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Abstract

~/ Evaluation of 120 glued laminated
(glulam) beams provided criteria for improved
utilization of lumber in such beams. Objectives
were: (1) to determine if lumber grade can be
somewhat reduced on the compression side of
beams without significantly changing design
strength; (2) to establish analytic procedures
for incorporating lumber having had its
modulus of elasticity (E) determined (E-rated
lumber) into glulam beams; and (3) to deter-
mine the effect on beam properties of using
lumber with limited wane. —
Test results indicated that wane of up to
1/6 of the lumber width along either or both
edges did not result in large shear
weaknesses; thus design levels in shear equal

to 2/3 that of wane-free lumber appear
justified. In addition, a design procedure was
developed for reducing grade of lumber in the
compression side of glulam beams. Such use
of lower grade material was not found to
change the breaking level of near minimum
strength beams. Testing was also done of E-
rated lumber in glulam combinations.
Procedures for incorporating E-rated lumber
into beams are presented so that results will
be in line with those for beams made entirely of
visually graded lumber.

= The procedures developed will provide
those preparing specifications a wider raw
material base for glulam timber, resulting in
more efficient use of our timber resource.
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IMPROVED UTILIZATION OF LUMBER IN GLUED

LAMINATED BEAMS"

By
Russell C. Moody, Engineer

Forest Products Laboratory,? Forest Service

U.S. Department of Agriculture

INTRODUCTION

Efficient utilization of America's forest
resources must be a primary concern of all
forestry-oriented research if the Nation's
needs for wood are to be met in the future.
Revised design of glued iaminated (glulam)
beams may permit lower grade materials to be
used without seriously affecting the design
strength, thus extending national supplies of
high-grade lumber materials.

A design concept to estimate bending
properties for glulam beams from mixed
species and different lumber grades,
developed at the U.S. Forest Products
Laboratory (FPL), was published in 1974
(1§).§’ That approach used transformed sec-
tion analysis, the l/Ig concept, and tension
lamination requirements to predict near
minimum bending strength and average
stiffness.

Three approaches to conserving flumber
in beams, not investigated in the 1974 study
(15), are explored here: (a) reducing grade of
lumber on the compression side of beams, (b)
using lumber with wane for inner lamination,
and (c) extending criteria developed for visual-
ly graded lumber to lumber which has had its
modulus of elasticity (E) determined (E-rated
lumber). The present study has extended
criteria deveioped in (15) to unsymmetric
glulam beams using visually graded or a com-
bination of E-rated and visually graded
fumber. Criteria were evaluated by tests of 12-
or 18-in.-deep beams designed to fail first in
compression or to have near equal likelihood
of failing in either tension or compression. In
addition, the effect of introducing limited wane
in the interior laminations was evaluated by
subjecting beams containing such material to
high shear stresses during tests.

Compression Side Overdesign

Beams designed by both the original
Ik/I@ concept and the concept as modified
with transformed section analysis will general-
ly fail in tension, not compression. Glulam
beams are usually overdesigned in compres-
sion; this was noted by Moe (14) and Madsen
(13), and has been verified since by test results
at various laboratories (8,12.15,19). The
current standard AITC 117-74 (1) recognizes
compression overdesign in that lamination
grades are lower for the compression than fc
the tension side. The basis for AITC 117-74
an averaging approach with the Ig/Ig concept.
However, derivation of these combinations
does not consider a shift in the neutral axis due
to the unbalanced design.

To compensate for compression
overdesign, higher clear wood stress values
may be assumed for the compression side
than for the tension side. Bohannan's study of
prestressing(7)indicates how much higher the
compressive stress could be. He found that
1,300 Ib/in2 prestress on the compression
side induced a significant number of compres-
sion failures in tests of L3 grade Douglas-fir
lumber. If this, 1,300 Ib/in.2 value is added to
the 6,350 Ib/in.2 clear wood design stress
value for Douglas-fir (appendix |), an increase
of approximately 20 pct in clear wood stress
for the compression side is indicated. This
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procedure interprets the 1,300 Ib/in.2 value as
an increased strength capabllity for the com-
pression side. This increase will probably not
be valid for clear lumber because small clear
beams will usually faill in compression, but it
should be valid for structural beams.

Analysis of data from three studies—FPL
236 (15) and two test series conducted by
Johnson (8,9)—indicates that if this 20 pct
value is applied on the compression side in all
cases, no beam strengths will fall below the
calculated strength levels. One of the goals of
the present study has been to determine the
amount that the clear wood stress for the com-
pression side of glulam timbers might be in-
creased for various structural grades of
lumber.

Using E-Rated Lumber

Since the development of mechanical
stress rating systems, one promising area of
application frequently discussed has been
glulam timber (9). Such a system might be
used to select high-grade lumber for outer
laminations and lower grade for the inner, less
stressed lamination. Koch et al, (17), working
with veneer and thin lumber, demonstrated its
potential.

Aplin (6) considered utilizing E-rating for
manufacturing glulam beams using structural
spruce lumber from Eastern Canada. He con-
cluded from tests of 32 beams that strength
and stiffness levels higher than with visually
graded material were possible. However, he
noted that stiffness grading alone was not suf-
ficient and recommended additional visual
assessment of each board. Subsequent work
on five southern pine beams confirms the
potential but also suggests the need for visual
assessment, at least for the highly stressed
tension zone materlal (16).

Based on tests conducted by Johnson
(8,9). an AITC Standard was developed on
the use of E-rated lumber for glulam beams—
AITC 120-71 (2). Unfortunately, the combina-
tions are limited to only those evaluated,
and any variation from the standard must
be supported by further testing.

The promise of E-rating combined with
proof loading is further confirmed by Strickler
and Pellerin (for one example see (271)). Also,
Littleford (12) has noted that E-rating offers
potential for developing design stresses 30 pct
higher than with visual grading alone for
spruce and pine in Western Canada.

We believe that the modified Ig/Ig con-
cept developed in (15) can be applied to com-
binations in AITC 120-71 as a theoretical
mechanism for studying variations. This stan-
dard assumes balanced stiffness com-
binations, and test results verify that the lower
strength beams will fail in tension, not com-
pression. A variation on this standard in-
troducing unbalanced E grades may increase
the probability of compression side fallures
and approach a “balanced strength” design.
We belleve that failures of this type will result in
less variable strength data and more efficient
use of material when strength is the principal
design limitation.

Lumber with Wane

Wane is not permitted in current lumber
grades for laminating, which eliminates much
otherwise acceptable material. This restriction
assures a full-width gluing surface to develop
shear strength in the beams. However, by per-
mitting limited wane and reducing the design
level in shear, satistactory beams for dry uses
may be obtained.

Effect of wane on the shear strength of
glulam beams will be assumed to depend on
the amount of wane present. For members
subjected to continuous dry use, wane of up to
one-sixth of the lumber width at each edge will
be assumed to reduce shear strength by up to
one-third (i.e., reduced proportional to the
maximum shear area lost due to wane). Note:
permitting uncontrolled wane along one edge
in amounts larger than this is not directly com-
parable.

Wane may Introduce problems due to
stress concentrations at the gluelines In beams
subjected to repeated wetting and drying.
Such exposure, until thoroughly researched, Is
not recommended; beams made with wany
lumber are proposed for dry use only.

D
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DEVELOPMENT OF DESIGN
CRITERIA

Design criteria in (15) are limited in
several respects. They neither account for
compression overdesign nor provide for use
of E-rated lumber. In the present study, the
criteria presented in (15) were modified to
analyze unsymmetric beams by considering
the neutral axis shift.

Many changes are necessitated by the
neutral axis shift and, initially, its position must
be determined from the transformed section
(figs. 1a and 1b).

U (1)

where A is the cross-sectional area of the
lamination and where y is the distance from
the base to the centroid of the different areas.
Once the neutral axis is positioned, the beam
stiffness can be determined as

Eq
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Compression and tension zones of the beam
are thus defined and stresses can be deter-
mined by independent analysis of each zone
as half of a symmetrical beam (figs. 1d and 1e).
Stress capabilities at each change In stiffness
of the cross section, f,, can then be determined
following procedures given in appendix | of
(15).

Changes in notation from (15) are
necessary because of the change in method of
designating zone depths. For the tension zone,

%1 becomes 2z, np becomes 2(z - d4), and n r_;
ecomes 2(z - de - do). For the compress

zone, ny Bbecomes 2(d - z) while np becomes
2(d - 2 - dg). Also, Tor the compiession zone
the su subscrlpt notation must be modified in
terms of whether zones 3 or 4 are being con-
sidered.

The procedure for checking inner lamina-
tion overstress also changes to the following:

bod  had e

(a) (6)

R

TENSION ZONE COMPRESSION ZONE

(d) (o)

Figure 1.—Transformed section showing stress distribution within a beam having four stiffness zones.

(M 145 167)
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If these inequalities are not satisfied, f{ Is
limited to a value that will satisfy an equality.

For design use, the bending moment
capacity should be determined using easily
measured quantities; probably the most feasi-
ble are the physical dimensions. The conver-
sion to readily usable stress values is best
made by utilizing a transformed section factor
T, defined as the ratio of the transtformed mo-
ment of inertla of the cross section(fig. 1 b) to
the actual value (fig. 1 a). For unbalanced
combinations,

Where I3 Is calculated from figure 1b,
T is transformed section factor, and
Iis moment of inertia based on actual
dimension (fig. la). The stress value, 11 in
figure 1c, can be determined as:

- Mz (8)

f
I l]

where M is a given applied moment. But for
design purposes It is useful to define a value of
f such that

M (9)

where d is the beam depth and S is the section
modulus. By solving both equations (8) and (9)
for M and equating, it can be shown that

-4-

Hl t.ll]d -2 2=
Sl N (10)

Also, because Eqly - EI,
E=ET (11)

E-Rated Lumber

To extend the developed lk /I concept to
E-rated lumber, it was necessary to develop
clear wood stress (CWS) values and knot
properties for the respective grades. |f these
values are known, the different E grades can
be treated much the same way as species
might be for visually graded lumber. Using the
beam strength data presented by Johnson (8,
9) and, in addition, supplemental unpublished
knot information, the following CWS values
were estimated for various grades:

Estimated near-minimum
ultimate CWS
Lb/in.2
4,200
5,250
6,300
7.350
8,400

Nominal
E-grade

IO B0 =%~ 4
NOD®O® B

These values, if correct and used with ap-
propriate knot data, can be used to predict
near-minimum modulus of rupture (MOR)
values for the 5-min laboratory test of 12-in.-
deep uniformly loaded beams having a 21:1
span-to-depth ratio.

o




Beam Design and Manufacture

Eight different bearn combinations were
designed—four having ail visually graded
lumber and four having the outer few
laminations both E-rated and visually graded
while the inner laminations were visually grad-
ed only. Six of the eight combinations were 12
in. deep. The other two had lumber with wane
in the inner laminations; they were made 18 in.
deep to impose high shear stresses on these
inner laminations during test. Four com-
binations utilized E-rated lumber but the com-
pression side laminations all had large knots
characteristic of the inner laminations.

The eight combinations were all of
nominal 2- by 4-in. lumber, and all were of un-
balanced design, having lower grade material
on the compression side. Fifteen replicates
were evaluated for each beam group. Species
and grades of lumber, along with the arrange-
ment of lamina, are illustrated in figure 2 for all

2|2 OOUGLAS ~FIR & LZ}

5 |N3 ENGELMANN SPRUCE

(WANE)
! |L2D
s TZ7 OOUGLAS - FIR
2| L3
-FIR
) DOUGLAS
(L
A 124
/ |20C ! |1.8C
6 | L3 DOUGLAS ~FIR 6 |N2M6| SOUTHERN PINE
! |2or /11187
! [2&T !/ (2or
E F

DOUGLAS-FIR

6 |wN3 ENGELMANN SPRUCE

groups. Estimated strength values for these
beams, calculated using the developed design
concept, are presented in table 1 and figure 3.
In addition, assumed lumber properties are
given in appendix | and detalled information
on source and properties of materials in
appendix |i.

Beams of Visually Graded Lumber

Group A beams Iincorporated four
Douglas-fir outer laminations and five
Engeimann spruce Inner laminations;
Engelmann spruce is a near-minimum
strength and stiffness species included in the
western or white wood group (23,24). These in-
ner laminations were lower grade than com-
monly used for laminating with western
species. Instead of an L3 structural lamination,
it was No. 3 structural light framing as deter-

2 |hLé Z_L]
o=

5 | &3 HEM-FIR

8 | N3 | OOUGLAS-FIR
(WANE)

1 [z
!/ |L10
/(L3
1 [t20
/Ll
c 0
2 |.8c 2 |usc
5| 3| wem-FIR 5| 13| wesTERN WOODS
1 (18T 1 (151
1 (207 ) [187
G H

Figure 2.—Diagram showing composition of beam combinations evaluated.

(M 145171)
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Figure 3.—Beam stresses referenced in table 1.

(M 145 168)

mined by a grader certified by the Western
Wood Products Association and a represen-
tative of the American Institute of Timber
Construction. The main difference between the
L3 and No. 3 was a larger allowable centerline
knot and steeper slope-of-grain.

Group B was similar to group A in lumber
species. However, the beams were designed
as 13 laminations deep Instead of 9 so that
higher shear stresses could be Imposed on the
No. 3 inner laminations. These inner
laminations were specially selected such that
lumber having wane up to one-sixth of the
wide face on one or both edges was concen-
trated in one-half of the length of the inner
three or four laminations (fig. 4). The higher
shear stress, coupled with the wany lumber,
allowed probable design levels in shear and
bending to be approached at about the same
rate during tests. Any shear weakness in the
wany lumber beyond assumed values was ex-
pected to become apparent during tests.

Group C also explored the effect of wane
on shear strength, but in this case the wany in-
ner laminations were of No. 3 Douglas-fir. This
material is stiffer and stronger than the
Engelmann spruce of group B, and thus was
used more extensively in group C beams to
yield predicted ultimate strength nearly equal
to beams of group B.

Group D utilized visually graded hem-fir
lumber. Johnson (10) demonstrated the poten-
tial for developing a high-strength combination
using this type of lumber. (Data developed in
the present study could increase confidence in
the strength of beams built from visually grad-
ed hem-fir lumber.) A nine-lamination beam
was designed using somewhat conservative
assumptions for CWS values in bending. The
L1 tension lamination was graded to have a
specific gravity of at least 0.39—somewhat
above average.




