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ABSTRACT

To establish the effect of using modulus of
elasticity in addition to visual grade as criteria
for the positioning of laminations in glued-
laminated beams, an experimental study onsouth-
ern pine members was conducted. The beams
were manufactured in accordance with current
specifications for glued-laminated southern pine
timber, except that (a) minimum-qualitytension
laminations meeting AITC 301—67%vere used and
(b) restrictions were placed on the modulus of
elasticity of all laminations. Current specifica-
tions require that boards lie positioned in glued-
laminated members on the basis of their visual
grades. The use of modulus of plasticity in addi-
tion to visual grading in selecting quality lamina-
tions for highly stressed areas should provide
for better assessment of lamination quality and
result in stronger and stiffer laminated timber
members.

Five ¢lued-laminated southern pine beams,
5-1/4 inches wide, 24-3/8inches deep, and 40
feet long, were manufactured using the dual
criteria for positioning of laminations. Results
of bending tests were compared to data reported
in USDA Forest Service Research Paper FPL 113
for comparable beams made using only visual
grading requirements. Inboth sets of beams, the
tension laminations were selected to represent
near minimum visual quality for the AITC301-67
grade.

The average modulus of elasticity of the beams
manufactured using both visual and stiffness
criteria was 12 percent higher than that for
beams using only the visual criteria. This agreed
with the theoretically expected increase in modu-
lus of elasticity. The average modulus of rupture
of the visual-stiffness beams was 14 percent
higher than that for the visual-only beams.
However, the minimum strength for each group
was approximately equal.
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INTRODUCTION

Glued-Ilaminated members are designed to
meet both strength requirements and deflection
limitations. Since deflection limitations often
govern the design, the development of stiffer
laminated timber beams could result in reduced
size and lower manufacturing costs. If, for
example, the present design modulus ofelasticity
of laminated timber beams could be increased

from 1.8 x 106 p.s.i.t02.2x 106 p.s.i., itwould
then be possible to reduce the depth of beams,
where depthis controlled by deflection limitations,
by 7 percent and yet maintain the same beam
stiffness.

The basic principle of glued-laminated con—
struction is to place selected grades of lumber
in each member so as to best utilizethe material
supply. The higher quality material is placed in
areas of the member that are most highly stressed
under load, and lesser grades are placed in lower
stressed areas. The lumber presently used in
laminated beams is graded by visual methods,
with no consideration being given lo the modulus

of elasticity. Using modulus of elasticity as an
added measure of quality to visual gradingshould
permit more accurate assessment of the quality
of the laminations, and using the stiffest lamina—
tions in the outer areas of a beam could produce
both stiffer and stronger beams.

BACKGROUND

The principle of using modulus of elasticity to
locate laminations within a beam has been inves—
tigated by Koch et al (5,6,7,8).2 In each of these
studies, thin (1/6—1/3in. thick) southern pine
veneers were used to fabricate beams from 7 to
18 inches deep. veneers were so arranged that
the stiffest vencers were near the outer taces of
the beam and veneer stiffness was gradually
decreased toward the neutral axis.

In a study by Koch and Woodson (8), butt-
jointed southern pine veneers were located by
stiffness and fabricated into beams. The beams,
which were 2 inches wide, 18 inches deep, and

lThis research was conducted in cooperation with
2

the American Institute of Timber Construction.

=Maintained at Madison, Wis., in cooperation with the University of Wisconsin.

§Underlined numbers in parentheses refer to Literature Cited at the end of this research paper.



25 feet long, had an average modulus ofelasticity
of 2.1 x 106 p.s.i., which is considerably more
than the value of1.8x106 p.s.i. now used in the
design of southern pine members. Average modu-
lus of rupture was 9,020 p.s.i. with a 95 percent
exclusion limit of 7,650 p.s.i.

Koch and Bohannan (7) evaluated laminated
beams in which the veneer laminations were
arranged by four different methods: Specific
gravity, stiffness, appearance, and random. They
found that the modulus of elasticity of small
beams which had their laminae arranged by
stiffness averaged 31 percent higher than those
which had their laminae arranged randomly.
The accompanying increase in average modulus
of rupture was from 6,300 p.s.i. to 10,200 p.s.i.,
a 54 percent increase.

