTRAL LOADING
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FIG. B.55 TYPICAL FAILURE IN 4 x 12 CLEAR BEAMS SUBJECTED
TO THIRD-POINT LOADING
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FIG. B.56 TYPICAL FAILURE IN 4 x 12 CLEAR BEAMS SUBJECTED
TO CENTRAL LOADING
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FIG. B.57 TYPICAL FAILURE IN 2 x 6 KNOTTED BEAMS SUBJECTE)
TO THIRD-POINT LOADING
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FIG. B.58 TYPICAL FAILURE IN 2 x 6 KNOTTED BEAMS SUBJECTED TO
CENTRAL LOADING
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