*I ¢ 13 7 @243 3o 32d G ST (d) A31273ISe[3 jo sninpow u3ysag m
‘UOTITPUOD STYI AJSTIES 01 Papaau UMOYS SNUOQ UOFSSaIdwod ING ‘[o0IIU0D O3 PIWNSST SS3IIS LOTSUI] /3
‘UOTIPUTWE] UOTSUD] 123N0 8yl Ul adA1 3yl Jo [eriajew 1ea[d Jo JurisTSUOD eyl 03 YaBua1ls weaq jo OTIEY /e
*STXE [BIINAU 3Y3 O3 ‘IPIS UOTSU3l 9yl wolj painseaw ‘yY3adap ay3y jo uollIdelj /s
‘HOW 3281B31 03 §S313Ss 13qJ]} 123INO WNUIXew JO OTILY I
‘x £q palousp UOTIEIO] PUB S§§3135 [EOTITID /7
*SNINpow UOY3ID3s $5018 AQ PAapTAIpP 3dueISTsS2aa Juawow 3a¥1el ‘2inidni jo snnpow = ¥OW it
i SY°1 A 6%° 81" T — il o€y ‘¢ 00¢ ‘1 06T°1 ¥0€6°7 0£6°¢€ ove‘e H
89°1 Ve E 18’ 6%° LT == == 0TS ‘¢ 0£Z°t 0£1‘2 091°%  x096°C ove’s 9
L9°1 (XAN ozL: 64" 11 s == 0T0°‘S 0LZ°¢ 091°2 0L9°t  =062°S 09L*y 4
78°1 ST LTLe 6%° LT e == 06L°S 0€9°¢ 08€ ‘2 0zz*y  *0Z0°9 0T%‘S 3 wm
E7°T Ea L%9° 6%" A == = 096°C 0L9°‘1 06€°T 0TZ‘T  =0%E‘E 086°C a
69°T 9iEat 0zL” 6%° LRESA == ovL‘Y 09T 0T0°‘C 08L°¢C 090°%  *0TE‘S 009 ‘% J
$9°1 G GaLs 8% LTI 006‘Y 090°¢ 01¢°1 06 0LLT 090y *0%E‘S 08S ‘Y €
L9ET OF T $89°0 6%°0 LT°T = i 085y 09y ‘1 0Te ‘T 0% ‘e %0L0°S 0sg‘y v
,NI.S\ﬂ o, DEMOL ULMUT TNT SRR O WEAT oMM CeRTRT 2 S/
UOTTTIIW 1
\Mvmhu:cmu snuoq \moﬁumu ‘mw ou mu qu mN Nu Hw \mdoz unEWTUTED
-3 ultrsaq uorssaidwo) yaduaiisg v\n — ¢ 2anf1j uT UMOYS SUOTIBIOT I8 —JOW 328131 1B SISSAIIS ieau 138ae] dnoag

/L

/%

Say31adoad 1equ

i

© uo paseq udls D weaq Jo Aleuwwng--°1 a[qel




Beams of E-Rated Lumber

Four combinations were designed to use
E-rated material of four different species
groups for the outer laminations. Tension
laminations of three different nominal E-
grades were used. One requirement of all E-
rated lumber was that it meet the visual re-
quirements of the L3 laminating grade (or No.
2 for southern pine).

Group E used all Douglas-fir material with
six of the nine laminations visually graded L3.
The 2.2E outer tension laminations met the
visual requirements for 2,700f-2.2E machine
stress-rated (MSR) lumber (24) and was
referred to as E2.2T. The second tension
lamination met the 2,400f-2.0E MSR visual
grade requirement (E2.0T). The outer com-
pression lamination—a 2.0E grade—met
visual requirements, not of the 2,400f MSR
grade but of the L3 grade; it was referred to as
E2.0C.

Group F used all southern pine material
with six of the nine laminations of No. 2MG
(20). The 2.0E outer tension lamination met
visual requirements for the 2,400f-2.0E MSR
grade (20) and was referred to as E2.0T. The
second tension lamination met the 2,100f-1.8E
visual grade requirements (E1.8T). The outer
compression laminate was a |.8E grade but
had visual characteristics permitted in the No.

/
;

XN SR

2 lumber (EI.8C).

Group G closely resembled group F with
hem-fir lumber except that two 1.8E compres-
sion laminations were used. Inner laminations
were L3 hem-fir as used in group D.

Group H was to explore a potential
species-independent system for manufac-
turing glulam beams. The one requirement
was that all material should come from a grade
and species having an average nominal E of at
least 1.0 x 106 Ib/in.2. The outer tension
lamination was about 1.8E, had the edge knot
restriction of 2;100f-1.8 MSR grade (24), and
was referred to as E1.8T. The second tension
lamination was about 1.5E and had the edge
knot requirements of the 1,650f-1.5E grade
(E1.5T). The outer two compression
laminations were also 1.5E but had visual
characteristics of the L3 grade (£1.5C). Inner
laminations were L3. Lodgepole pine lumber
comprised the outer two top and bottom
laminations for group H. This material has
been evaluated (8) and used to a limited extent
(2) for laminating, is readily available in the E
ranges selected, and is known to have knots
representing near maximum size permitted in
the grade. Engelrmann spruce was used for the
inner lamination because an L3 grade has an
estimated average E of about the minimum
required (1 million Ib/in.2).

Figure 4.—A group C Douglas-fir beam 3-1/8 in. by 18 in. by 20 ft, showing full-span yoke deflecto-
meter and lateral supports, also used for 12-in.-deep beams. Beam span was 19 ft with 4 ft be-
tween the loading heads. For these 18-in.-deep beams, additional lateral support bracing was
added near the top of the shown supports to prevent lateral buckling. Note the wane apparent in

the inner No. 3 Douglas-fir laminations.
(M 143 179)




Tension Lamination Criteria

Previous work has repeatedly indicated a
need to assure visual quality for the outer ten-
sion lamination. Although visual criteria are
not currently required for beams less than 16
in. deep, specific guidelines were used to
select a visual tension lamination grade for the
various combinations. The indicator of re-
quired visual quality was the strength ratio of
the tension side of the beam as determined by
the Ig/l@ concept.

The grades developed closely ap-
proximated AITC grades (1) except that the
different effect of edge and centerline knots
was recognized for all grades. Edge knots
were defined as those with associated grain
deviations closer than 1/2 in. from the edge.
For grading the tension laminations, a 1-ft
length was assumed to constitute a cross sec-
tion. In addition, limitation on low density
pieces was applied to the visually graded ten-
sion laminations. For the E-rated tension
lamination, no large change in properties from
one end to the other was allowed.

Material preparation

The L3 and No. 3 Douglas-fir and No.
2MG southern pine were finger jointed follow-
ing grading and the lumber evaluated as 20.3-
ft-long pieces. All other lumber was processed

prior to finger jointing as follows:

1. Each piece of lumber was Identified
and approximate dimensions and moisture
content measured. Weight and E were then
determined using an E-computer.

2. The lumber was finger jointed into
20.3-ft-long laminations. For some of the
beams, end joints occurred near midlength of
the outer tension laminations.

3. Laminations were assigned to beams
according to their grade and classification; PS
56-73 was followed for end-joint spacing.

Lumber used as midlength tension
laminations was especially selected to have a
strength-reducing characteristic near the max-
imum described in table 2. The requirements
for pith-associated wood currently used (1),
which limit the amount to one-eighth of the
cross section, were applied to the ends of all of
the tension laminations. For the visually grad-
ed tension laminations ot groups A-D, an
attempt was made to obtain material of near
average density. Douglas-fir pieces (groups A,
B, and C) with a low specific gravity (below
0.45) or a high specific gravity (above 0.53)
were excluded as not typical of near average
material. A similar range for hem-tir (group D)
was 0.39 to 0.42.

All group A tension laminations were from
L1 material. For group B, four tension
laminations (for B-01, -02, -03, and -05) were

Table 2.--Grading requirements used for tension laminations

of the eight combinations

Group Nominal Grade description Approximate equivalent
grade AITC visual grade (1)
Limitation based Maximum
on knots and slope~of~-grain
grain deviation
Edge Centerline
Pct Pct
A,D,H 65 43 50 2 B 301-20
B,C,E 70 36 42 1:16 301-22
F 75 30 35 1:16 301-24
G 80 24 28 1:16 301-26
-9-




from L2 dense with the remainder from L1. For
group C, one tension lamination was L1 (C-04)
and all others were L2D. All group D tension
laminations were from L1 (dense) visually
graded hem-fir.

Tension laminations for groups E and G
were to be selected from material that was E-
rated by the CLT-1 machine. However, short-
ages developed in both groups so that to
obtain desired visual characteristics it was
necessary to select material from visually
graded lumber using E-computer stiffness
values. Thus, two beams in group E (E-24 and
E-27) and four beams in group G (G-01, -02,
-03, and -05) had tension faminations not
processed through the CLT-1 machine but
with stiffness values determined by the
E-computer.

The two group E tension laminations not
CLT-1 graded were from L1 material. Based
on E-computer data, these twn had stiffness
values near to the remaining 13. The four
group G tension laminations were from visually
graded L1 (dense) hem-fir. These four were in-
tentionally selected with E values lower than
the target average E of 2.0 million Ib/In2 so as
to balance the distribution. The four with lower
values brought the overall distribution and
average close to the minimum target specifica-
tion.

For groups F and H, tension laminations
were selected by E-computer results. Fre-
quency distributions similar to those obtained
for lumber used in groups E and G were
simulated with the E-computer.

Group F tension laminations were
selected from No. 1 and No. 2 material that had
been E-rated with an E-computer: Seven
beams had No. 1D, another seven had No. 2D,
and one had a No. 1MG visual grade. All group
H tension laminations were first selected bas-
ed on static E determined over full span with a
weight and dial gage at the lumbermili. Final
selection was by E-computer. The resulting E
distribution approximated the desired one.

A special attempt was made to obtain at
least one E-rated tension lamination each in
groups E, F, G, and H which had an E slightly
below 200,000 Ib/in.2 less than the nominal E.
Conversely, not more than one exceeding the
nominal E by this amount was permitted. No
tension laminations with E values by E-
computer that differed from the average by
more than 13 pct were used.
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All lumber tor the tension side met or ex-
ceeded the same minimum criteria as the out-
er midlength tension laminations but did not
necessarily have near-maximum strength-
reducing characteristics.All tension laminations
were manufactured such that near-maximum
allowable strength-reducing characteristics
were placed within 2 ft of midlength. Aiso, 30 to
40 pct of the beams intentionally had finger
joints in the higi '; stressed midlength region

Beam Manufacture

Except for the differing lumber grades,
manufacture followed PS 56-73 (22). Group F
beams were manufactured by a commercial
laminator who commonly processes southern
pine material. All other besims were manufac-
tured by a laminator who commonly processes
Douglas-fir.

For group F material, a phenol-resorcinol
adhesive was used with a fingsr joint whose
profile was visible on the wide face. For all
other material, a melamine-urea adhesive was
used with a finger joint whose profile was visi-
ble on the narrow face. A common finger joint
profile was used: 1.1-in. length, 1/4-in. pitch,
0.030-in. fingertip width.

A major problem developed when
processing the No. 3 Engelmann spruce
material. Considerable twist and bow in much
of this lumber made it incompatible with the
automatic finger-jointing equipment. Thus
many of the finger joints were not properly
alined during mating. Also, end pressure had
to be nearly eliminated during curing to pre-
vent buckling of the laminations. As a result,
quality of many of the resulting finger joints in
the No. 3 Engelmann spruce was questionable
upon visual inspection. However, considering
the axial and bending stresses to which finger
joints would be subjected in the inner
laminations of group A and B beams, the
relative quality of the material, and the time
and machine modifications necessary to cor-
rect the problem, it was decided to use the
material as initially manufactured. Except for
adjustments of end pressure for the other
species of wood, the remaining material was
processed with few problems.

Following finger jointing, all beams were
assembled from the various gradas, and the
location of each piece of lumber was noted. At
this time, the No. 3 and L3 Douglas-fir and the
No. 2MG southern pine laminations were E-
rated, weighed, and their moisture content

dor,
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determined. Knots were also measured in the
midlength 10 ft of all laminations.

Before gluing, all laminations were sur-
faced to a thickness of about 1-3/8 in. The
beams were then immediately glued using a

phenol-resorcinol adhesive. After removal
from clamps, they were surfaced to a 3-1/8-in.
width and trimmed to a 20-ft length. They were
then shipped to Madison, Wis., and stored in-
doors for 1 to 2 mo prior to testing.

RESEARCH METHODS

Equipment

Test equipment and procedures con-
formed to ASTM D 198 (5). All beams were
loaded on a 19-ft span with 4 ft between
loading heads (fig. 4). Lateral supports at
about 4 ft from each end had roller contacts to
minimize frictional force. Supports shown in
figure 4 were used for the 12-in.-deep beams
while additional bracing was added near the
top of the 18-in.-deep beams.

To obtain a complete record of the full
beam deflection, a yoke deflectometer was
developed. Using an electrical transducer,
deflection measurements over the 18-ft full
span were continuously recorded to failure
with no threat of damage to the equipment.
Deflection measurements were also made
over the 4-ft short span between ioad points
using a different yoke arrangement (fig. 4). An
electrical transducer was also used to
measure this short span deflection.

A two-channel scanning X-Y recorder was
used to record test machine load along with
the two deflection measurements.

Procedure

After each beam was properly alined in
the test equipment, a preload of about 200-
Ib/in2 maximum stress was applied to assure
proper contact. The X-Y plotting equipment
was properly adjusted and loading was con-
tinuous to failure. Machine head speeds of

about 0.8 in./min were used for the 12-in.-
deep beams and 05 in./min for the 18-in.-
deep beams. At about 40 to 50 pct of an-
ticipated minimum strength, the equipment
used to record deflection on the 4-ft span was
removed to prevent possible damage at
faifure

Many failures were expected to be
sudden and complete. However, because
some compression-type failures were also ex-
pected, test machine head movement con-
tinued until the machine load dropped below
about 50 pct maximum.

Data Obtained

Dimensions of each beam were
determined by measuring the cross-section at
each load point and the total length. Each
beam was also weighed before test and a
photograph taken of the center 6-8 ft of the
beam bottom. A continuous record of machine
load versus both full-span and short-span
deflections was obtained.

During test, audible cracking and visible
splitting were recorded. Detalls of fallure were
noted and probable initiation points estimated.
Moisture content was measured for each
lamination near failure with a resistance type
meter having 1-1/2-in.-long probes. Each
beam was then photographed; if fallure
appeared to begin in a specific region, this was
cut from the beam for further inspection.