Current specifications require that laminated
beams be manufactured using structural grades
which are based on visual grading. Thus, present
practice would probably more nearly approximate
an appearance—typelayup than a random one. The
five beams tested by Koch and Bohannan (7),
which were assembled by appearance, were con—
siderably stronger and stiffer than those randomly
laid up, but they were not as strong and stiff as
those laid up using stiffness as the criterion.
This research indicates that small beams with
thin laminae arranged by stiffness were stronger
and stiffer than beams assembled by other means.

Results of the above research on beams with
thin laminations may not directly apply to struc-
tural glued laminated timbers because of possible
effects of lamination thickness. However, using
modulus of elasticity as an indicator of board
quality warrants further investigationas a method
of improving both the strength and stiffness of
large structural glued—laminated timber beams
with nominal 1-and 2-inch—thickaminations.

OBJECTIVE AND SCOPE

The objective of this study was to evaluate the
flexural properties of large glued—laminated
southern pine beams manufactured according to
current AITC and lumber association specifica—
tions for structural glued-laminated timbers,
except that restrictions were placed on the
modulus of elasticity of the laminations.

i1Equipment described in product information of
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Irvington Machine Works, Inc.,

A total of five beams were tested. These data
were compared with data from five beams pre—
viously reported (4) in which modulus ofelasticity
was not used to locate their laminations during
manufacture.

RESEARCH MATERIAL AND
BEAM MANUFACTURE

Description_of Beams

The beams were 5-1/4 inches wide, 24-3/8
inches deep, and 40 feet long and consisted of
fifteen 1-5/8—inch—thickaminations. They were
prepared according to combination A—2a 2,600-
p.s.i. stress grade combination, as given in the
current specification for southern pine (9), except
restrictions were placed on the modulus of
elasticity of each lamination throughoutthe beam.
"This is discussed in the “Method of Beam Layup”
section. Also, the outer tension lamination of
each beam was replaced with one of minimum
quality graded according to AITC 301-672).

Selection and Nondestructive
Evaluation of Material

A supply of nominal 2-by 6—inchsouthern pine
lumber, which represented enough material to
lay up about 20 beams, was accumulated fromfive
different shipments received at a commercial
laminating plant. This was the same lumber
supply from which the 40-foot—longsouthern
pine beams previously evaluated (4) were manu—
factured. The boards, which were 12, 14, or 16
feet long, were consecutively numbered, and the
odd-numberedboards were selected for making
the ten 40-foot-longsouthern pine beams dis—
cussed in (4). Part of the remaining even-—
numbered boards, which represented enough ma-
terial for nearly 10 additional beams, was used
for the five beams for this study.

All lumber was regraded by a Southern Pine
Inspection Bureau inspector to assure that it was
of the correct visual grade. The modulus of
elasticity of each board was determined using a
vibration technique.? During the vibrationevalua-
tion the board was supported at its ends as a
simple beam and the reaction at one end was

Portland, Oreg.



recorded. This was assumed to be one—halfof
the board weight in subsequent specific gravity
calculations. Moisture content was measured at
three locations along the length of each board
with a power—losstype moisture meter.

Method of Beam Layup

The beams were laid up with the stiffest
laminations in the most highly stressed or
outer laminations of the beams. A survey of the
available lumber supply indicated that the follow-
ing minimum modulus of elasticity could be
imposed upon boards used for the 15 individual
laminations of each beam (lamination 1 is the
tension side and 15 is the compression side):

Lamination Minimum modulus of
No. elasticity
106 p.s.i.
1, 15 2.2
2, 14 1.9
3, 13 1.8
4, 12 .6
5 11 .6
6, 10 .4
7,9 1.2
8 1.0

These requirements provided for full utilization
of the available lumber supply.

In addition to the above minimum stiffness
requirements, the visual grading requirements
of the A-2 grade combination (9) were used, as
in beam Nos. 11-15in (4) The outer tension
laminations were the minimum quality meeting
the AITC 301-67 visual specifications (2). The
range of modulus of elasticity and the visual
grade of each lamination are as shown infigure 1.

Each of the five outer tension laminations con-
sisted of three boards: A midlength board and
two end boards finger-jointed to it. Boards for
the middle portion of thetensionlaminationswere
selected so that they contained at least one near-
maximum strength-reducing characteristic per-
mitted by the following AITC 301-67 require-
ments(2):

1. Growth rate requirements shall apply to
the full length and pieces of exceptionally light
weight shall be excluded.

2. Knots shall not occupy more than one-
quarter of the cross section.

3. The general slope of grain shall notexceed
1 in 16 except where more restrictive slope of
grain is required by the standard laminating
specification.

