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Fabﬁcatﬁon and Design
of e
Glued Laminated Wood Structural Members'

By A D Fusas and ML L. Sﬁi,n(},g'u.yr}leers, Forest Produris Laboralory? Forgst
eroice

INTRODUCTION

Widespread developments i the fickd of glued laminated wood
congtruction in the [Tnited States during the past two decades have
directed atienfion of architeets and engincers (0 a new product
admirably adapted to a wide varicty of building and construction
uses and, in effect, have Inunched a new industry, Factors that
favored the ready acceptance of leminated construction, aside from
its unlimited architectural possibilifies, were the significant improve-
ments in glues and the development through research of the necessary
engineering design data. .

The term “glued laminated construction,” as applied to structural’
members, refers to material glued up from smaller pieces of wood,
either in straight or curved form, with the grain of all the laminations
essentially parallel to the leneth of the member. It is thus basically
different from plywood, in which the grain divection of adjacent plies
is usually st right angles. The laminations may L_ of any thickness
or length, of narvow picces glued edge to edge to make wide ones, of
different wood species, or of picees bent to curved form during gluing—
all of which afford infinite cheice in design, subject only to economic .
factors involved in produetion and use.

Bonding wood with glue is, of course, an old art that has made
possible the fabriention of woed products in various forms and shapes.
The usefulness of such products has in general been dependent on the
strength of the joints and on the ability of the glue to maintain strength.
in service. Jmproved ghies have inerensed the serviceability of con-
ventional glued wood products and provided an opportunity for using
woodl for many purposes. Recently developed highly water-vesistant
resing that set at moderate temperatures have made possible the
produetion of laminated wood suitabie for use under severe service
conditions, including exterior exposure.

The Forest Produets Laboratory has long been active in research
on the gluing of wood. The first rescarch at the Laboratory on
engineering design data for glued laminated arches was undertaken

1 Submitted for publication January 30, 1053, L y
* Maintained at Madison, Wis., in cooperation with the Univergity of Wisconsin, =
1
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. in 1934, when & number of three-hinged arches were fabricated and
. installed in a building erected for the Laboratory at Madison, Wis.
1t included tests of structural units to check such factors as design
formulas and working stresses, and the effect on strength of curvature,
searf joints, and knots in the inner laminations, Results of this
research are presented in United States Diepartinent of Agricuiture
Technical Bulletin 681, The Glued Laminsted Wooden Arch, which
provides the technical data necessary for the use of laminated arches
on a sound basis.

The great demand during World War II for heavy timbers for
military and industrial uses hastened the development of laminated
wood produets, since the supply of solid timbers was inadequate.
Some of these uses reguired hardwoods rather than the softwoods that
. had cusiomarily been laminated with casein glue, sl many members
'were needed for use under exterior or wet-exposure conditions, where
casein giue would not be durable.

Somv of the syni,.wtlf‘ resins of the urca-formaldehyde tvpe, devel-
oped in the 1630’s, can be nsed at roosn temperatures and are superior
to easein glues in ‘water resistance, However, when they were tried
for laminating oak lumnber into boat keels, they did not withstand the
service gonditions imposed. In 1942 attention was turnes! to the use
. of the new intermediate-temperature-setting phenel-resorcinol resins for
laminating white ok ship leels and framos. Spousored by the Navy
Departrnents Burcau of Ships and by the War Production Board’s
Office of Production Rescarch and Development, experimental work
oni the application and performance of these glues was undertaicen at
the Forest Products Laboratory and at two commercial pilot plants,
those of Gamble Bros., Inc., at Louisville, Ky, and 'Timber Structures,
Inc., at Seatile, Wash. Later the experimental wo:ic included similar
studies on the more recently developed vesorcinol resins.  As a result,
procedures were worked out for fabricating laminated members, the
bending of which is capable of withstanding all exposures that the
wood itself can withstand.