PRESENTATION

Lumber Properties

Lumber properties are found in appendix
Il along with detailed information on individual
tension laminations for each group. Average
properties of tension laminations are sum-
marized In table 3.

OF RESULTS

Beams

Average properties of each beam group
as determined by test are in table 4. Distribu-
tion of MOR and E data are shown in figures 5
and 6. Individual test results are in appendix
.
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Table 3.--Summary of average properties

of midlength

tension 1am1nationsl/

Group Nominal Specific Moisture Ei/ Average size of strength

grade gravityg/ contentgl reducing characteristics

Knots Knots and grain

deviation
Million

Pct 1b/in.2 Pct Pct
A 65 0.50 12 2.21 23 40
B 70 <92 12 2.41 17 35
C 70 .50 11 1.94 24 37
D 65 .39 11 1.63 26 41
E 70 .49 11 2.17 23 40
F 75 <92 15 2.00 13 31
G 80 42 10 1.99 1) 28
H 65 .44 10 1.78 24 38

2/

L Averages are for the 15 pieces of lumber used.

—' Based on weight adjusted to ovendry and volume at time of test.

3/

=" Determined with power-loss type moisture meter.

4/

—' Modulus of elasticity (E) determined with E-computer.

Test Beam Failures

Failures were expected In several
different categories: Shear; compression; and
tension involving finger joints, knots, or siope-
of-grain. Shear failures were expected in
several group B and C beams; however, only
one (B-10) failed in that manner. One beam in
group A also failed in shear (A-05).

Compression failures were expected in
each group but occurred to a significant extent
only in groups D, G, and H. Three beams each
in groups G and H and four beams in group D

-12-

developed compression wrinkles located away
from the loading heads which were severe
enough to significantly modify the stress dis-
tributions. Subsequent ioading resuited in a
tension mode of failure in all beams but one.
For this beam, G-13, the load had decreased
to less than 75 pct ultimate when the limit of
machine head travel was reached. Although no
tension failure occurred, compression
wrinkies were apparent at several locations
throughout the upper half of the beam (fig. 7).

Most beam failures appeared to begin in
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Figure 6—.Distribution of modulus-of-elasticity values for full-span beams, also showing average

values (E).
(M 145 170)

MODULUS OF ELASTICITY  (MILLION 16/in.%)
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Figure 7.—Compression fallures ¢ccured throughout the top one-half of beam G-13 at two locations
within the highly stressed region. Large knots in the top and third-from-top laminations were in-
voived near both the 9- and 11-ft locations. Load was applied at the 8- and 12-t locations. A total
of 10 beams developed significant compression wrinkles; the other 9 were generally limited to the
top 2 or 3 laminations.

(M 143 194)

the outer tension lamination. Many beams falil-
ed through knots and assoclated grain devia-
tion In the midlength of the outer tension
lamination. Forty-seven of the beam fallures
were attributed directly to strength-reducing
characteristics Identified prior to test (fig. 8).

Thirty-four beams had finger joints within
the most highly stressed (midlength) region of
the tension lamination while another 48 had
joints where the stress was at least 75 pct max-
imum. An additional 26 had joints where the
stress level was between about 50 and 75 pct
maximum. For 26 beams, fallure was at-
tributed solely to the finger joint in the tension
lamination. Most were In the most highly
stressed 4 ft (the midlength); all but two of the
others were in the zone with at least 75 pct
maximum stress. Two beams—A-09 and B-
14—failed through finger joints In the tension
lamination where the stress was only about 50
pct maximum.

-16-

An additional 17 beams falled such that
finger joints in combination with other
characteristics were involved (fig. 9).

The remaining 18 beams failed through
knots or grain deviation in the tension lamina-
tion which appeared less severe than the
selected characteristics (fig. 10). Beam failure
types are summarized as follows:

Type Number of Pct
beams
Shear 2 2
Compression 10 8
Tenslon
Selected tension lamination
characteristics 47 39
Finger joint alone 26 22
Finger joint and other defects 17 14
Other tension tamination
characteristics 18 15




Figure 8.—Some of the midlength tension laminations from beams which tailed through the selected
visual characteristics; 47 of the 120 beams failed in this manner. (M 143 729, M 143 732)

Figure 9.—Some tension laminations from beams  Figure 10.—Some midlength tension laminations
which failed through portions of a finger joint and from beams which failed through slope of grain or

also through either slope of grain or grain grain deviations and not at the selected
deviations nearby; 17 beams failed in this manner. snaracteristics: 18 beams failed in this manner
(M 143 731) 17 (M 143 730)

-




ANALYSIS OF RESULTS

Modulus of Elasticity (E)

Tabie 5 compares average full span E of each
beam group with the design E. Design E was
assumed to be 95 pct of predicted E based on
a transformed section analysis. For groups A,
B, and C—those with visually graded Douglas-
fir outer laminations—test values exceeded
the nominal design goals by 7 or 8 pct. This
reflects the 10-15 pct above-average stiffness
of the L1 and L2 visually graded Douglas-fir
available for the study. For the visually graded
hem-fir beams (group D), the average test E
was 8 pct below the design goal. This
difference can be explained by the lower than
anticipated stiffness of the L1 and L2 hem-fir
lumber.

Three E-rated cornbinations (groups F, G,
and H) had average test E essentially equal to
the design goal. This was expected because
the outer laminations which contribute most to
beam stiffness were selected on the basis of
their modulus of elasticity. For group E, the
average test value exceeded the design goal
by 13 pct. This difference was larger than ex-
pected and no explanation could be found for
it.

Actual E values for all beams are com-
pared in figure 11 to values predicted using
known properties. Predicted E for the 120
beams ranged between 1.25 and 2.31 million
Ib/in.2 while test values ranged from 1.20 to
2.26 million Ib/in.2. A regression analysis
suggested a line of best fit as

Table 5.--Comparison of design and actual modulus of elasticity

(E) values

1/

Group Design E Actual test E— Actual E * design E
Average Coefficient of
variation
1 Million T R e e R
1b/1n. > 1b/in. > Pct
A 1.67 1.80 6.5 1.08
B 1.65 1.78 9.1 1.08
c 1.69 1.81 D2 1.07
D 1.43 1.31 4.8 .92
E 1.82 2.05 6.0 1.13
F 1.67 1.69 4.0 1.01
G 1.68 1.70 2.4 1.01
H 1.42 1.42 4.2 1.00
5 SRR S SR S R

—" Based on 15 replicates in each group.




Y = 080X + .24 (121

where Y is actual full span E from test (million
lb/in.2) and
X is predicted E (million Ib/in.2)

with a coefficient of determination (R2) of 0.96.

The resulting intercept limits the
usefulness of the equation. Overall, actual full-
span E averaged 93.3 pct of the predicted
values, suggesting an equation of the form

Y = 0.933X (13)

where factors are as described for (12). This
compares favorably with previous results (15)
and confirms the use of the 0.95 factor propos-
ed.

As expected, short-span E values were
generally somewhat larger than full-span
values—averaging 7 pct higher. This
difference is consistent with differences
previously found (15). The short-span E value
also had larger variability; the coefficient of
variation averaged about twice that of the full-
span E.

Modulus of Rupture

Predictability of the MOR can be
measured by comparing the target strength
with actual ultimate strengths (table 6). At
least one beam in five of the eight groups was
below the near-minimum predicted (target)
strength. In groups A and E, 4 of the 15 beams
were below the target values.

22
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Figure 11.—Comparison of actual and predicted full-span modulus of elasticity. Letters denote beam

group for each specimen.
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Group A

The low strength beam (A-12) attained
only 73 pct of the near-minimum predicted
value. The failure of this beam, along with
another (A-14) which attained 88 pct of the
desired value, seems to have been caused by
a finger joint in the tension lamination. Ex-
amination of these two finger joints indicated
low percentage of wood failure. Improved
bonding, especially in the latewood, would un-
doubtedly have improved the strength of these
two beams along with beams A-07, A-09, and
A-10.

One beam failed in shear at 79 pct of the
design goal due to shake in an inner
Engelmann spruce 2 by 4 not detected during
grading. Before the beam test, the shake was
apparent over the end 8-9 ft. Laminating
grades of lumber do not permit this type of
defect and the No. 3 grade for use in glulam

The fourth beam below desired values
appeared to fail due to combined effects of
slope-of-grain and a finger joint at 98 pct of the
desired value.

Reanalysis of the combination using ac-
tual knot data for the lumber (appendix Il)
revealed that the predicted near-minimum
MOR would be 2 pct lower at 4,270 Ib/in.2
(table 7), a value affected by the nominal “65"
grade tension lamination which was assumed
to limit the outer fiber strength ratio to 0.674.
The 4,270 Ib/in.2 value is essentially equal to
the fourth lowest strength, leaving three beams
significantly below it.

These three beams failed such that, had
the strength reducing characteristic in the ten-
sion lamination been smaller, there is no
reason to believe they would have been
stronger. Three other beams failed between
the 4,270 Ib/in.2 value as limited by the tension

G 5, 340 9

H 3,340 10

1/

Fifteen beams in ecach group.
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should prohibit it also. lamination quality and the 4,660 Ib/in.2 value
Table 6.--Comparison of target and actual beam strengths
: 7, ' e R N e e
Group— Target near Strength data Number of Average
minimum MOR : e beams below target
Moisture  Average Low target MOR
content MOR strength
beam
T i B T RS L RS S B e e e
Lb/in. Pet Lb/in.”  Lb/in
A 4,350 9 5,040 3,190 4 .16
B 4,580 10 5,560 4,030 2 1ol
C 4,600 9 5,880 3,500 1 1.28
D 2,980 9 5,110 4,230 0 Ledid
I 5,420 11 6,170 Dedd0 4 1.14
F 4,760 11 6,590 4,780 0 138




as limited by the Igx/lq analysis; tension
lamination defects appeared to be the primary
cause. These observations strongly indicate
that the strength as limited by the tension
lamination quality is close to that assumed.

Group B

Two beams failed below the desired
strength, one (B-12) at 88 pct and another (B-
04) at 97 pct of the desired value. Beam B-12
failed near a finger joint but only about 5 pct of
the actual joint was involved. The remainder of
the cross-section failed in an unusual manner
(fig. 9). Although low wood failure was ap-
parent over the small portion of the finger joint,
the primary weakness seemed to be In wood
quality near the joint. Beam B-04 failed
through a maximum sized tension lamination
characteristic.

The reanalysis (table 7) shows that a
design MOR about 5 pct higher may have been

attained with a better quality tension lamina-
tion. However, the nominal, “70" grade tension
lamination limits the overall strength ratio to
0.724, essentially the same ratio as derived
from the preliminary design. Thus, no change
was found upon reanalysis. Note that the one
beam failing at 97 pct of the desired value and
another just 2 pct over the desired value both
failed at near-maximum sized tension lamina-
tion defects. This also indicates that the beam
strength as controlled by the tension lamina-
tion is as assumed.

Group C

One beam, C-14, failed at 76 pct of the
desired MOR of 4,600 Ib/in.2 apparently due to
a maximum defect in the tension lamination.
Reevaluation of this lamination revealed siope-
of-grain within the failure region steeper than
estimated (fig. 8). Another beam falled at ex-
actly the design value due to a maximum ten-

Table 7.--Results of reanalysis using actual knot data

Groupl/ Strength Compression Strength Q/Ig Target Comparison with
ratio by bonus required ratio limited 22 near minimum target MOR from
IK/IG by tension MOR by table 1
: lamination reanalysis
quality
Lb/in.2 Pct
A 0.734 1.41 0.674 0.858 4,270 98
B .761 1.43 724 .857 4,590 100
C .756 1.30 724 .865 4,630 101
D .589 1.20 .674 .894 2,710 91
E .686 1.48 724 .898 5,190 95
F . 752 1.44 774 .900 4,980 104
G 771 1.64 .824 .895 5,080 95
H . 640 1.49 .674 .848 3,420 102

1/ Fifteen beams in each group.

2/ Factor for use in equation (10).
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sion lamination defect. The strength of all
other beams greatly exceeded the desired
value.

A reanalysis with actual data would result
in an increased predicted MOR. However, the
nominal “70" grade tension lamination limited
the design MOR to within 1 pct of the
preliminary assumption. Thus, the reanalysis
results in no change.

Overview of Groups A, B, and C

Overall, these three groups had 7 of 45
beams which failed to meet desired levels.
Two of these 7 beams had strengths within 2 or
3 pct of the desired value but the other 5 were
more than 10 pct below the desired value.

Two of these five lower strength beams
failed through finger joints in the outer tension
lamination; improved finger joint quality would
undoubtedly have increased their strength. A
third beam failed due to shake in an inner
lamination. The other two beams failed due to
characteristics in the tension laminations. With
one, the extent of grain deviation assoclated
with a knot was considerably greater than had
been assumed during selection. For the other,
wood quality near the finger joint appeared to
limit strength but with no visual indication of
the reason. These last two beams suggest
limitations to visual grading In assessing
lumber strength.

Average MOR values for groups A, B, and
C exceeded the near-minimum predicted
MOR by between 16 and 28 pct (table 6). For
more favorable results, this should have been
at least 30 and more likely 40 pct. Test results
indicate that (a) several of the minimum values
are lower than desired, and (b) overall average
strength values are low. In the analysis it was
assumed that the outer tension laminations
were L1 material. Actually, a significant
number of the near-minimum quality tension
laminates were from material graded L2D by
the plant (2 for A, 4 for B, and 14 for C). This
was obviously some of the better L2D material;
knot analysis indicated It to be typical of the
L1, and not the L2.

Group D

All beams greatly exceeded the near-
minimum design MOR of 2,980 Ib/in.2. In fact,
the lowest strength beam exceeded this value
by 42 pct. Reanalysis resulted in yet a lower
strength with a predicted minimum MOR of
only 91 pct of the 2,980 Ib/in.2 value. The uni-
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formly high strength values suggest that the
CWS vaiue used in preliminary design was too
conservative. These results are consistent with
Johnson's in that CWS values considerably
higher than obtained from ASTM procedures
appear applicable.

Group E

Beams E-04, E-24, and E-27 all failed
below the desired level (fig. 8) through max-
imum defects in the tension lamination. One
other (E-05) tailed through a finger joint with a
high percentage of wood fallure. These four all
ranged from 94 to 98 pct of the 5,420 Ib/in.2
target value.

Reanalysis resulted in a 4 pct lowering of
the predicted near-minimum MOR. Two
beams remained below this value. Both failed
at tension lamination maximum defects but
were within about 1 pct of the adjusted target
value (5,190 Ib/in.2).