4. Areas of local grain deviation steeper than
1 in 16 shall not occupy more than one—thircthe
Cross section.

5. Knots shall not occur within two knot
diameters of the finger joints.

These boards therefore represent the low line
of material that would meet the tension lamination
grading requirements. The boards used on both
ends of this midlength board were also graded
according to AITC 301; however, they were not
necessarily minimum quality.

The even—numbered boards from the lumber
supply were sorted into grade and stiffness
groups, and boards were randomly chosen from
the proper group for end—jointinginto full-length
laminations. Full-length laminations from each
group were then randomly assigned to a beam.

After the boards were finger-ointed into full-
length laminations, the width and location of each
knot in the middle one—halflength of the lamina-
tions were determined. Except for the tension
laminations, the width of knots was measured
only on the face of the laminations away from the
neutral axis of the beam. The width of knots and
associated grain deviation steeper than 1:16 was
measured on both faces of the tension lamination.
These measurements included grain deviations
across the wide face and estimates of grain
deviation through the thickness of the boards. Any
knot whose associated grain deviation opened on
a narrow edge of the board was considered an
edgeknot.

Manufacture of Beams

All five beams were manufactured at a com-
mercial laminating plant in August 1968 to con-
form to the requirements given in U.S. Com-
mercial Standard CS 253-63for Structural Glued—
Laminated Timber (10). Commercial production
finger—type end joints which met requirements
of the AITC qualification tests (1) were used to
produce each lamination. The end joints in the
tension laminations were at least 5 feet from
midlength of the beams. This was at least 1 foot
outside of the area of maximum bending moment
of beams under test. Since the primary objective



of this study was to evaluate the effect of the
modulus of elasticity restrictions on the strength
and stiffness of the beams, the end joints were
purposely placed outside of the most highly
stressed region.

After gluing with a phenol-resorcinoladhesive,
the beams were surfaced to a 5—-1/4-inchvidth,
cut to the proper length, and shipped to Madison,
Wis. The beams were identified as beams 31
through35.

RESEARCH METHODS

Test Equipment
and Procedure

The beams were tested using the same equip—
ment and procedure previously used for 40—foot-
long beams (4). The test method conformed to
the requirements of ASTM D 198 (3). Load was
applied at two points, each 4 feet from the mid-
length of the beam which was supported on a
38-foot span (fig. 2). Each beam was laterally
supported to prevent buckling at each end support
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and 40 inches each side of midlength. An overall
view of the beam during test is shownin figure 3.

A preload of 2,000 pounds was first applied
to the beams to assure proper alinement of the
test equipment; then loading was continuous to
failure at a rate of 1.00 inch per minute.

Data Obtained

The dimensions, weight, and moisture content
of the beams were determined prior to test.
Average dimensions were obtained near the mid—
length of each beam. Moisture content readings
were taken at random positions on the beam at
every 5-foot interval along the length with a
power—loss—type moisture meter. These values
were averaged to obtain the moisture content
data.

Data taken during tests included maximum
load, centerline deflections between supports,
and centerline deflections of the beam over a
7-foot span between load points. Deflections
between load points were measured on one side
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Figure 1.--Modulus of elasticity and visual

grades of boards used in the 15 Ilaminations

of beams made using both visual and stiffness criteria.
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Figure 2.--Schematic diagram of method of testing 40-foot-longglued-laminated wood
beams.
M 136 733

Figure 3.--General view of beam during test. The 10-foot-longbase of the million-
pound capacity testing macnine was extended with two 60-foot-longsteel beams. A
steel loading beam was used to apply fcads 4 feet each side of the midlength of the
40-foot-longbeams and 5 feet each side of midlength of the 50-foot-longbeams.



of the beam with a yoke deflectometer, as
described in ASTM D 198 (3). Dial readings were
taken at 2,000-pound increments of load up to
18,000 pounds total load. At this load the yoke
was removed. Centerline deflections between
supports were measured using a wire deflec-
tometer, as described in ASTM D 198. Deflection
readings were taken at 2,000—pound increments
of load to failure.

Failure details in each beam were sketched,
and each failed beam was photographed. When
failure was attributable to a specific area of the
beam, this area was cut from the beam for fur-
ther inspection.