While the procedures for making glued laminated construction were
developing to the point where beams and other structural clements
could be made, it became increasingly spparent thal addilional re-
search was necessery to solve new problems relative to strength and
design. With the (,oopemhon of the War Production Board and
industry, further work on the factors aficeling strengih was under-
taken al the Forest Products Laberatory. This work included the
testing of full-sized laminated beams and columns, to provide addi-
‘tional design dala and mformalion for teelmical phases of specifiea-
tions, Factors investigated ineluded the relative strength of members
containing different types of end joinis, the cffect on strength of de-
fects in different larminstions, the effeet of varving ithe thickness of
laminetions, and ke faciors,

Apvantaces oF GLUED LAMINATED CE)NS'I‘R UCTION

. Advontages of glued laminaled wood construction are many and
gignificant. They include the following:
1. Ease of fabricating large strucbural elements from standard eom-
merecial sizes of lumber. Laminated archies have heen erected that
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provide buildings with clear spans up to 170 feet, as have laminated
beams of 80-foot span. Arches with sections as deep as 7 feet have
been projected.

2. Achievement of exeellent architeeturnl effects, and the possi-
bility of individual..;. decorative stviing in interiors.

3. Freedom from chiecks or other seasoning defeets associated with
large one-picce wood members, in that the lammations are thin enough
to be rendily seasoned before fabrication.

4, The opporlunity of designing on the basis of the strength of
seasoned woed, for dry serviee conditions, inasmuch as the individusl
laminations can be dried to provide members thorougldy seasoned
througheut.

5. The opportunity lo design structural clements that vary in
eross section along their fength in accordance with strength require- |
ments.

6. The possible use of lower-grade materinl for less highly stressed
laminations, without adversely affecting the strueturnl integrity of
the member.

7. The Tabriealion of large laminated struelural members from
smaller peces is inereasingly adaprable to our future limber economy,
when more of our lamber will come in smaller sizes from smaller trees
and in lower grades.

Modern glues and gluing technigites provide both adequate and effec-
Live means of bondmg lamMmations info &n assembly equal in strength
to a singie-pieee member of equivalent seetion. They may be selected
to provide n laminated assembly that is woter-resistant or waterproof
as conditions of use may diclate, An example is the use for ship
construrtion of laminated ook keels and stems fabricated with phenol-
resoreinol, resorcinol; or melamine glues, When properly glued,
laminated members may he given preservative trestment by pressure
mothods mueh ns solid timbers are treated, and thereby have improved
resistance {0 deeay when used under adverse conditions of exposure,
1t is possible also to give the laminations preservative treatment prior
to assembly.

Certain factors involved in the production of laminated timbers
are not encowntered, however, in producing solid timbers. A number
of these are:

1. The preparation of lumber for gluing and the gluing usually
raise the cost of the final laminated product above that of solid green
timbers,

2. For comstruetions in which geeen timbers are satisfactory, more
Lime is required to cut and season lumber and to do the laminating
than is required to cut solid green timbers.

3. Binee the value of a lammated product depends upon the strength
of the glue joinis, the laminating process requires special equipment
plant freilities, and fzbricating skills not needed to produce solid
green timbers.

4. Because several exira fabricating operations are involved in
manufaciuring laminated members, as compared with solid members,
greater care must be exercised in each operation to insure a product
of high squality,

5. Large curved members are awkward to handle and ship by the
usual carriers,
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TYPICAL APTLICATIONS

Oue of the early applications of glued laminated construction in
the United States was in the form of 3-hinged arches of approximately
46-foot span in a building al the Forest Products Laboratory (fig.
1, A). These arches were of varinble cross section, tapering in depth
toward the ridge of the roof and toward the base from o maximum
at the knee.  The knee was placed ab the eaves, with an approximately
vertical leg, so that maximum utilization of spaee up to eave height
was possible. Arches having this general shape are also suitable
for gymnasiums (fig. 1, B) and industrinl buildings, since they provide
unobstructed floor arca usable to a considerable height.  An unusual
application of glued laminated arches is itlust rated by figure 1, €.
Tigure 2 shows laminated arches having an I seetion.

Glued laminated arches have found considerable acceptance in
church construction. The pleasing architeetural eflects possible with
glued laminated arches are Hustrated in figure 3.

The form of support for the arch may be varied to suit the require-
ments imposed by the structure. Where interference above wall
height is not eritical, tied arches may be used [for single spans (fig.
4, A) or for multiple spaus (fig. 4, B). Buttresses may also be used
for arch support,

Glyed laminated curved rafters are now frequently used in farm
structures (figs. 5 and 6), particulatly insharns.  The rafters, ordi-
narily of relatively small size and spaced ahout 2 feet apart, are avail-
able from Iumberyards and farm cooperatives in sloek sizes for o
varicty of spans. Members of this same general churacter are also
used for dmall ono-story industrial and commeveial buildings.