Group F

No beams of this group were below the
desired MOR but two had strength only about
1 pct above this 4,760-Ib/in.2 target value. One
of these failed through a finger joint and one
through a tension lamination defect.

By reanalysis, predicted minimum
strength increased about 5 pct to 4,980 Ib/in 2.
The two beams previously Just over the
desired value then fell to 96 pct of that value.

Group G.

The one beam below the desired value
was significantly so at 71 pct of the 5,300-
Ib/in.2 target value. This beam, G-01, failed
through a maximum tension famination defect
and along slope-of-grain (fig. 8). It is uncertain
why this beam had low strength. However, the
midlength tension lamination was one of only
four pieces not processed through the CLT-1
machine. The source of these four pieces was
also different in that they were grand fir
material from ldaho.

Reanalysis resulted in a 5 pct decrease in
design MOR for group G but essentially did not
change the analysis. The low beam averaged
75 pct of the 5,080-1b/in.2 desired value.

Group H

All beams exceeded the near-minimum
desired value of 3,340 Ib/in.2. The low strength
beam greatly exceeded this (by 27 pct), in-
dicating that conservative assumptions were




used in design. Reanalysis increased the near-
minimum MOR by only 2 pct.

Overall Comments

Except for group D, reanalysls using ac-
tual knot data had littie effect (5 pct or less) on
the predicted near-minimum MOR. For group
D, the reanalysis decreased the predicted
value by 9 pct. Thus, in general, knot data used
in the preliminary design were fairly represen-
tative of the actual lumber used.

In only two groups, D and H, did the
average MOR exceed the near minimum
predicted by over 40 pct (table 6). For these
two groups, high MOR values suggest that the
CWS values used in the analysis are too con-
servative. In group F, for which the average
MOR exceeded the estimated near minimum
by 38 pct, the assumed CWS value may be
near the desired value. For the other groups,
which had Douglas-fir and E-rated hem-fir out-
er lamination, the CWS value should be reex-
amined.

Effect of Procedure for Selecting
Tension Laminations

The original visual lumber grade of the
tension lamination had no obvious effect on
the strength of beams in groups B, C, and F,
where visual grading was used exclusively. For
groups E and G, those beams where non-CLT
tension laminations were used because of
material shortage were among the lower
strength ones. Four minimum strength beams
in group E had MOR values between 5,100 and
5,300 Ib/in.2, and the only two beams with
non-CLT graded tension laminations were
within this range.

The three lowest strength beams in group
G were represented by non-CLT graded ten-
sion laminations; the other beam with non-CLT
material was above average. Similar com-
parisons within groups F and H are not possi-
ble because no tension laminations were CLT
graded—all were selected elther by E-
computer (group F) or by dual criteria of static
load and E-computer (group H).

This apparent difference in lumber quality
with method of E-rating warrants closer ex-
amination. It is partially explained for group G
because the E values (vibration) of the four
non-CLT graded tension laminations were
considerably lower than the others—inten-
tionally so to simulate a 2.0E grade.

However, the same explanation cannot be
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applied to group E because tension
laminations selected by E-computer had near
average modulus of elasticity values. Also, in
groups F and H the modulus of elasticity of the
tension lamination did not seem reiated to
beam strength.

Differences between the E-computer and
the CLT-1 machine might be examined to ex-
plain low strength beams in groups E and G.
However, all group F and H tension
laminations were selected by the E-computer
and all met or exceeded the desired strength
values.

Finger Joint Quality

Several beams falled through finger joints
in the tension lamination with a low percentage
of wood failure. Some finger joints, however,
exhibited high percentages of wood failure
and probably developed the full potential
strength of the finger joint design. Many of the
finger joint tailures showed excellent bonding
in the earlywood with poor bonding in the
latewood, a condition not restricted to any
species or growth rate. The joint strength, and
consequently the beam strength, appeared to
be limited by the amount and strength of
earlywood present.

If higher strength joints In tension
laminations are desired, improved joint
design, better adhesive systems, and im-
proved quality control techniques all appear to
offer potential.

Comparison of Strength-Weight
Factors

The several different species and two
grading methods used provided an opportuni-
ty to determine the relative strength-weight ef-
ficiencies of the different beam groups. This
factor has little to do with design and probably
relates most closely to ease of handiing and
shipping.

The ratio of the average MOR to specific
gravity was divided by 105 to yleld factors near
1 for the eight groups (last column, table 4).
Higher factors denote “more strength per ib of
material.”

All factors for the Douglas-fir groups (A,
B. C. and E) were between 1.09 and 1.20, a
range lower than for the other four groups.
Group G, made using E-rated hem-fir, had the
highest factor: 1.55. Group D, which also con-
tained hem-fir, but all visually graded, had a




somewhat lower factor of 1.38. The southern
pine (group F) and white wood (group H) fell
between the hem-fir and Douglas-fir; values
were 1.32 for group F and 1.24 for group H.

Although many other factors influence
material selection, these data indicate that
hem-fir lumber provides the greatest return in
average bending strength per |b of material
used in manufacture.

Influence of Wane

Groups B and C were designed to have a
higher probability of horizontal shear failure
than the other groups. However, only one of
these 30 beams was believed to have failed in
shear, i.e, beam B-10 at a calculated shear
stress of 280 Ib/in.2. This was near the average
calculated shear stress for the other 29 beams
which failed in bending.

Design goals (about 1/2 target near-
minimum value) for group B were 90 and for
group C 110 Ib/in.2 in horizontal shear. These
represent two-thirds of the nominal design
values for lumber without wane or splits. All 30
beams can be analyzed by dividing the
calculated horizontal shear stress at failure by
the design goals and examining the ratios. In-
dividual ratios varied from 1.58 to 3.70 with an
average of 2.86. An estimated fifth percentile
would be about 2.1.

it is extremely difficult to arrive at any con-
clusions on shear strength of the beams with
wany lumber in the interior laminations
because 29 of the 30 failed such that this
lumber did not appear to influence failure.
What is significant is that no large shear
weaknesses were apparent due to the wany
lumber. Thus, the one-third reduction in
design strength due to wane amounting to
one-sixth of the width on either or both edges
appears to be adequate.

Compression Bonus

One purpose of this study was to deter-
mine whether the grade of lumber on the com-
pression side of glulam beams could be
significantly reduced without developing com-
pression failure. The amount by which nominal
design stress on the tension side exceeded
that on the compression side was denoted by
the ratio of these two stress values and called a
“compression bonus."”

No compression fallures were apparent in
any of the Douglas-fir or southern pine groups.
Discounting slight wrinkles in the top lamina-
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tion at the loading head, only three groups had
beams which developed obvious compression
failures: Three beams each in groups G and H
and four beams in group D developed com-
pression wrinkles to the extent as to likely
change the stress distribution in the cross sec-
tion.

The required compression bonus in the
different groups to maintain a tension mode of
failure is shown in table 8. Based on assumed
properties, a compression bonus of at least 1.2
(group D) was required to induce a small in-
cidence; a factor of 1.5 (group H) did not create
any predominance of compression failure. Us-
ing actual knot data for the beam analysis,
compression bonus factors of 1.3-1.48 did not
induce any failure in the Douglas-fir or
southern pine. The test definitely indicates that
a compression bonus of some value above un-
ity is justified.

Although the results do not suggest any
specific value of compression bonus for
design of glulam beams, a factor of at least 1.3
appears to be justified. If 1.3 were used with
the design concept proposed, low incidence of
compression failure would probably result in
any beams tested. A 1.4 or 1.5 factor may in-
troduce more compression failures and lower
average strength but yet is not iikely to result in
any beam strengths low enough to affect
design levels.

Analysis of CWS Values

Many CWS values in bending for the
different grades and species were assumed in
order to design the various groups. The CWS
values used were estimated near-minimum ul-
timate bending stresses for 12-in.-deep clear
wood glulam beams consisting entirely of the
described material (appendix I).

Results of this study along with results of
many other recent large glulam beam tests
provided an opportunity to analyze these es-
timated values. Details of the analysis are
given in appendix IV and only the general
trends summarized in table 9 will be discussed
here.

For dense, visually graded Douglas-fir,
the data indicate that when all grading and
manufacturing variables in the research
beams are considered, the CWS value at the
Sth percentile should be less than the 7,390-
Ib/in.2 value assumed. At 75 and 90 pct levels
of confidence, values ars 6,460 and 6,310




Table 8.--Compression bonus factor

1/ \ . . : ‘ .
Group— Compression bonus factor required Compression-side failures

for balanced design

Assumed knot

data data
A 1.10 1.41
B 1.18 1.43
C 1.16 1.30
D 1.23 1.:20
E 1525 1.48
F 15623 1.44
G 1.34 1.64
H 153 1.49

TOTAL

Actual knot

e e - AN
"""""""""""""" Pet
—= 0
-- 0
e 0
4 27
- 0
e 0
3 20
3 20
10 8

1/ Fifteen beams in each group.

Ib/in.2. Dense hem-tir resulted in quite simiiar
values. This type of analysis does not account
for the selection of near-minimum quality ten-
sion lamination in the test samples. Thus, the
true value of the lower percentile for a
representative population is probably less
than the 5th; further analysis is necessary to
determine its absolute value.

For E-rated material, the data do not
show justification for any difference in CWS
values for the 2.0E through the 2.6E grade.
CWS values of 7,000 and 6,800 Ib/in2for 75
and 90 pct levels of confidence could probably
be justified for this range of E-grade. These

are somewhat higher than for dense visuaily
graded Douglas-fir.

Both the 1.6E and 1.8E grades have
somewhat lower CWS values. Values of 5,600
and 5,200 Ib/in2 are suggested for the 1.8E
grade for the two levels of confidence but data
are insufficient to develop a recommendation
for the 1.6E grade. Some of the beams with E-
rated laminations also included near-minimum
quality tension laminations. As with the visually
graded material, the exact effect of this
technique on the statistical analysis is yet to be
determined.




k Table 9.--Results of clear wood bending stress analysis

Description of Number of Clear wood bending stress
materiall/ beams
Mean Standard Estimated fifth percentile
deviation (tolerance limit)

75% confidence 90% confidence

Ehita” «  Lhlln. Lb/1in.? Lb/1n.2
VISUALLY GRADED MATERIAL
Dense Douglas-fir 88 8,760 1,300 6,460 6,310
Dense southern pine 28 10,790 1,860 7,280 6,870
Dense hem-fir 30 8,980 1,290 6,570 6,300
E-RATED MATERIAL

2.6 + 2.4 21 10,520 1,720 7,220 6,760
2.2 31 10,030 1,760 6,760 6,400
2.0 95 9,880 1,630 7,010 6,840
1.8 35 9,540 2,120 5,620 5,220
1.6 6 7,850 890 5,780 5,110

l/ Many of the beams were intended to be near minimum gquality in that near minimum
quality critical tension laminations were especially selected.

’
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CCONCLUSIONS

In considering the absolute values of
beam strengths from this study, bear in mind
that samples were selected to represent the
near minimum quality for each grade. This was
done by selecting near minimum quality outer
tension laminations for the most highly stress-
ed region.

Specific conclusions are:

(a) Design of unbalanced glulam beams
using a “compression bonus” of 1.3 appears
justified. The resulting reduced grade on the
compression side will probably result in only a
slight increase in the number of test beam
failures in compression. A higher factor of 1.4
or 1.5 will introduce more compression failure
in test beams; although a higher factor could
lower the average bending strength, it would
probably not affect the near-minimum
strength.

(b) The procedure used to design visual-
ly graded glulam beams can be extended to
beams with E-rated outer laminations. Clear
wood stress values associated with 2.0E
material are somewhat higher than for dense
visually graded Douglas-fir. Data presented

provide information on which to base the
design of beams using E-rated outer
laminations.

(c) Shear weaknesses larger than
assumed were not apparent in beams made
with lumber having wane occupying up to one-
sixth of the width at either edge. Under dry
conditions, design of such beams to a level of
shear stress equal to two-thirds of that with
wane-free !lumber would appear justified.
However, such lumber must be graded follow-
ing the rules regarding splits and shakes.

Generally, results confirm previous fin-
dings in that the performance of some lower
strength beams appeared to be limited by
finger joint quality. Other beams below the
target strengths indicated the importance of
carefully grading tension laminations for the
amount of grain deviation and the lower grade
inner laminations for shake, which is not now
permitted in laminating grades. Examination of
tension laminations following failure
suggested that, when questions existed regard-
ing the amount of grain deviation, it was
usually greater than assumed.
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APPENDIX |

Appendix I.--Assumed lumber properties for designing
glulam combinations

Species group Grade E'l-/ Knot data—zj Clear wood
and grading method ——————— bending stress
X h
Million
1b/1n.2  Pet  Pet Lb/1in.
Douglas-fir 3/
Visually graded— L1 2.1 6.9 32.4 7,390
L2D 1.9 10.3 38.1 7,390
L2 1.8 10.3 38.1 6,350
E3 1.6 11.6  46.4 6,350
4/ No. 3 1.5 15 50 5,040
E-rated— E2.2T 2.2 5.2 32.6 8,400
E2.0T 2.0 8.1 37.4 7,350
E2.CC 2.0 10 36.9 7,350
Southern pine o,
Visually graded= No. 2MG 1.5 7.6  43.3 6,350
E-raced?/ E2.01 2.0 3.6 32.9 7,350
E1.8T 1.8 7.6 43.3 7,350
E1.8C 1.8 7.6 43.3 6,300
Hem-fir 6/
Visually graded— LLD 1.71 6.6 38.2 5,150
L2 1.47 10.2 46.9 4,480
4/ L3 1.30 12.2 53.5 4,480
E-rated— E2.0T 2.0 3.2 26.2 7,350
E1.8T 1.8 3.7 27.4 6,300
E1.8C 1.8 7.2 39.2 6,300
Engelmann lgructl/
Visually graded L3 1.0 20 S5 3,290
No. 3 1.0 23 55.8 3,290
Lodgepole glney
E-rated E1.8T 1.8 6 34 6,300
E1.5T 1.5 10 40 4,720
E1.5C 1.5 15 45 4,720

1/ E = modulus of elasticity.

2/ X 1s average sum of knot sizes and h is the difference between
the estimated near maximum and average sum of knot sizes.

3/ For L1, L2D, L2, L3 grades, E data are from AITC 117-74 (1),
knot data from an industry-wide survey, and clear wood bending stresas
data obtained by multiplying values in USDA Bull. No. 1069 by 2.1
following adjustment to 10-year loading. For No. 3 grade, E from
National Design Specification for lumber at 15 pct maximum moisture
content, knot data assumed to be slightly larger than for L3, and clear
wood bending stress assumed to be 80 pct of medium grain to account for
possible occurrence of occasional wide-ringed material.