Minor Tests

Immediately after failure of each beam, a
section about 1 foot long was cut from within the
center 8 feet of each beam. Clear specimens
about 4 by 4 by 1-1/2inches were then cut from
each lamination to determine their specific gra-
vity and moisture content. Specific gravity was
based on volume at time of test and ovendry
weight. Moisture content was calculated from
the weight loss during ovendrying and the oven-
dryweight.

PRESENTATION AND
DISCUSSION OF RESULTS

Results are presented for two comparable
groups of five beams. One group of beams was
manufactured using both visual grades and stiff—
ness criteria for positioning laminations. These
beams will hereafter be referred to as visual-
stiffness beams. The other group of beams was
manufactured with laminations positioned by the
visual grades given in current specifications (9).
These beams will hereafter be referred to as
visual-onlybeams.

Lumber Stiffness

Because the results depended in a large meas-
ure on the stiffness properties of the lumber sup-
ply, it was important that these were well defined.
Results of modulus of elasticity determinations
made on the lumber supply from which the five
visual stiffness beams were manufactured are
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summarized in figure 4. Average modulus of
elasticity values for the No. 1 Dense, No. 2
Dense, and No. 2 grades of boards were 2.0, 1.8,
and 1.4 million p.s.i., respectively. The tension
laminations were selected from the No. 1 Dense
material. The No. 2 Dense material was used for
the outer two compression laminations and the
second lamination on the tension side of the beam.
The mixture of No. 2 Dense and No. 2 material
used for the interior laminations had an average
modulus of elasticity of 1.6 million p.s.i.

Tension Laminations

Results of the nondestructive tests on the boards
used for the center portion of the tensionlamina—
tion for the beams are given in table 1. The
major strength-reducing characteristics which
occurred in the center 10 feet of each tension
lamination are summarized in table 2.

P

o

MG TENSE
MEAN - T R e
e —
: |
2 ! L
P |
) i 3
- |

M sl
MEAN - o8« f00 B

a2

WAy c e Y PEy

7 & @ ERe e . &

Figure 4.--Frequency distribution of
modulus of elasticity in southern pine
lumber supply used for visual-stiffness
beams. Modulus of elasticity of each
board was determined by a vibration
technique. M 136 861



Table 1.--Specific gravity and modulus of elasticity of selected

southern pine boards used for midlength portion of
tension__laminations
o e Y| ..-,L‘.".{ Cfe b R PR
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LAMINATIONS POSITIONED BY VISUAL-CRITERIA ONLY
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3 B¢ . Y L |4 CL e
34 T4 | & N N I 4 2, 5AG
35 134 e .ol L5 |7 AL EAD
AV e s s e i e st i i 14 7,400
lValues in col. 4 are based on volume at time of test and ovendry weight
of small specimens cut from near the midlength of the boards. Values
in col. 5 are based on volume and weight of complete board corrected
to ovendry weight using moisture content in col. 6.
2Moisture content determined wusing power-loss type moisture meter at
same time the vibration modulus of elasticity measurements were made.

Modulus of elasticity.—-Theaverage stiffness
(MOE) of the boards used near midlength of the
tension laminations for the visual-onlybeams

was 1.97 x 106 p.s.i., while that of the visual-
stiffness beams (which had a minimum MOE

requirement of 2.20 x 106 p.s.i.) averaged 2.40

X 106 p.s.i. The tension laminations used for the
visual-only beams were representative of the
stiffness of the No. 1 Dense material from which

they were selected. The minimum modulus of
elasticity of the tension laminations for the visual -

stiffness beam (2.2 x 10 6 p.s.i.) limitedthe supply
of No. 1 Dense material from which they could
be selected to the stiffest 30 percent of that grade
(fig. 4). Of the five boards used for the middle
portion of the tension lamination of the visual-
only beams, only the one used for beam 12 would
have met the minimum MOE requirement of the
visual-stiffness beams.
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Specific gravity.——Theaverage specific gravity
of the boards used for the center portion of the

tension lamination is given in columns 4 and 5
of table 1. A significantly higher average specific
gravity (0.57) was obtained when both the visual
and stiffness criteria were imposed as compared
to the visual criteria only (0.50). This might be
expected because the tension laminations were
not selected to have minimum specific gravity
as given in the AITC 301-67requirements; rather
the midlength tension laminations for the visual—-
only beams were selected to have specific gravi—
ties representative of the species, but exceptional-
ly heavy or exceptionally lightweight boards were
not used. Similarly for the visual-stiffnessheams,
the midlength tension laminations were selected
to have specific gravities representative of the
supply of material with modulus of elasticity

values over 2.20 x 106 p.S.i.