Aireraft hangars employing glued laninated arches of various forms
beeame fairly common during World War [T, Such a hangar is illus-
trated in figure 7, A, Inbowstring trusses, the curved upper chords are
frequently of glued laminated construction.,  Usually the lower chord
and web members are of solid construetion, but In some cases both
upper and lower chords are laminaled, as shown in figure 7, .

lued laminated structures in exterior applieations are less com-
mon, but a number of bridge installations have been made on rail-
roads and highways. One sueh installation, involving laminated
stringers, posts, and caps, is shown in figure 8, A, Figure 8, B, shows
a two-lane highway bridge supported by 4 glued laminated arches of
103-foot span. The laminations were treated with a preservative
salt before heing glued.

Boat and ship construction offers n promising ficld Tor the utilization
of glued laminated wood. During World War I1, (he shortage of
white oals of proper quality and adequate size for keels, stems, [rames,
and other parts led to an intensive program of research,  Laminated
keel-stem assemblies, such as are shown in figure 9, demonstrated
adequate durability and considerably improved strength and stiffness
as compared with the mechinnieally Joinel assemblies commonly used.
Boat parts may be formed to various palteens, thus simplilying
assembly; for example, bilge stringers and garbourds may be formed
to o pattern invelving compound eurvadure and Lwist.  Figure 10
shows laminated ship planking.
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M26224F, MBIFETIF, MBQABLHF

Fracne 1,—4, Laminated neebes span d46-foot-wirle servier huilding at Forest
Prodnets Lﬂi:famlm v B, lwinated arehes of §3-foot #pan in high school gyia-"
nwsiam ol Darlington, Wik O laninated archies of varying span and shape
for thealer at Los - An;.,eles, {alif,
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Foovi 2 Donatea) mehos Laving o U ocelr,




MAO4B2IF, MBO47OF

Frovuw 3.—A, Laninated weehes in a chapel al Pasadena, Calif.; 5, laminated
arehes combined with siraight, solid members for arehitectural effeet in ehureh
at Ban Cahriel, Calif.
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Trgore d.—Laminaled barn yafiers {155 by 534 inches in cross seetion) continuous
from foundation to peak.,  Spacing of ralters, 2 leet,

Tustrative of he Targe sizes and exacling uses possible with glued
laminated construction are the dredge spud pietured in figure 11, 4,
and the radar mast i ficure 11, B0 A number of sueh spuds, 30 by 30
inches in cross section and 85 feet long, have had extensive use in
dredging work on the Columbia River, Thustralive also of large size
and exacting use are 1the 80-foot beams supporting the roof of o dye
house in Portland, Ovegp. This somewhat wnusunl application of
simple beams wos dictated by the severe almosplerme conditions
within the building.  The highly humid, acid atmosphere precluded
thie use of steel grders and trusses, or even of timber (russes with
steel bolts or couneetors, beeause of the cortainty of rapid corrosion,
Thus & wood beane glued with highly resistant resorcinol glue provided
a practieal solution Lo the problem.

Mine guides laminated with the grain of part of the laminations
al an angle to the axis of the guide to provide greater wear resistance
have seen service In experimental installations.  Lominated spars
and spar Manges fov wing spaes of Leniner and glider atveradt were used
in large mimbers during World War 1T, A laminated aieplane pro-
poller 18 shown in fgure 12, 4. Laminaled evoss arms {fig. 12, B} for
electrie power lines hinve been used Lo some extent.
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CASEEGTF
Fusenis 6. - Corn erily in whieh luuiualed rafters are used.

Purpast AND Seops

This pubbieation s inteaded primarily as g goide 16 the fabrieation
and design ol glued fuminated members of enginecring strnetures,
such as Emum aveh ribs, and bruss parts, although the (ab-
rieatinh prim'ipies sel forth ave applicable to ghied  (amionated
articles of all {ypes and sizes, Parl [ deseribes the properties and
use characteristies of gines suilable for laminaling struclural wood
products, the selection of the proper glue lor the intended service,
and the most common procedures for the laminating operalion.  Part
1T presents principles of design of lnminated strvetural members.  Ne
attempd is made to present methods of strvetueal analyvsis exeept
where design details peculinr to wood or laminated wood structures
noed discussion for completeness,
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Fiourpe 7—4, Hangar for sircraft ait Hagerstown, Md., showing 170-foot glued
iaminated arches in place; B, bowstring trusses of 118-foot span, wilh glued
lamingted upper and lower chords, for sound stage of motion-picture set at
Hollywoed, Calil.  Side- and end-wall posts also of glued leminaied construction,
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MBOIVIE

Frapry 18.—iaminuted 28-font white onk ship planking glued with infermedinte-
tempessturesetting phenol-resoreinol resin. Iudividual Jaminations 34 inch
thick.