4/ Knot and clear wood bending stress data based on analysis of
unpublished data supplied by Johnson for beams reported in (8,9).
.

5/ E 1s based on information collected in several previous studies
on No. 2 medium grain lumber, knot data from partial results of an
industry~wide survey, and clear wood bending stress obtained from
USDA Bull. No. 1069 ae described in footnote 3.

6/ E data from ASTM D 245 procedure and assuming & 5 pct increase
if specific gravity greater than 0.39, knot data supplied by AITC,
and clear wood bending strese data based on a 5 pct lower exclusion
limit from ASTM D 2555 data adjusted to 12-inch deep, uniformly loaded
condition. A 17 pct increase in bending stress was then assumed to
apply to "dense" material having a specific gravity greater than 0.39.

1/ Same as footnote 6 except that knot data estimated.
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APPENDIX Ii

Source and Properties of Lumber

Material Source

Douglas-fir

All of the visually graded Douglas-fir
material was from stock available at a glulam
manufacturing plant in the northern Calitornia
area. It was graded following kiln drying at the
plant using normal plant procedures accord-
ing to the laminating grades (23,24). The ex-
ception was the No. 3 material used for the in-
ner laminations of group C. This material was
graded as L3 except the following
characteristics were permitted:

(a) Met No. 3 requirement for knots and
slope-of-grain for Structural Light Framing ex-
cept that knot holes were the same size as
knots. All material meeting No. 2 Structural
Light Framing was removed to assure the
material would be representative of No. 3.

(b) Wane was permitted along either
edge to a maximum of one-sixth of the wide
face. This resulted in a central portion of the
lumber equa! to two-thirds the total width,
which provided a continuous glue bond.

(c) White speck or a combination of
white speck and a knot did not occupy more
than one-half of the cross section.

Hereafter, this shall be referred to as No.
3. but bear in mind that it was subject to the
above grading criteria. For all grades and
species, no material meeting a higher grade
was permitted in that grade for the test beams.

The E-rated Douglas-fir came from the
Willamette Valley region of Oregon and was
graded by a CLT-1 machine. The 2.2E
Douglas-fir was machine graded with the
machine set to select all material meeting or
exceeding 2.2E. This lumber was sorted a se-
cond time with the machine set to select 2 4E
material, which was then removed and not
used for this study. For the material to be used
on the tension side of beams, the edge knot re-
quirement (one-fourth for 1650f-1 5E and one-
sixth for higher grades) was imposed. Material
not meeting the edge knot requirement but
meeting L3 grade was used on the compres-
sion side.

The goal for describing the E-grades
used in the test beams was as follows
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1. Average E of the grade as deter-
mined by the E-computer was to be at least 95
pct of the nominal value, i.e., the 2.0E material
averaged at least 1.9 million Ib/in.2.

2. The E of at least 90 pct of the material
exceeded the nominal grade less 200,000
Ib/in2, i.e., 1.8 million Ib/in2 for a 2.0E
material.

Hem-fir

The visually graded hem-fir material was
obtained in the vicinity of Boise, |daho, and
was graded by a representative of the
American Institute of Timber Construction to
meet the laminating grade requirements
(23,24). It was selected at a lumber mill and its
maximum moisiure content checked during
grading. Many pieces were found to exceed
the maximum 16 pct moisture content desired
and were therefore discarded. This sorting
operation may have eliminated some of the
heavier material which dried more slowly, thus
biasing the sample toward the lighter and
perhaps less stiff material. The degres, if any,
to which this selection procedure affected the
properties of the sample was impossible to
determine. E-rated hem-fir was also obtained
in Oregon using the same equipment and
general principles used to obtain the Douglas-
fir E-rated lumber.

Material used in beams D-03 and D-04
was anatomicaily identified as belonging to the
white fir (Abies) group and was probably either
grand fir or California red fir. Knowing it was
purchased in the Boise, Idaho area suggested
that it was grand fir (Abies grandis).

Midlength tension laminations for beams
G-01, -02, -03, -05, and -10 were identified as
belonging to the fir group. All of these five ex-
cept G-10 were probably grand fir because
they were purchased In |daho. G-10, along
with the second lamination of G-02, may have
been white fir (Abies Concolor) from Oregon
Material used for the outer two tension
laminations in beam G-11 was identified as
belonging to the hemlock (Tsuga) group and,
as it was purchased in Oregon, it was probably




western hemlock (Tsuga heterophylla). The

other tension laminations were also identified
as hemlock (Tsuga) and were likely western
hemlock.

Southern pine

All of the southern pine began as a mix-
ture of No. 1, No. 1D, No. 2D, and No. 2MG
material at a glulam plant as graded according
to southern pine rules (79). its origin was un-
known. From one group, enough No. 2MG was
sorted for the inner lamination of group F
beams. E-rated material was obtained from a
different group by use of E-computer. As
southern pine was not readily available in E-
grades or no commercial equipment could be
found in a location convenient to the southern
pine lumber industry, the E-grades for the out-
er lamination were selected using the E-
computer. The MSR Douglas-fir and hem-fir
lumber grades had been previously evaluated
by the E-computer and their distribution form
was used as a guideline.

Western woods

Visually graded Engelmann spruce was
obtained from Colorado for the inner lamina-
tion of groups A, B, and H beams. L3 material

for group H was graded according to the ruies
for laminating fumber (22,23). No. 3 material
was graded as previously described for
Douglas-fir. Both L3 and No. 3 were obtained
from Standard and Utility grade light framing
material.

The tension laminations of beams H-02
and H-11 were anatomically identified as
belonging to the pine (Pinus) group and were
probably lodgepole (Pinus contorta). The
wood's known source supports this. The inner
laminations were identified as belonging to the
spruce (Picea) group and it was purchased in
Colorado as Engelmann spruce (Picea
engelmannii).

E-rated material was obtained from
lodgepole pine in central Oregon. As with the
southern pine, it was necessary to simulate the
E-grades. Rather than an E-computer,
midspan deflections under a known weight
were used as the criteria for selection. Edge
knot criteria were followed, i.e., material for the
tension side of beams had a maximum of one-
fourth edge knot, while compression side
material was permitted up to 50 pct knot as in
L3. The lodgepole pine was selected from con-
struction and standard light framing grade
lumber.

LUMBER PROPERTIES

Properties of the various grades of
lumber are summarized in table ll-1, and
midlength tension lamination data are given in
table 11-2.

Visual Grades

Visually graded Douglas-tir lumber was
10-25 pct stiffer than assumed while the visual-
ly graded hem-fir was 5-15 pct lower in stiff-
ness than assumed. L2 and L3 grade Douglas-
fir had smaller average knot size but larger
near maximum knot sizes than assumed—the
net effect probably being to cancel one another
in their effect upon beam design. L1 hem-fir
had a larger knot size than assumed which can
be attributed to the specific selection of rela-
tively low quality L1 pieces for tension lamina-
tion. L2 and L3 hem-fir had knot properties
close to those assumed.

No. 2MG southern pine lumber had
properties close to those assumed, while
=30-
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Engelmann spruce was slightly stifter and
had slightly smaller knot size.

E-Rated Grades

As expected, the E of all the E-rated
grades was close to that assumed. Knot
properties of both Douglas-fir an hem-fir
were quite near those assumed for the
material used on the tension side but the
compression side material had a considerably
higher near maximum knot size It would
appear that this material should be assumed
to have knot properties similar to L3 material
of the same species group

The outer tension lamination southern
pine material had a smaller near maximum 1z-
ed knot than assumed but the other mate ial
was quite close. As with the Douglas-fir «nd
hem-fir, the E-rated compression side mate:ial
should probably be considered to have knot
properties similar to the inner laminations ("o




2MG).

The outer tension lamination grade of the
lodgepole pine had knot properties larger than
assumed, probably due to the specific selec-
tion of low quality pieces. The other grade
used as a second lamination was close to that
assumed while the outer compression lamina-
tion had larger knots. As with the other species
groups, the lodgepole pine pieces probably
should be assumed to be similar to an L3
grade of the same species (15).

Tension Laminations
All tension laminations had significant

strength reducing characteristics within the
constant moment section (table I1-2). Up to 0.3
feet may have been sawn from the ends of the
beams during manutacture so that the location
of characteristics might not correspond exact-
ly with failure descriptions given in appendix
.

All measurements of knot size and
amount of grain deviation were conducted
prior to assembly of beams. It was obvious
after the tests that the amount of grain devia-
tion and slope-of-grain had been under-
estimated in several instances.

Table [1-1.--roperites of lumber grades used in bean wanutacture
Species group Crade Number of Moisture Specific Modulus of elasticity Knot dd[dl/
and grading method lumber content pravity
pieces Mean Coefticlent Lineal reet of )
of variation 2 x 4 lumber X h
measured
Millton
Pct !h/lnL? Pet Ft Pct Pct
Douglas-fir
Visually graded L] 134 12 0.53 2.33 20.1 450 4.3 30.7
L2D 138 12 « 5L 200, 21.4 450 6.0 42.4
L2 90 10 49 2.02 18.6 900 5.4 55.3
L3 237 12 #9k 2.02 18.6 2,400 8.2 58.9
No. 3 120 10 47 1.84 19.7 C -- --
E-rated EZ.21 54 11 .48 2.24 4.0 300 6.3 36.5
F2.0T 52 11 47 2.08 3.9 300 8.4 136.6
E2.0C 63 11 .51 2.08 5.9 300 9.7 58.8
Southern pine
Visually graded No. 2MG 180 — == 1.53 17:8 900 8.6 49.1
E-rated E2.0T 57 -- - 2.01 5.7 300 2.4 19.4
E1.8T 56 - - 1.79 Sl 300 5.6 41.5
F1.8C 52 - = 1.79 3.8 300 9.4 49.1
Hem-f1ir
Visually graded L1D 77 10 .39 1.62 2.3 150 11.2 38.1
L2 92 9 .36 1.27 14.6 450 11.1  50.2
L3 273 9 36 1.20 14.8 1,500 13.0 54.1
E-rated E2.0T 48 10 A4S 2.22 7.8 150 5.4 23.9
E1.8T 35 9 L4l 1.88 3.6 150 5.6 35.4
El.8C 59 11 L43 1.88 3.8 300 9.9 52.7
Engelmann spruce
“Visually graded L3 163 13 .40 1.20 14.9 750 16.0 45.4
No. 3 342 11 39 1.22 16.8 - B --
Lodgepole pine
F-rated Fi.87 45 10 R 1.80 6. h 150 11.4 3.
Fl1.5T 16 10 LAY 1.49 s 150 11.€ o P |
El.5C 98 10 ) 1.49 8.2 100 17.3 9.1
1/ X is average sum of knot sizes and h (s the ditference between the cstfmated near maximum and

wverage sum of

knot sizes.
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Table II-2.--Data for midlength tension laminations

Lumber data

Beam

Critical knot

No. Length Specific

gravity—

1/

Moisture

2/

content—

Ee
A0l 12 0.47
AQ2 12 52
AO3 10 «52
AQ4 14 .54
A0S 14 A
A06 8 .48
AQ7 16 .49
A08 16 59593
AQ9 14 «33
Al0 14 <5k
All 16 0L
Al2 10 .58
Al3 10 a2
Al4 14 .46
AlS 10 .48
Average 25
BO1 8 0.54
B0O2 14 .50
BO3 14 .48
BO4 14 w2
BOS 16 .48
BO6 16 .51
BO7 14 « 54
BO8 14 « 35
BO9 16 .54
B10 14 47
B11 14 a5
B12 14 .54
B13 14 48
Bl4 16 .56
B15 10 .56
Average SO

Pet

5/

GROUP A--DOUGLAS-FIR

11
14
13
174
10

9
12
12
13
13
12
13
12
10
11

1.2

GROUP B-~DOUGLAS-FIR

11
12
10
13
11
11
13
L5
12
10
12
13
11
£3
15

14

Eg/ Locationﬁ/ Knot
type—
Million
1b/in.2 Ft
2025 10.1-10.3 Ed
2.37 9.6 Ed
2.18 10.5 &
2549 10.3 Ed
1.88 1Ll Ed
1.82 10.2 (&
1.84 10.3 Ed
1.97 10.3 Ed
2.49 10.1 Ed
2.49 10.2 Ed
2.27 957 Ed
2.76 10.6 Ed
2.46 11.6 Ed
2.12 L3 Ed
1.80 9.3 Ed
221 - Cc-2
Ed-13
2o 4 10.0 Ed
2.23 11.0 Ed
2. 10 8.6 (0
1.81 10.1 Ed
1.86 ]l (% C
2.49 9.8 Ed
2.60 102 Ed
2.68 10.2 Ed
e L) 103 Ed
2.04 10,1 kd
Ll 9.7 Ed
e Lliv2 Ed
Lo 62 i8R Ed
2.93 9.8 Ed
2vils 10,2 Ed

r

.26
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C=2
Ed=13

Knot
size

23
23
27
23
20
241
21
23
25
20
20
29
21
217
23

23

—_—N = PO
O O R Nt

18
20
16

18
16
18

0
23
18
25
16

Grain

devia-

t

ion

32
32

36
46
34
34
36
34
30
30
29




Table II-2.~-Data for midlength tension laminations--continued

Lumber data

Critical knot

Beam 37
No. Length Specific Moisture = Locationﬁ Knot Knot Grain
1 2 5/ size devia-
gravity— content type— efos
Million
Fr Pet  1b/in.® Rt Pet  Pet
GROUP C~-DOUGLAS-FIR
col 14 0.52 10 2.02 9.8 Ed 23 30
co2 16 .50 11 1.92 9.0-9.2 Ed 20 43
co3 14 .51 13 2.10 9.1 Ed 25 36
C04 14 .49 11 1.94 10.0 Ed 29 39
Cc05 16 2 13 1872 10.4 Ed 29 39
Cco6 8 .46 9 1.87 9.6 C 29 43
co7 16 93 11 2.43 9.2 Ed 20 34
co8 14 .50 11 1.88 10.5 Ed 20 41
co9 8 .48 10 1.71 10.6 C 25 43
C10 16 o932 11 2.08 10.8 Ed 20 30
Cl1 16 .49 10 2.30 9.0 Ed 16 27
C12 8 .49 10 1.87 9.4 Ed 20 34
C13 16 .50 13 2.10 9,2 Ed 21 34
Cl4 16 .47 12 1.74 10.2 Ed 29 41
Cl5 14 .50 10 1.49 9.9-10.2 Ed 21 38
Average .50 11 1.94 == c-2 27 43
Ed-13 23 36
GROUP D--HEM-FIR
DO1 16 0.40 18 1.65 10.1 C 25 38
D02 16 .39 13 1.83 9.5 (& 21 36
DO3 16 .39 12 1.79 10.2 Ed 27 41
D04 14 «37 14 1.43 10.0 G 21 41
DO5 16 .40 13 1.93 10.0 Ed 29 43
D06 16 .38 13 1.66 9.9 C 34 50
DO7 16 .39 13 L4l 10.2 Ed 27 41
D08 16 .39 12 1.78 10.6 (0 34 48
D09 16 .39 15 1.60 9.6-10.0 Ed 2] 38
D10 16 .39 13 1.39 11.0 C 21 32
D11 16 .39 14 1.49 10.5 Ed 27 39
D12 16 W37 14 1. 59 9.8 & 27 36
D13 16 41 L3 178 10.1 C 29 45
D14 16 .40 12 1.46 10.0 Ed 16 38
D15 16 .40 14 1.66 10.2 ¢ 27 45
Average .39 14 1.63 - c-9 f 41
Ed-6 24 40
-33-
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Table II-2.--Data for midlength tension laminations--continued