Strength—reducing characteristics.——Rased on
measurements (table 2, col. 8) made prior to
beam manufacture, major knots were of compa-
rable site in the tension laminations of both the
visual-only and visual-stiffness beams. Clear
straight—grained sections past these knots (table
2, col. 14) were also comparable. Three of the
visual-onlybeams and four of the visual-stiffness
beams had edge knots of significant size. Beam 35
had two large edge knots on opposite sides of the
board and about 2 feet apart longituditially. Based
on the knot data, approximately, equivalent visual
grades of boards were used for the center portion
of the tension lamination of both groups of beams.

Laminated Beam Properties

Data from the five beams whose laminations
were located by the visual-stiffness criteria wure
given in table 3. Also given in table 3 are data
for the five beams previously reported (4) whose
laminations were located Ly visual-only criteria.
Moduli of rupture and moduli of elasticity given
in columns 8 to 10 of table 3 are for the moisture
content conditions at time of test. Values adjusted
to 12 percent moisture content using the following
formulas (from 4) are given in columns 12 to 14:

M-12
3 = :
IOR,, = MO, (1.020) @

M-12
MOE ;, =MOE,,(1.015) @)

where MOR12 = modulus of rupture adjusted to

12 percent moisture content
MORM = modulus of rupture from test

M = moisture content at test

MOE, , = modulus of elasticity adjusted
12 .
to 12 percent moisture content

MOE, , = modulus of elasticity from test

M

The specific gravity of each beam is given in
columns 6 and 7 of table 3. Average specific
gravity of both groups of beams was 0.49, which
is slightly less than the average clear woodvalue
for southern pine (11). Specific gravity and mois—
ture content data for each lamination near mid-
length of each beam are included in Appendix I.

Modulus of Elasticity.——Theoverall modulus
of elasticity of laminated beams should be im-
proved if lamination stiffness is used as a criterion
of quality for selection and positioning lamina—
tions. Therefore, it is important to compare
theoretical and actual improvements in beam
modulus of elasticity that may be achieved.

Using the transformed-section approach, the
minimum expected modulus of elasticity for each
beam may be calculated fromthe following formula:

y MO T
) i'i

MOE, = 3 3
where MOEb = MOE of beam
Ib: moment Of inertia of beam
MOEi = MOE of the ith lamination
I. = moment of inertia of the ith lami-

' nation

Using the minimum values given in figure 1,
the minimum expected modulus of elasticity of

the visual-stiffness beams would be 1.91 x 106
p.s.i. If the average of each MOE group of lami-
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nations was 100,000 p.s.i. higher than the mini-
mum, or approximately, the average within each

group, then an MOE of 2.01 x10° p.s.i. would be
expected as an average value. The calculated
average MOE for the visual-only beams, using

equation (3), was previously found to lie 1.8 x 106
p.s.i. (4). Therefore, the expected increase in
MOE for the visual-stiffness beams would be

from 1.8 x 106 to about 2.0 x 106 p.s.i., or an
11 percent increase in stiffness, over the visual-
only beams.

Actual average full-span MOE values given in
column 9 of table 3 were 7 percent less than
calculated both for the visual-only and visual-
stiffness beams. If the full-span MOE were cor-
rected for the contribution of shear deflection,
which is about 4 percent, the two would check
closely. The visual-stiffness beams were 12 per-
cent stiffer than the visual-only beams based on
the full-span data adjusted to 12 percent moisture
content as given in column 13 of table 3. This
compares closely with a theoretical difference
of 11 percent.

Beam failures.--Failure of three of the five
visual-only beams involved edge knots in the
tension lamination. (The specific gravity of one
midlength tension lamination (beam 14) at the
failure location, was 0.45 and, at that particular
location, could be considered lightweight for the
species.) The two beams that had no significant
edge knots in the center portion of the tension
lamination failed in the region of end joints. At
least one of the boards in each of the latter two
beams had pith-associated wood (wide-ringed, non-
dense wood near the pith) in the end joints.

Four of the five visual-stiffness beams also
had failures which involved edge knots in the
tension lamination. The other beam (No. 31),
which had no significant edge knots, failed through
a centerline knot in the tension laminations. Each
of the beams in both groups which had edge knots
and associated grain deviation of significant size
in the tension lamination, as indicated in column
2 of table 2, failed through these knots.