247040° G4
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Fierre 12.—4, Laminated-wood fixed-piteh propeller; B3, laminated cross arm of
Douglas-ir  glued  with  intermedislo-temperature-setting  phenol-resoreinol
Fersin.

determine by tast the effects of all combinations of variables. In
selting up recommended practices, it has (herefore heen necessary to
assume that findings from tests on a few species and on a lew of the
combinstions of variables are generally applicuble.  FPurthermore,
some fealures of design and construction are veeommended 1hal have
not heen studied experimentally, Lo such instanees, the requirements
are based on eslimates, Judgment, und suel evidenee from other tests
as appenrs Lo be applicable,




PART 1. FABRICATION

PERFORMANCE REQUIRED OF GLUE JOINTS IN LAMINATED
CONSTRUCTION

The glues in laminated wood producls must have sufficient original
bonding strength and durability to enable the glued member to per-
form as a structural unit througheut its service life. The service life
of wood is usually determined by its vesistance to deeay and to other
causes of deterioration. Althoughtheghie bond of s laminated product.
must be equally resistant to deterioration, any superior resistance
cannot be expected to extent the normal serviee life of the wood.
Glies used for bonding must not damage or weaken the wood, and
they should permit machining of the product without serious damage
to surfacing equipment.

GrLuen Lasmixaren Propucts FoOr SERVICE UsNneEr NorMALLY Day
Coxnitions

Glued laminated wood used ecither in the construetion of buildings
or in equipment for use inside of buildings is usually protected from
exposure (o moisture so that there is little danger of its deterioration
from deeay or similar hnzards.  Under sueh conditions, the mechani-
cal strenglh of the wood and the glue joints determine the useful life of
the produck.

A glue should be as durable ns the wood in the member to be snit-
able for use in permancent structures, and in most rases its bonding
strength must be as great as that of the wood in shear parallel to the
grain and in tension across the grain,  Some ordinarily dry exposures
may involve temporary high-humidity conditions. When the maois-
ture contenl of laminated wood is temporarily raised higher than about
20 percent, baeterin, molds, or olher deeay organisms ean cause <le-
terioration of glues confaining cither protein or starch. Tl is desirable,
therziore, that such glues he treated with preservalives to develop
some degree of resistanee to the organisms, Under some exposure
conditions the ghie must also be durable Lo heat.

GrLuen Lasixaren Propvers ror Scervice Uabper Moist or WEeT
Coxvrmons, Incnepixe Exrenion Fxrosurie

Laminated products used under exterior exposure conditions, such
os bridges, boal franung, and implement parts, are subject to wide
‘verintions i tempersture, to deying and wetting, and even to soaking.
Generally, wood of high natural durability, or wood Lhat has received
preservative teeatment, is used for fnminaling such products, and the
strength and durability of the glue bonds must equal that of the wood.
The glue, then, must possess high resistance to water, heat, molds,
Tungi, and sometimes Lo chemicals.

16
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PROPERTIES AND USE CIIARACTERISTICS OF
WOODWORKING GLUES

Prior {0 the development of ssmihelic resing, the glues (8, 27)? most
used in woodworking included the animal, \'f'frolablv-smtch caseil,
vegetable-protein, and blood-albumin t\'po% Tn recent yoars, how-
ever, an increasing number of synibetic-resin glues have become avail-
able’ {9). Their use has resulied in improved performance of many
glued wood products and has facilitated the adaplation of glued
products to new uses, Plywood {or exterior uses, laminated wood
for bridge timbers, ship keels, and other members {or use under severe
SCIVIGe conditions are ANoNng [hoso products.

Resin glues in most commeon use at present are the urea-formalde-
hyde and phenol-formaldehvde glues, Alelamine and resoreinol-
resin glues are among the lalest dov vlopments, and {he use of resor-
einol resins and phenol-resoreino? combinafions is vapidly increasing,
particularly for laminating. To a limited extend, emulsified vm\.T
ester resing are finding specialized use as woodworking glues. A num-
ber of speeial synthetie-resin glues have also been developed for the
bonding of wood and wood products (o metal, plustics, and other
materinls.