Lumber data

Critical knot

Beam 3/ 47
No. Length Specific Moisture E= Location— Knot Knot Grain
Seul 2/ 5/ size devia-
gravity—  content type— Py
Million
Ft Pt 1b/in® R Pet  Pet
GROUP E-~--DOUGLAS-FIR
EO4 12 0.49 11 2,13 11.6 c 27 45
EO5 12 .51 11 2.32 10.6-10.9 ¢ 23 43
EO8 12 .49 11 2..32 10.3 c 30 43
E09 12 .45 10 2.12 9.1-9.3 (¢, 36 43
E10 12 .48 12 2.25 11.1 C 27 46
E12 12 .51 10 2.25 10.3 Ed 27 41
E15 12 .50 13 2.37 9.6 Ed 11 29
E1l6 12 .45 10 2.23 9.9 C 16 39
E19 12 .46 10 2.34 11.4 Ed 21 30
E21 12 .44 9 2.16 9.2 Ed 25 46
E24 14 <9l 13 2.18 11.4 C 32 46
E26 12 .44 9 1.95 10.3 Ed 18 27
E27 16 «52 11 2.16 9.2 Ed 25 38
E28 12 .51 11 2.32 9.9 Ed 18 39
E29 12 47 11 2+25 10.8 Ed 14 39
Average .48 11 2422 ~- c-7 27 44
Ed-8 20 36
GROUP F--SOUTHERN PINE
F02 14 1.77 9.8 C 11 32
FO3 14 2.02 10.2 Ed 14 27
FO4 14 1.81 9.3 C 12 36
FO7 14 2.01 11.8 C 9 29,
FO8 14 2.16 9.8 Ed 9 27
F11 14 2.04 8.7 Ed 21 29
F12 14 2.20 9.5 Ed 14 29
F13 14 1.81 9.8 c 12 29
F17 14 2:12 10.1 C 12 34
F20 16 1.82 10.0 C 14 39
F21 14 1.97 10.2 Ed 18 32
F22 16 2.14 8.2 C 12 29
F23 14 2.03 8.9 Ed 11 34
F27 16 2.01 10.0 Ed 11 27
F28 14 2.18 10.0 C 21 38
Average 2.01 -- c-8 13 33
Ed-7 14 29
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Table II-2.--Data for midlength tension laminations--continued

Lumber data Critical knot
Beam — 37 7
No. Length Specific Moisture = Locationfi Knot  Knot Grain
alif 2/ 5/ size devia-
gravity— content— type— tion
Million
Ft Pt 1b/in.’  Fe Pct  Pet
GROUP G--HEM-FIR
GOl 16 0.40 10 1.74 9.8 Ed 18 25
G02 16 .38 12 1.86 10.0 (6 12 22
GO3 16 .37 10 1.76 10.0 c 27 34
GO4 14 .41 12 2.10 10.0 C 16 27
GO5 16 .38 13 1.80 10.0 Ed 18 27
GO6 14 -39 12 2.16 10.1 Ed 18 25
GO7 12 42 13 2.03 10.0 C 18 30
GO8 k2 42 10 2.04 10.0 Ed 11 27
GO9 12 .47 14 2.24 8.1 Ed 18 32
G10 12 .41 12 221 10.0 C 20 32
G11 14 .41 9 1.97 10.0 Ed 16 29
G12 14 .45 12 2419 10.1 C 18 30
G13 12 .45 14 1.91 10.1 Ed 16 21
Gl4 14 <45 12 2.09 10.2 Ed 18 32
G15 14 .40 13 1.99 10.3 Ed 16 29
Average «41 2 2.00 - Cc-6 18 29
Ed-9 17 28
GROUP H--LODGEPOLE PINE
HO1 12 0.47 12 1.71 9.8-10.2 ¢C 25 38
HO2 12 42 12 1.87 10.1-10.3 Ed 30 46
HO3 14 44 11 1.83 10.1 Ed 25 36
HO4 16 41 11 1.88 10.1 (6! 23 38
HO5 14 .49 11 192 10.1 c 14 38
HO6 16 .43 11 1.72 10.0 (0 21 32
HO7 14 42 11 1.86 10.0 C 23 39
HO8 14 44 11 L+39 9.1 Ed 25 32
HO9 14 .43 11 1.70 9.9-10.0 Ed 32 48
H10 16 44 13 1.80 10.9 Ed 25 36
H11l 16 .45 11 1.76 11.2-11.7 C 21 30
H12 16 .43 11 1.78 11.0 C 21 41
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Table II-2.--Data for midlength tension laminations--~continued

Lumber data

Critical knot

Beam 37 47
No. Length Specific Moisture B Location— Knot Knot Grain .
gravityL/ I typeé/ glag “dewla-
tion
Million
Ft Pct lb/in.2 Ft Pct Pct
GROUP H-~-LODGEPOLE PINE--cont.
H13 14 0.44 1 1.65 10.0 C 29 43
H14 14 41 10 1:62 10.7-11.0 Ed 30 45
H15 14 .49 i 1 2:03 11.0 Ed 20 34
Average .44 11 1.78 - Cc-8 22 37
Ed-7 27 40
1/ Based on ovendry weight and volume at time of test.
2/ Average of three values taken with a surface-type meter.
3/ Modulus of elasticity determined with an E-computer.
4/ location of defect in beam measured from reference end of beam.
5/ Edge (Ed) or centerline (C).
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APPENDIX 111

Beam Test Results

Table ITI-]1.--Results of bending tests

Beam Dlmensions—l-/ Moisture Specific Modulus Modulus of Shear Failure comentai/ %‘4

No. = 2/ 3/ of elasticity stress
Width Depch CoRteat™ gravity= . .. re at Selected Tension Other ?a
Full Con- failure tension lamination 4
span atant lamination finger !

moment knot joint

section 5
Million Million :

In, In.  Pet b/1n.> 1b/1n.% 1b/1n.2 1b/tn.?

GROUP A: OUTER LAMINATIONS--VISUALLY GRADED DOUGLAS-FIR,
INNER LAMINATIONS--NO. 3 ENGELMANN SPRUCE

A1 3.08 12.38 9 0.45 6,550  1.64  1.80 225 MAJ. at 10.1
A0z 3.07 12.36 9 47 7,720 1.72  1.85 265  MAJ. at 9.8
A03  3.07 12.39 10 .50 6,000 1.83 1.8 207 10 pet at 6.0 $.0.C. 4 to 6
A0 3.07 12.39 11 .45 4,260 1.9  2.07 147 40 pet at 8.6 5.0.G.
A05  3.08 12.40 11 .43 3,4500 | 13 1i84 119 Shear
A6 3.08  12.37 8 .47 4,50 1.85  1.78 157 IN. $.0.G. 8 to 11
A07  3.09 12.37 10 L4b 5,590 1.76  1.85 192 MAJ. at 7.5
A8 3.08 12.38 10 .46 4,830 1.9  2.04 166 MAJ. at 10.0
A09 .08 12.38 9 %7 5,780 1.97  1.99 199 MAJ. at 4.0
A10 3.09 12.40 11 .46 4,920  1.93  2.39 169 MAJ. at 8.0
ALl 3.08 12.39 10 o 4,90 1.58 1.7 170 MAJ. at 9.3
Al2  3.09 12.39 10 .4 31190  1.75  2.13 110 MAJ. at 9.2
AL} 3.08  12.43 9 .46 5,350  1.73  1.88 185 G.D. at 9.5
AL 3.08 12.39 10 <44 3.860 1.72  1.79 133 MAJ. at 9.2
ALS  3.08  12.38 9 47 4,50 1.82  1.98 155 G.D. at 11.4
Av.  3.08 12.39 10 .46 5,000  1.80  1.% 173
c.ov.¥ 25070 o6 8.8 =

GROUP B: OUTER LAMINATIONS--VISUALLY GRADED DOUGLAS-FIR,

INNER LAMINATIONS--NO. 3 ENGELMANN SPRUCE
B01  3.07 17.86 9 0.47 6,280 2.04  2.20 312 MAJ. at 10.0
802 3.08 17.91 10 246 6,460 1.83  1.95 322 MAJ. at 8.5
03 3.08 17.90 10 45 4,670 1.71  1.68 232 MAT. at 8.8
804 3.09 17.92 10 .46 4,430  1.63 163 221 MAJ. at 10.1
805 3.09 17.90 10 .46 5,690  1.60  1.86 285 MAJ. at 9.8 G.D. at 9.0
806 3.08 17.89 10 .46 6,080 1.97  1.86 302 MAJ. at 9.8
B07 3.08 17.86 8 .46 6,710 1.790  2.16 133 MAJ. at 10.2
808 3.08 17.89 10 47 4,720 1.72  1.79 235 MAT. at 9.1
809  3.08 17.91 10 .46 5,620 1.67  1.68 279 MAJ. at 10.0 |
B0 3.07 17.86 10 T 5,660 1,96 L1 281 Shear
Bl 3.08 17.91 10 .48 6,310 1.89  2.12 314 MAT. at 10.5
812 3.07 17.90 10 “46 4030  1.58  1.55 201 5 pct at 13.1 G.D. at 12.5
813 3.07 17.86 10 7 5170 - 1.5 1.66 256 MAJ. at 10.0
316 3.06 17.88 10 .50 5,810 2,09  2.15 289 MAJ. at 4.4
815 3.07 17.91 10 .47 5,780  1.79 1.9 288 L pet at 10.3 $.0.G. 10 to 12
Av.  3.08 17.89 10 .87 5560 ile7Bll L1247 276
c.0.v.2/ 153 51 i1 =
k'
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L e e e e el M i b

am anensi
Wide!?
In.
col 3.07
co2 3.08
223 3.08
04 3.08
cos 3.08
co6 3.06
co7 3.08
co3 3.08
€09 3.08
c10 3.07
€11 3.07
€12 3.08
€13 .07
Cl4  3.08
Cc15  3.07
Av. 3.08
c.0.v.¥
D01 3.06
D02 3.06
D03  3.06
D04 3.07
D0S  3.06
D06 3.08
D07  3.07
D08  3.08
209 3.07
D10 3.08
011 3.07
D12 3.08
D13 3.07
D14 3.08
D15 3.09
Av. 3.07
c.0.v.2

12.41
12.37
12.39
12.39
12.37

2,40
12.39
12.39
12.35
12.40

12.38
12.39
12.36
12.39
12.39

12.39

Table III-1.--Results of bending tests--continued

Modulus Modulus of Shear

Specific Failure coumments—
ravltvé/ of elasticity stress e e e
8 FUPEURE e at Selected sion Other
Full Con- tailure tension laminacion
span stant lamination finger
moment knot joint
section
Million Million
2 2 2 2
Lb/in, 1b/1n. 1b/in.” Lb/in.”
GROUP C OUTER LAMINATIONS~-VISUALLY GRADED DOUGLAS-FIR,
INNER LAMINATIONS~-NO. 3 DOUGLAS~FIR
0.48 6,270 1.83 1.90 312 MAJ. at 9.6
.49 5,890 1.88 2.00 292 MAJ. at 9.1
.50 6,770 1.79 1.86 337 MAJ. at 8.9
.49 5,990 1.79 1.70 298 MAJ. at 10.1
.50 5,900 1.78 1.61 293 MAJ. at 10.0
.50 5,230 1.83 2,10 260 $.0.G. 7 to 9
50 5,960 1.89 2,15 296 MAJ. at 9.2
.50 7,770 1.92 X.87 386 INV. at 10.4 10 pect at 9.5 S.0.G.
.67 5,670 1.67 1.54 282 $.0.6.. T o 9
.48 6,860 1.76 1.68 341 MAJ. at 10.7
.49 5,320 1.93 2.06 264 MAJ. at 9.0
A 6,180 1.89 191 306 S.0.G. 8 to 11
.50 6,240 LTt 1,77 311 G.D, at 7.3
.49 3,500 1.83 Ls57 174 MAJ. at 10.0
47 4,600 1.58 TS 7. 229 G.D. ar 7.5
.49 5,880 1.81 1.82 292
16.9 55 Th2 -
GROUP D: OUTER LAMINATIONS--VISUALLY GRADED HEM-FIR,
INNER LAMINATIONS--L3 HEM-FIR
0.32 5,250 1.37 1.38 181 MAJ. at 9.5
.36 4,720 1.30 135 162 G.D. at 13.0
.38 5,750 1.38 1.43 198 MAJ. at 9.9 G.D. at 8.5
.38 4,920 1,33 1.41 170 30 pct at 13.7 S.0.G. 10 to 14
.38 5,720 1.28 1.29 197 MAJ. at 9.9 G.D. at 10.6
.38 4,550 1.30 1.46 157 MAJ. at 9.8
+39 4,720 1.24 139 163 G.D. at 1.9
.36 4,230 .37 353 146 MAJ. at 10.5
3 5,360 1.20 132 184 Compression
37 4,510 1.29 1.34 155 MAJ. at 8.8
.38 4,820 1,22 1.40 166 MAJ. at 10.3
.37 6,210 139 1.41 214 Compression
.38 6,310 1.38 131 216 Compressi
37 4,790 1.24 1.33 165 Compression
-39 4,710 1.32 1.20 162 MAJ. at 9.9
CL 5,110 1.31 ¢ P 7 176
12.4 4.8 5.6 -
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m  Utmenstons' Moisture  Specific

3.11
3.13
3.15
3.11
3.11

3.11
3,014
3.14
3,15
3.14

357
3:17
3.18
3. 16
¥k

3.14

12

12.
12.
) 140
12.
12.