Failure sections from each tension lamination
of the five visual-stiffness beams are shown in
figure 5. Failure of visual-stiffness beams 32 and
35 is shown in figures 6 and 7. These two beams
failed at edge knots in the tension lamination, as
did beams 33 and 34. Examination of the failure
regions indicated that localized grain deviation

11

associated with the edge knots at 20.9 feet on
beam 32 and 19.1 feet on beam 35 was more than
measured prior to beam manufacture. At these
locations, grain deviation through the thickness of
the tension lamination was found to occupy about
50 percent of the width of the bottom of the beam.

As previously noted, two visual-only beams
failed at end joint regions which had pith-
associated wood in one of the boards. No failures
of the visual-stiffness beams were attributable to
end joints. Imposing a minimum MOE of 2.2 x

106 p.s.i. on all boards in the tension lamination
tended to eliminate pith-associated boards, ap-
parently resulting in stronger end joints. As
noted in column 15 of table 3, the second lamina-
tion may have influenced the failure of three of
the visual-only beams. Failure of one of the five
visual-stiffness beams, No. 35, was associated
with a major strength-reducing characteristic
in the second lamination.

The face of the tension lamination of beam
35 is shown in figure 5 and shows failure through
two edge knots about 2 feet apart and on opposite
edges of the beam. Tension tests conducted on
structural lumber at the Forest Products Labo-
ratory have indicated that two such edge knots
on opposite edges of the board, although they may
be spaced quite a distance apart, severely reduce
the tensile strength of structural lumber. Beam
35, in addition to having these two edge knots in
the tension lamination, also had an edge knot with
local grain deviation in the second lamination
directly above one of these edge knots. Figure 7
shows that the failure followed this grain deviation
through the thickness of the second lamination.
Therefore, beam 35 had three knots that may have
combined to cause failure.

Modulus of elasticity, specific gravity, and
moisture content of boards in the failure regions
of the visual-only and visual-stiffness beams are
given in Appendix I1.

Modulus of rupture.--The strength of visual-
stiffness beams 31 through 34 was quite con-
sistent with MOR values (adjusted to 12 pct.
moisture content), varying between 6,000 and
6,400 p.s.i. Beam 35, however, had a much lower
modulus of rupture, 3,830 p.s.i. The mode of
failure of this beam gives an indication of the
cause of its low strength.

In comparison to the beams made using visual-
only criteria, the visual-stiffness beams averaged
14 percent higher in strength. However, the




Table 4.--Summary of

maximum |

K/IG values  for  southern

pine beams with laminations positioned by

visual-stiffness criteria

Beam

sConstant moment:

Center half At location of
Ne. of beam section failure
? lLoca— Loca— 5 : Loca-
. Loy 2,
B S S e TR e S
: Fr. i Fr, : Fr.
LAMINATLION POSITIONED BY WISUAL-ONLY CRITERIA
11 ; 0.108 ¢ 12,4 1 0.107 « 21,8 : 0.025 : 14.6
12 o .15%3 17,20 0 183 ¢ 1702 L1702 136
13 L179 - 20.8 179 0 20,08 118 ¢ 1604
14 205 ¢ 17.8 205 1 17,8 L1572 20,0
15 L2115 ¢ 18.2 L215 ¢ 18.2 093 ¢ 15,7
Avoo: L1172 oL L.t 172 s, L102 s

LAMINATIONS

31 161 ¢ 17.8
32 155 @ 22.6
33 L206 ¢ 26,0
34 138 2 1204
35 L1730 19,0
Av..: L1867 L Lus

61
155
118
L1377
173

POSITIONED BY VISUAL-STIFFKESS CRITERIA

17.8 094 2 21.6
22.58 100 ¢ 20.9
16.0 068 ¢ 23.0
20,8 L6702 20,0
19.0 L1732 1900
......... 108 oL

lLocation measured from zero end of beam.
zMaximum value of IK/IG at a 12-in.-long section at

failure.

design of beams cannoty be based on average
values; rather it must be based on values some-
what lower than the average. The minimum
strength beam in each group, beams 14 and 35,
had nearly equal moduli of rupture of about 3,900

p.S.i.

IKIIG
bending strength of laminated wood beams is

based on the | K/IG concept developed by Wilson

and Cottingham (12). According to this concept,
strength is expressed as a function of the maxi-
mum ratio of the moment of inertia of knots (I K)

ratios.--The effect of knots on the

to the moment of inertia of the entire beam (IG).
AmaximumIK/IGratio for each beam in this
study was determined using the method proposed

FPL 127
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by Wilson and Cottingham (12). Knots within a
1-toot length were considered as occurring at
the same section. Values were calculated for
each 0.2-foot increament of length along the mid-
one-half of each beam, and results are given in
table 4.

Maximum IK/IG ratios for the center half of

the beams for both the visual-only and visual-
stiffness groups were comparable and would
indicate that the visual grades of the two groups
of beams were nearly equal. According to knot
surveys which form the basis of the present
laminating standards, the maximum IK/IGratio

expected for the beams would be 0.19. Nos. 14
and 15 of the visual-only beams and No. 33 of
the visual-stiffness beams had maximum IK/IG

values which exceeded 0.19.
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Figure 5.--Failure sections showing bottom of tension lamination of five visual-
stiffness beams. Beam 31 failed at a knot near the center of the width of the
beam, while the other four failed at the knots and associated grain deviation on
the edge of the tension laminations.

M 136 724
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Figure 6.--Failureof beam 32 initiated at an edge knot in the tension lamination
(lower center) and propagated through remainder of beam. Beam 32 had a modulus of
rupture (adjusted to 12 pct. moisture content) of 6,320 p.s.i. and full — span
modulus of elasticity of 1.97 x 106 p.s.i. M 135 713

Figure 7.--Failureof beam 35 was attributable to knots rear the edge of the beam in
the tension lamination and an edge knot and associated grain deviation in the second
lamination. Not shown is a knot in the tension lamination near the opposite edge
and about 2 feet to the left of the other knots (see fig. 5). The low modulus of
rupture of this beam (3,830 p.s.i.) was attributed to the combined effect of these

three edge knots. M 135 719
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CONCLUSIONS

The following conclusions are based on bending
tests of five glued-lamilinted southern pine beams
made using a combination of visual and stiffness
criteria for positioning boards within the beams.
Results were compared to tests of five other
beams previously reported (4) which were manu-
factured using only visual criteria for positioning
laminations.

(1) Beams made using both visual and stiff-
ness criteria for positioning laminations were
significantly stiffer than those using visual cri-
teria only. The average full-span modulus of
elasticity of the five visual-stiffness beams was

1.91 x 106 p.s.i. or 12 percent higher than that

of' the visual-only beams, which was 1.71 x 106
p.s.i. This difference agrees closely with the
theoretically expected difference.

(2) Average modulus of rupture of the visual-
stiffness beams was 14 percent higher than the
average for the visual-only beams. However, the
minimum values within each group were nearly
equal.

(3) Although using the visual-stiffness cri-
teria improved the average strength of beams,
better criteria than were used in this study must
be wused to insure consistently high strength
glued-laminated timbers.

(4) Both the low strength visual-stiffness
beam and the low strength visual-only beam failed
due to a possible combination of two or more
strength-reducing characteristics in the tension
lamination and in the second lamination. These
characteristics--grain deviation in board thick-
ness, edge knots, two knots near each other but
on opposite edges of the board, and regions of
lightweight material--should be considered in
developing criteria for and grading of tension
laminations.

(5) Two of the five visual-only beams failed
at end-joint areas in the tension lamination which
contained pith-associated wood, but none of the
visual-stiffness beams failed at end-joint areas.
The difference was attributable to the tendency
to eliminate boards containing pith-associated
wood when a minimum modulus of elasticity of

22 x: 10°
lamination.

p.s.i. was imposed on the outer tension
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APPENDIX |

The specific gravity and moisture content of
lamination near
midlength of each beam are given in tables I-1
I-2. Laminations were numbered from the
tension face; No. 1 is the tension lamination. The
specific gravity was determined from volume at
time of test and ovendry weight.

small

and

sections

cut from each

Table I-1.--Specific gravity and moisture content of each lamination of 40-foot southern pine

1
beams laid up by visual criteria only~

Beam No.
Lami-: e e e e e r— ——w -
nation: i1 12 13 14 15
Ho.& ;mmmmerm——c———————— e H T e e
: Specific: Moisture: Specific: Meoisture: Specific: Moisture: Specific: Moisture: Spechific: Moisture:
i Bravity : content @ gravity . contant i Eravity ! content @ &Tavily @ content | £ravily @ content