12,
12.
12.
12.
12.

12.

12.
12.
12.
12.
12.

12.
12.
12.
12.
12.

12.
12.
12.
12.
12,

.38
s
12.
1Z.

12.

40

40
40
40

40
19
40
41

42

39
39
40
40
32

39

33
34
37
ac
38

32
32
31
35
16

37
37
35
36
33

> 1
content™’

11
12

10
10

11
10
10
11
10

10
10
12
10
12

11
10
10
10
12

11
10
10
12
11

)
&

13
11
11
b fi %

11

fable 1

11

GROUP E:

Modulus

o

rupture

Modulus of
elasticity

Full
span

1b/tn.2

I1-),--Results of bending tes

at

failure

:
1b/n.?

Selected
tension
lamination
Knog

INNER LAMINATIONS~-L3 DOUGLAS-FIR

5,120
S, 300
6,760
6,110
7,250

6,420
5,500
6.990
5,820
5,680
5,220
5,690
5,140
6,800
8,740

6,170
16.3

91
.02
.98
.02
.04

PN N

97
.26
22
.21
.98

el SRR S

.96
07
97
.86
<2

P = P

"~

.05
6.0

BRI RS

176
183
233
210
250

221
189
241
201
196

180
196
177
234
299

212

MAJ.

MAJ.
. at
INV.

OUTER LAMINATIONS~-E-RATED DOUGLAS-FIR,

. at
< &t
. at

.o at

at

at

OUTER LAMINATIONS--E-RATED SOUTHERN PINE,

INNER LAMINATIONS--NO,

8,380
7,060
7,280
6,530
7,040

5,620
6,500
7,310
5,900
5,420

4,800
4,780
6,890
8,710
6,660

6,590
17.4

1.73
LT
1.70
1.65
1.80

1.60
1.69
1.67
1.70
1.62

1. 7S
1.67
j kS
1.77
1.74

1.69
4.0

287
242
250
225
242

192
223
250
202
186

165
164
236
299
228

226

MAJ.
MAJ.

INV.

MAT.
MAJ.

2MG SOUTHERN PINE

at
at

at

at
at

Faflure comments—

90 pct at 12.5

50 pct at 10.2

o o
@x ®©




Table III-]1.-~Results of bending tests--continued

Beam Ulmenslnnw}/ Moisture Specific Modulus Modulus of Shear Failure commentsél
No TR B 2/ 3/ of elasticity BETGEEL | Wy e e ety s -
width Depel COmtent BravAty=" | ipture at Selected Tension Other
Full Con- failure tension lamination
span stant lamination finger
moment knot joint
section
Million Million
In. In. Pct Lb/ln.2 lb/in.z lp/in.z Lb/ln.z
GROUP G: OUTER LAMINATIONS--E-RATED HEM-FIR,
INNER LAMINATIONS--L3 HEM-FIR
GOl 3.09 12.40 9 0.40 3,810 1.66 1.79 131 MAJ. at 9.6 G.D. at 12.5
Go2 3.09 12.39 8 .40 5,450 1.69 1.86 188 MAJ. ar 9.7
GO3 3.09 12.41 9 #39) 6,480 1.71 2.04 224 MAJ. at 8.3
GO4 3.08 12.36 9 .40 6, 340 1.22 2.09 218 S.0.G6. 9 to 13
GO5 3.07 12.39 9 .40 5,440 W 1.73 187 MAJ. at 10.1
GOo6 3.08 12.38 9 .40 6,610 1.73 2.04 227 80 pct at 6.4 S.0.G.
GO7 3.08 12.37 9 W41 7,850 1.69 1.69 270 Compression
Go8 3.07 2.36 9 .40 6,890 17 1.84 237 Compression
GO9 3.08 12.36 8 W42 7,290 1573 1.81 250 $.0.G. 6 to 8
Gl0 3.07 12.37 8 W41 6,140 Y.72 1.83 211 MAT. at 8.3
Gl1 3.07 X237 9 .40 5,600 1.70 1.78 192 MAJ. at 8.4
G12 3.08 2.42 10 .39 6,170 1.65 1.71 213 MAJ. at 9.4
G13 3.08 12.40 10 .40 6,730 1.61 L8 232 Compression
Gl4 3.08 12,40 9 .40 6,640 171 1.84 229 MAJ. at 10.0
G135 3.08 2.29 9 .40 5,690 1.78 1.80 194 INV. ar 10.1 60 pct at 9.0
Av. 3.08 12.38 9 .40 6,210 1.70 1.84 214
c.0.v.2/ TSy 6.6 --
GROUP H: OUTER LAMINATIONS--E-RATED WHITE WOOD (LODGEPOLE PINE),
INNER LAMINATIONS--L3 WHITE WOOD (ENGFIMANN SPRUCE)
HOIL 3.06 2,33 10 Q.43 7,580 1.45 1,52 260 Compression
HO2 3.06 12.36 10 W42 6,430 1.44 1.66 22 INV. at 10.0 G-D: at 11.5
HO3 3.08 12.38 11 L4l 4,540 1.48 1.54 156 INV. at 9.9 40 pct at 9.0
HO4 3.07 12,35 10 .43 5,490 1.38 1.54 188 MAJ. at 8.2
HOS 3.07 12,35 10 42 5,480 1.45 1.65 188 Compression
HO6 3.08 13+ 36 11 A2 4,500 1B i 1.44 154 MAJ. at 8.8
HO? 3.07 12.34 9 .43 5,440 1.47 1.58 186 G.D. at 10.6
HO8 3.08 12,34 9 W43 4,420 1.36 1.50 152 MAJ, at 9.2
HO9 3.09 12.38 9 .43 4,510 1.38 LeS7 155 MAJ. at 10.0
H10 3.08 12.38 11 LL2 4,400 1.45 1.58 152 MAJ. at 10.9 GeDs At X1, 3
HI1 1.08 12,35 11 L4l 5,790 e 1:39 199 MAJ, at 11.2
H12 3.09 k2,37 10 W43 6,360 LSk 1.74 218 . Compressic
H13 3.09 12.38 9 W43 4,300 1.40 1.51 148 MAJ. at 9.9
Hl4 3.08 12.39 10 .42 4,240 1.34 1.44 146 MAJ. at 7.0
H15 1.08 Z:39 10 W42 4,780 351 Ledl 164 MAJ. at 10.8 G.D. at 9.
Av. 3.08 £3.37 10 42 5,220 1.42 1.56 179
/
C.0.V. 2 18.9 4.1 6.4 --

1/ Dimensions are averages of measurements made at--and 4 ft both sides of--mldlength.

2/ Determined {mmedtatclv following test using a resistance-type meter with 1-1/2-in.-long needles. Data given are
averages of readings taken tor ciuch lamination at point of fallure. Readings were corrected using factoras published by the
manufacturer.

3/ Based on weight and volur: of complete beam at time of teat. Welght was adfusted to ovendry.

4/ Locatlons are given in feet with reference to one end of the beam. Midliength was at 10.0 and constant moment
#e ion was from 9.0 to 12.0, MAJ. = major cause; INV. = {nvolved in fallure; S$.0.G. = alope of grain; and

G.U. = grain deviation.

5 Coeffictent of vartatton = (standard deviation @ average) x 100.
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APPENDIX IV

Determination ot Clear Wood Bending
Stress (CWS) Value from Beam Test

Data

To attain CWS values for different species
and grades of lumber, data from past ex-
periments conducted at FPL, Oregon State
University, and both Canadian Laboratories
were analyzed. Strength ratios were estimated
by the I/l g concept using knot data obtained
either from analysis of the flumber used or from
similarly graded lumber. Strength ratios were
expressed as the ratio of the anticipated near
minimum strength to that of a clear beam con-
sisting entirely of the density and/or stiffness
of material in the tension lamination. Based on
concepts discussed in this report:

MOR=(CWSI(SR) 1

MOR - expected near minimum beam strength

CWS - expected near minimum clear wood
stress for tension lamination quality
material

SR - strength ratio

t - transformed csection factor

d/2z - ratio of half depth to neutral axis
positions.

By redefining SR as
ITh)

= (SR) 5
Eft 27

4

(SR)

-41-

clear wood design stress can be expressed as

cws=MOR

(SR) Eff
Values of CWS were calculated for all beam
tests for which strength ratios could be es-
timated.

MOR values were adjusted to a 12-in.
common depth, a 21:1 span-to-depth ratio and
uniform loading, and a 12 pct moisture content
(ASTM D 2915). Also, the dead load stresses of
the beams were added if they were not con-
sidered in the initial analysis.

Strength ratios calculated using the un-
balanced li/l@ concept are included In table
IV-1. Also, the strength ratio as believed to be
limited by the tension lamination grade Is in-
cluded. The lower of these two strength ratios
was muitiplied by Z% to determine the effective
strength ratio. CWS values were thus
calculated for each beam and are given in
table 1IV-2. Each group was then statistically
analyzed and results presented in the form of
averages and standard deviations (table IV-3).




Table IV~1.--Beam groups used in clear wood stress analysis

Source Beam Number Tension side Td/ZZé/ Effective
L identification of strength ratio strength
beds B/ x'at:io»zi
Knots— Tension
lamina-
tiong/
VISUALLY GRADED DOUGLAS-FIR
Present study AOQ01-Al5 15 0.734 0.674 0.858 0.578
B0O1-B15 15 .761 724 .857 .620
C01-C15 15 .756 724 .865 .626
FPL 113 1,3,6-10 7 w735 2/.774 934 . 686
2,445 3 .735 ='.674 .934 .630
21-23 3 2770 .824 .934 <719
FPL 146 41-45 5 .735 774 .934 .686
46-50 5 .739 A .935 .691
FPL 236 (15) 86-90 5 .633 .674 .843 .534
91-95 5 . 637 .674 .928 .591
96-105 10 737 774 .922 .680
Total - 88 - - - -
VISUALLY GRADED SOUTHERN PINE
FPL 113 11-20 10 . 791 . 674 .865 .583
FPL 113 24~-26 3 .819 AT .838 . 649
FPL 146 36-40 5 .822 ST .877 .679
FPL 151 51-60 10 .822 774 .877 .679
Total - 28 - - -~ -
VISUALLY GRADED HEM-FIR
Present study DO1-D15 15 . 589 .674 . 894 D27
RP 18 (10) Comb. 1 5 vl .814 .930 .681
Comb. 2 5 .718 724 . 901 647
Comb. 3 5 .718 .674 .897 . 604
Total -~ 30 - - - -
E-RATED DOUGLAS~FIR (2.4-2.6E TENSION LAMINATION)
T-26 (9) DO1-DO5 5 . 766 o124 . 887 .642
o D06-D11 6 . 844 .724 .918 665
T-27 (8) D01-D06 6 . 829 174 . 898 .695
Total - 17 . - S en




Table IV-1.--Beam groups used in clear wood stress analysis

3/

Source Beam Number Tension side Td/22z= Effective
identification of strength ratio strength
beams i
Knotsl/ Tension i
lamina~
tioné/

E-RATED DOUGLAS-FIR (2.2E TENSION LAMINATION)

Present study E04-E29 15 . 686 724 .898 .616
T-27 (8) D0O7-D12 6 .696 724 .933 .649
Total - 21 = = — =

E-RATED SOUTHERN PINE (2.2E TENSION LAMINATION)
T-27 (8) SPO7-SP12 6 . 766 774 .901 .690

E-RATED SOUTHERN PINE (2.0E TENSION LAMINATION)

Present study F02-F28 15 .152 .77 .900 .677
T-27 (8) SPO1-SP06 6 .770 724 .933 .675
Total - 21 == = - --

E-RATED HEM-FIR (2.0E TENSION LAMINATION)

Present study GO1-G15 15 A . 824 .895 .690
T-26 (9) HO1-HO6 6 .870 .824 .965 195
i WO1-W06 6 . 871 . 824 .896 .738

[-27 (8) HDF13-HDF18 6 . 860 - 174 <933 o T2l
H19-H24 6 oD « 14 c927 el it

Total - 39 o da s ot

E-RATED HEM-FIR (1.8 TENSION LAMINATION)

T-27 (8) H25-H30 6 . 848 724 .916 .663
E-RATED "WHITE WOODS'" (2.4E TENSION LAMINATION)
VP=-X-132 (12} 9,11 4 + 825 «824 . 862 o e

E~RATED "WHITE WOODS" (2.2E TENSION LAMINATION)

VP-X-132 (12) 7,12 4 747 o 174 . 861 643
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Table IV-1.--Beam groups used in clear wood stress analysis

Source Beam Number Tension side Td/ZZ}/ Effective
identification of strength ratio strength
beams »—~——ijr~—‘—————< EE N
Knots— Tension EStto=
lamina-
tiom—
E-RATED "WHITE WOODS'" (2.0E TENSION LAMINATION)
VP-X-132 (12) 3,4 4 . 729 774 .920 .670
8,10 4 .768 o1 T4 .905 .695
Aplin (g) Al-A8,B1-B8 14 « 215 .824 .952 . 681
D1-D8 7 . 802 .824 .955 .766
E2-E8 6 . 801 .824 .937 « 19
Total - 35 - - - -
E-RATED "WHITE WOODS" (1.8E TENSION LAMINATION)
Present study HO1-H15 15 . 640 .674 . 848 .543
T-27 (8) LP31-LP36 6 . 659 « 124 .911 .600
VE-X-132 (12) 1,2,5,6 8 . 649 774 .909 .590
Total - 29 - - - -—
E-RATED "WHITE WOODS'" (1.6E TENSION LAMINATION)
T-27 (8) LP37-LP42 6 .633 .674 .897 .549

1/ Based on unbalanced I ,/1 . analysis using knot data either from
lumber used in manufacture or similarly graded lumber. Tension side
assumed to control.

2/ Estimated limiting strength ratio for outer tension lamination.

3/ Transformed section factor--see ''Development of Design Criteria" in
main text of this report.
.