Pet Pek. Per. Pet. Pcr.
1 0.51 10.9 9.5%3 10.8 .52 14.6 .45 12.4 G.48 11.8
2 : .50 147 .52 15.1 .52 12.1 -1 10.8 .51 13.9
3 : .49 10.9 A4S 12,0 .59 14.7 .54 13.% .48 10.5%
4 : .49 14.2 LAh 12,5 Y4 4.5 Lh2 11.4 Y 11.4
3 W63 15.8 Lb4 14.2 Y 15.4 .36 254 .45 11.0
& L7 14.7 Y 14.0 L9 12.0 ) 1.5 Y 13.2
7 : L4l 14.0 .62 l4.6 Y 15.4 Y 12.2 .52 15.5
8 : Y 16.2 48 13.8 ) 16.0 .45 13.9 4G 11.%
9 : Y 15.1 Ll 14.0 Y 14.7 T 11.8 L4h i1.5
i ] 13.5 .49 14.6 .33 14.8 S 12.8 Y 13.8
11 : .58 15.8 W42 14.68 60 10.7 .53 13.9 LA43 131.9
12 H 46 14.1 Y 13.4 Yy 14.3 &6 15.1 .40 13.5
13 B W49 14.4 Lb44 i1.0 .54 12.4 .52 10.9 &7 13.4
14 : .45 13.3 .52 14.7 .56 13.4 .53 14.6 L&l 13.9
15 : Y 13.5 .56 14.9 .50 11.1 .50 13.8 .58 14.6
Av. LG8 14.1 4G 13.6 .49 13.7 47 12.9 LGB 12.9

rAverage
ispecific
rgravicy
for each

lami-

t matieon

0.50
.32
.51
45
La3

46
49
&7
b
.51
49

.53
.52

lSpecific gravity determined from volume at time of test and ovendry weight of small specimens cut from each
lamination near midlength of the beam.

2| aminations numbered from tension face of beam; No. 1 is tension lamination.
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BEAM  LAMINATION

APPENDIX I

The following two figures show the modulus of
elasticity, specific gravity, and moisture content
of the board in the failure regions of each beam.
These were determined prior to beam manufacture.
The modulus of elasticity was determined by a
vibration technique in which the boards were
supported at each of their ends. The reaction at
one end was recorded and was assumed to repre—
sent one-half the weight of each board. Some
inaccuracies are expected by this method due to
the differences of specific gravities along the
length of boards.

The average specific gravity for each board
was calculated from assumed average board
dimensions and weight of each board corrected
to an ovendry weight using the moisture content
which was determined with the power—loss type
meter.

The numbers at the end of each figure represent
the beam and lamination numbers. The vertical
lines across each lamination are end-joint loca—
tions. A broken line indicates locations of failures.

FAILURE - FORM AND LOCATION PROPERTIES -
MOE (SR GR) M.C.
13 1 IR(048)8 ¢ L9 (048} 11 L8O 48/ 14
9z i LE821049)14 1R3G5} 2 N
"=t END .zowr--»% Z45(056)z 202 (.50 |2.06r'05!)f2
! T ' ! ! ! -
; | ! | ! ! i ?
| : : . : . : i :
2-3 | 184 (04511 { 2.08 (055} 12
2-2 2.1 1054)13 [ 1841055713
2= END JonT —=§ | 234 (052052 l20055)03
! ! i : ! . [ ! | '. :
: ; : ’ : ! ! !
] : 1 : .
13-3 2261055)16 | 150(046)10_ !
132 ENG JOINT. 2.02(0.50};21 203(0.50)12 _l +801050M1 %
13-4 AT KNOT- =9 % 264(05202 165(0.5014 \230i05713
T H T T T T T
! \ | 1 ! H
R H 1 L i
w3 2/01052) 14 [ 235049/%2 ]
14-2 4 1891052) 9 T 23¢t055/13 ¢
141 E—ar wnor 220105611 L73(0.48) i0 1230005413 j
[T i i
o R
| : ! ' ! . .
15-3 I £44(054) 11 b s770080003
i5-2 END JOINT 2250055102 | 1471049/ ]3 ‘2 e (082
151 AT _wnoT-=$ F 208(053)13 | 2000049) 10 l2o3t057/14 )
T T T T ! 1 T 1 T T T T T
32 28 24 20 I 2 & 32 28 24 20 '] 2 &
' LENGTH (FEET) |
£ t
Figure 1l-1.--Modulus of elasticity, specific gravity, and moisture content of the
three outer tension laminations near midlength of the 40-foot-long southern pine
beams manufactured wusing visual criteria only. Failure location is also indicated.
M 136 735
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