4/ Lowest tension-side strength ratio multiplied by transformed section
factor.
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Table IV-J.—~AdJusL¢nixm\{qlq9 of rupture (MOR) and clear wood stress (CWS)

values for glued,

Adjusted Calculated

Beam
3 d 5 £ LA / ~ o
identifi MURl’ CWS
cation

VISUALLY GRADED DOUGLAS~FIR

A0l 6,200 10,730
AO2 7,300 12,640
AO3 5,820 10,070
AO4 4,250 7,360
A0S 3,450 9,980
A0b 4,240 7,340
AO07 5,430 9,390
A0 4,690 8,120
A0Y 5,480 9,480
Al0 4, 890 8,470
All +, 810 9,320
Al2 3,120 ), 400
Al3 5,080 8,780
Al4 3,770 6,510
Al5 4,290 7,430
BO! 6,050 9,760
BO2 6, 380 10, 280
BO3 4,610 7,440
BO4 4,390 7,090
BOS 5,620 9,060
BO6 6,000 9,670
BO7 6,320 10, 190
BUS 4,670 7,530
BOY 5,550 8,940
B10O 5,590 9,020
Bl1 6,230 10,040
B12 3,990 6,440
BL3 5, 100 8,230
Bi4 5,740 9,250
B15 5, 710 9,200

VISUALLY GRADED SOUTHERN PINE

11 5,370 9,220
12 6,800 1i,660
13 5,410 9,270
14 4,390 7,530
15 5, 380 9,230
16 4,540 7,790
17 4,920 8,440
18 7,940 13,620
19 5,330 9,140
20 7,050 12,100

VISUALLY GRADED HEM-FIR

Dol 5,090 9,660
Dno2 4,480 4,500
Do3 5,440 10,1330
D04 4,670 8,860
D05 5,540 10,520
DOK 4,420 8,390
po7 4,480 8,500
no8 4,020 7,620
Do9 5,080 9,640
DLo 4,380 8,310

Beam
identiri-
cation

VISUALLY G

col
€02
Cco3
Cco4
c05
co6
co7
co8
€09
c10
ClL
ci2
(21023
Ccla
C15

Adjusted Calculated
MOR]/ CWS

)
Lb/in.”  Lb/in.’

RADED DOUGLAS~FIR--
cont Lnued

6,050 9,660
5,680 9,070
6,520 10,410
5,650 9,020
5,690 9,090
5,050 8,070
5, 740 9,170
7,480 11,950
5,600 8,950
6,610 10, 560
5,130 8,200
6,090 9,730
6,020 9,610
3,390 5,420
4,550 7,270
6,200 9,050
5,840 8,520
6,250 9,100
5,840 8,510
6,110 5,900
6,380 9,300
5,310 7,730
5,520 8,760
4,600 7,300
4,910 7,790
5,960 8,290
5,760 8,000
6,470 9,000

VISUALLY GRADED SOUTHERN PINE--

VISUALLY

DLl
D12
D13
D14
nis

1-1
1-2
1=3
1-4

1-5

continued

5,790 8,920
5,190 8,000
5,420 8, 350
7,400 10,900
8,220 12,110
9,530 14,030
8,690 12,800
8,930 13,160
GRADED HEM-FIR--
continued

4,570 8,670
6,010 11,410
5,960 11,320
4,650 8,820
4,470 8,480
6,720 9,870
7,200 10,570
6,820 10,010
5,210 7,650
7,000 10,270
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Adjusted Calculated

Beam
identifi- MHRX/ CwWS
cation
Lb/in." Lb/in."

VISUALLY GRADED DOUGLAS-FIR--
continued

41 7,080 10,320
42 5,050 7,360
43 6,010 8,760
44 5,940 8,650
45 6,460 9,420
46 7,170 10,370
47 3,920 5,670
48 5,900 8,550
59 5,360 7,760
50 6,180 8,950
86 4,570 8,550

7 4,850 9,080
K8 4,710 8,810
89 5,230 9,800
90 5,640 10,560
91 +,610 7,800
92 6,270 10,610
93 5,930 10,030
94 4,670 17,910
95 4,680 7,910
96 6,170 9,080
97 6,900 10,150
98 5,880 8,640
99 5,140 7:350
100 5,830 R,570
101 5,940 8,730
102 6,100 8,970
103 5,950 9,750
104 5,620 8,270
105 7,000 10,290

GRADED SOUTHERN PINE--
cont inued

VISUALLY

51 8,040 11,850
52 7,270 10,710
93 7,410 10,910
54 8,430 12,420
55 8,230 12,120
56 7,610 11,210
57 7,670 11,290
58 7,720 11,370
59 8,330 12,270
60 7,870 11,590

VISUALLY GRADED HEM-FIR--
cont {inued

2-1 4,800 7,420
2=-2 5,140 7,940
9=3 4,620 7,130
2-4 4,460 6,890
2-5 5,370 8,300
=l 5,770 9,550
3-2 5,230 8,660
3-3 6,190 10,250
1-4 5,770 9,550
§=5 3,890 6,440




Table IV-2.--Adjusted modulus of rupture (MOR) and clear wood stress (CWS)

values for glued, laminated beams--continued

Beam Adjusted Calculated Beam Adjusted Calculated
identifi- 1/ CWS identifi- Lf CWS
cation Moo= cation HOR=
= 5=
1b/in.”  Llbitm," Lb/in.>  Lb/in.>
E-RATED DOUGLAS-FIR (2.4-2.6E E~RATED DOUGLAS-FIR (2.4~2.6E
TENSION LAMINATION) TENSION LAMINATION)--continued
D01 5,990 9,330 D06 6,810 10,250
D02 7,440 11,580 no7 6,210 9, 340
D03 4,990 7,780 D08 5, 940 8,930
D04 8,080 12,580 D09 6,000 9,030
D05 7,370 11,480 D10 8,360 12,570
D11 8,180 12,300
E-RATED DOUGLAS-FIR (2.2E E-RATED DOUGLAS-FIR (2.2F
TENSION LAMINATION) TENSION LAMINATION)--continued
E04 5,090 8,270 E19 5,780 9, 380
EOS 5,400 8,770 B21 5,510 8,940
EO08 6,260 10,160 E24 5,070 8,240
E09 5,930 9,620 E26 5,520 8,960
E10 7,020 11,390 E27 5,240 8,510
El2 6,370 10, 340 E28 5,240 8,510
E15 5,340 8,670 E29 8,870 14,400
El16 6,770 11,000
E-RATED SOUTHERN PINE (2.2E E-RATED SOUTHERN PINE (2.2F
TENSION LAMINATION) TENSTON LAMINATION)--continued
SPO7 6,430 9,320 SPO9 9,040 13,100
SPO8 6,900 10,000 SP10 7,110 10, 300
E-RATED SOUTHERN PINE (2.0E E-RATED SOUTHERN PINE (2.0E
TENSION LAMINATION) TENSION LAMINATION)--continued
FO2 8,310 12,270 F17 6,000 8,870
FO3 6,830 10,090 F20 5,390 7,960
FO4 7,050 10,410 F21 4,900 7,240
FO7 6,330 9,350 F22 5,000 7,390
FO8 7,160 10,570 F23 6,830 10,100
F11 5,580 8,250 F27 8,630 12,740
Fi2 0,300 9,310 F28 6,610 9,770
¥13 7,080 10,450
E-RATED HEM-FIR (2.0E TENSION E-RATED HEM-FIR (2.0FE TENSION
LAMINATION) LAMINATION)-~cont {nued
[H0) 3,620 9,250 HO1 7,240 9,110
G02 5,050 7,310 HO2 8,160 10,270
G0l 6,130 8,890 HO3 8,880 11,160
GO4 6,000 B,690 HOG 8,240 10,370
GOS 5,150 7,470 HOS 8,670 10,900
GO6 6,250 9,060 HO6 8,240 10,360
GO7 7,420 10, 750
GO8 6,510 9,640 wol 7,340 9,940
609 6,730 9,760 w02 6,740 9,130
G10 5,680 8,240 w03 7,340 9,940
Gl1 9,300 7,680 w04 6,840 9,270
L2 5,970 8,650 W05 7,110 9,630
G13 6,510 9,430 W06 h,630 8,980
Gla 6,280 9,100
G1s 5,390 7,810
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Beam

identifi-

cation

E~RATED
TENSION

DpO1
D02
D03
D04
D05
D06

E~RATED
TENSION

po7
DO8
DO9
D10
D1l
D12

E-RATED
TENSTON

SP11
SP12

E-RATED
TENSION

SPO1
SP02
SPO3
SPO4
SPOS
SPO6

E-RATED HEM-FIR (2.0F TENSION
LAMINATION) -=cont inued

HOF11
HDF14
HDF15
HDF16
HDF17
HDF18

H19
H20
H21
H22
H23
W24

Adjusted

MORl/

1b/in. %

Lb/in.

Calculated

CWS ‘

DOUGLAS-FIR (2.4~2.6F
LAMINATION) ~-cont inued

8,080
8,360
8,150
8,550
5,270
6,670

DOUGLAS-FIR (2.2F
LAMINATION) --cont inued

5,140
7,440
5,300
5,860
6,510
5,780

SOUTHERN PINE (2.2F
LAMINATION) --cont {nued

SOUTHERN PINE (2.0F
LAMINATION) --cont inued

5,570
6,000
7,340
7,320
8,300
7,410

7,890
7,150
7,110
6,750
6,810
8,020

5,900
6,920
6,680
7,090
7,760
7,440

11,620
12,020
11,730
12,300
7,580
9,590

7,920
11,470
8,170
9,020
10,040
8,900

9,410
10,360

8,250
8,880
10,870
10,850
12,300
10,970

10,930
9,900
10,680
9‘ 150
9,430
11,100

8,230
9,650
9,310
9,890
10,820
10,380




Table IV-2.--Adjusted modulus of rupture (MOR) and clear wood stress (CWS)
values for glued, laminated beams--continued

Adjusted Calculate

Beam Adjusted Calculated Beam Adjusted Calculated Beam
identifi- CWS identifi- 1/ CWS identifi- 1/ CWS
cation HoR= cation HOR= cation o= i
Lb/tn.®  Lb/in.’ b/tn.?  Lb/tn.’ Lb/in.®  Lb/in.> :

E-RATED HEM-FIR (1.8E TENSION
LAMINATION)

H25 5,680 8,560 H27 4,420 6,670 H29 4,770 7,190
H2A 5,680 8,570 H28 6,740 10,160 H30 6,580 9,920
E-RATED "WHITE WOODS" (2.4F E~-RATED "WHITE WOODS" (2.2E
TENSION LAMINATION) TENSION LAMINATION)
9A 7,210 10,150 7A 7,180 11,170
9B 6,360 8,950 78 9,090 14,140
11A 6,180 8,710 12A 8,250 12,830
11B 9,270 13,060 128 4,850 7,550
E-RATED "WHITE WOODS" (2.0E E~RATED "WHITE WOODS" (2.0% F-RATED “WHITE WOODS" (2.0E

TENSION LAMINATION)

3A 9,270 13,830 A5 7,320 10,750 D1 7,970 10,410
3B 6,970 10,400 A7 10, 240 15,030 D3 8,330 10,870
LA 7,460 11,140 A8 6,220 9,130 D4 7,820 10,210
4B 8,700 12,980 D5 7,140 9,330
#1 6,820 10,010 D6 6,780 8,850
84 6,610 9,510 B2 4,500 6,600 D7 6,280 8,200
88 5,150 7,420 33 6,860 10,070 D8 7,380 9,630
104 6,640 9,550 B4 6,230 9,140 &
108 8,660 12,460 B3 6,760 9,930 E2 6,680 8,900
B7 5,620 8,260 E4 7,290 9,710
Al 9,260 13,590 B3 7,750 11, 380 ES 8,530 11,360
A2 7,640 11,210 E6 7,520 10,010
A3 9,350 13,720 E7 6,280 8,360
Ad4 8,690 12,760 E8 8,390 11,170
E-RATED "WHITE WOODS" (1.8E E-RATED "WHITE WOODS" (1.8E E-RATED "WHITE WOODS" (1.8E
TENSION LAMINATION) TENSION LAMINATION)--continued  TENSION LAMINATION)--continued
HO1 7,330 13,500 H1l 5,750 10, 580 1A 8,360 7,580
HO2 6,220 11,460 H12 6,150 11,330 1B 7,760 11,180
HO3 4,520 8,320 H13 4,080 7,520 2A 5,270 15,220
HOL 5,320 9,790 H14 4,120 7,590 2B 6,540 11,510
HOS 5,310 9,770 H15 4,640 8,540 SA 4,470 14,170
HO6 4,480 8,240 5B 6,600 13,160
HO7 5,150 9,480 LP31 5,810 9,690 6A 8,980 8,930
HOS8 4,200 7,730 LP32 5,230 8,710 68 6,790 11,080
HO9 4,280 7,870 LP33 4,980 8, 300
H10 4,380 8,070 LP34 4,470 7,450
LP35 4,250 7,090
LP36 5,500 9,160

E-RATED “WHITF WOODS' (l.6E
TENSION LAMINATLON)

LP37
LP38

4,370
3,920

7,960
7,150

E~RATED HEM-FIR (1.8E TENSION
LAMINATION)--continued

TENSION LAMINATION)-~continued

E-RATED "WHITE WOODS" (1.6F
TENSION LAMINATION)--cont {nued

LP39
LP4O

4,940
4,470

9,000
8,140

1/ Adjusted to a l2-in.-deep, uniformly loaded beam with a 21:1 span-to-depth ratio and
to 12 pct moisture content.

Dead-load stresses of beam during test also added.

E-RATED HEM-FIR (1.B8E TENSION
LAMINATION) --continued

TENSION LAMINATION)--continued

E~RATED "WHITE WOODS" (1.6F
TENSTON LAMINATION)=-continued

LP4l
LP42

4,580
3,580

8,350
6,520




Table IV-3.--Summary of clear wood stress (CWS) analysis

Group Number Average Standard Coeffri-
description of CWS deviation cient
beams of

variation

5 5 >
Lb/in.” Lb/in. "~ Lb/in.”
Dense visual grade
Douglas-tir 38 8,760 1,300 14.8
Southern pine 28 10,790 1,860 BTS2
Hem-fir 30 8,980 1,290 14.4
E-rated grade
2.4E + 2.6E Douglas-fir 17 10,590 1,700 161
2.2L Douglas-fir 21 9,660 L5930 115518
2.2E Southern pine 6 10,410 1,390 3.4
2.0E Southern pine 21 9,850 1,560 15.8
2.0E Hem~fir 39 9,390 I+ 220 80
1.8E Hem~fir 6 8,510 1,400 1645
2.4E White wood 4 10,220 2,000 19.6
2.2E White wood 4 11,420 2,850 25.:0
2.0E White wood 35 10,450 1,910 18e 3
1.8E White wood 29 9,760 2,200 2245
1.6E White wood 6 7,850 890 I3
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