With the exceplion of the vinylester resins, the synihetic-resin
olues that have been used for bonding weod to woodl are classified as
111(‘1111050111119:, that is, the cured wluva do not soften appreciably
when exposed to temperalures that are bigher San the original set-
ting temperature.  In general, any ther mn».vllms: alue van be made to
harden or cure moro m]ml]\' h\' saising the curing tempernture and
thus decreasing the length of time u'qmml under pressure. Thermo-
plastic resins, on the othor hand, must first be heated (o the point where
they flow and then usually be enoled under pressure.  Subsequent
hieating above the soflening range will weaken them and permis joints
to open. Boeceause of their u'nda'nq to flow al elevated temperatures
and ‘o ercep under sustained load, vesing of this iype are not recom-
mended lor laminated structural wood members.

Thormosetiing resin glues may be elassified according to the tem-
perature mqmwd (o cure them in a reasonable fength of tune.

. . Feguired Lo peralure for satisfuctory cwring within practicnt
Giue einss<ifieation: Hme Simils

tot-settinge . . Hegnire higher temperniures than  those
connpunly attained in beated chambers,
for winell thie maximnm is abous 218 ¢ F.

Intermethinte - temperature-  Regnive heating in exeess of normal room

sedbing, temperalures {sboul B3° (¢ 8D° W), buk
do not reguire temperatures above 210°,
the maximum thnd ean ordinardly be ate
tained in healed ehambers,

Room-temperainre-setling. ... Require no heating above uormal room tem-
peratures {aboul 653° fo 84° IM), but do
nol cure satisfactorily ab lower tempes-
atures.

Cold-setiing * Set or cure helow normal workrooin temper-
atures {minimum about 63° F.), and some
iy sel snmﬁmlunly al temperatures as
low a8 32°,

3 ftulie figures Bn purenthesun refer to fiterature cifed, page 145,
¢+ This term is often misused in that certain glues are referred to ns cold-seiting
that actually remire nd least 70° T for satisfactory cure.
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. This classification is made merely for convenience in discussing the
glues and does not imply that every glue represented as belonging to
+ & certain class necessarily enres at every temperature within the range
 given for the class. It has been cstablished that an adhesive may
require different curing temperatures when used with different species
for the same type of construction. Therefore, cerinin glues may fall
under one classification when used with some species and under
another when used with other species.  Also, when different times
~ for curing are allowed, the terperatore requirements may vary from
the range of one class to thai of snother.
- Since blood-albumin, vegelable-prolein, vegetable-starch, and
“animal glues arc not suitable for the gluing of laminated structural
memnibers, they arce not discussed in this bulletin.

Caseix GLUEs

Casein glue is classed as water-resistant because of its refatively
high resistance fo mois 're, compared with that of vegetable and
animal glues, Its basic constituent is dried eascin, which, combined
with alkaline chemicals—usually lime and one or more sodium salts—
is water-soluble. Prepared cascin glue comes in powder form, and,
when mixed with water in the correct proportions, is ready for use,
It sets as a resull of chemiea! reaction and of less of moisture to wood
and air. Well-nade casein ghue joints will develop the full strength
of the wood, especially in softwood species (27}, and will retain a
large part of their strength even when submerged i water for a fow
days.

In laboratory tests of plywood continuously soaked in water,
bowever, casein gine joints dropped in strength and nltimately failed
completely. Casein glue (unpreserved) performed well in all tests
where profection from high humidity or direct weiling was alforded.
Under ouidoor conditions, however, or where high humidities, cither
continuous or iniermitient, were invelved, eascin glue joinis failed.
Casein glue containing preservative showed greater resistance to high
humidities than unpreserved cascin, but the preservative did not
prevent destruction of the glue bonds under damp conditions.  Con-
sequently, casein gluc is not considered suitable for Iaminated mem-
bers intended for exterior use or [or wnterior use where the moisture
content of the wood may exceed aboul 26 pereent [lor repeated or
prolonged periods.

Casein glue joinls hiave demonstraled good resistanee to dry heal,
Resulls of test exposures {o temperatures as high as i58° F. for periods
ip to 4 years have indiented that the glue honds are ahout as vesistant
as the wood Lo this Lype of exposure. Toemperatures that ehar and
bure wood will cause decomposition of casein glue, Charred wood

-exposed to fire, however, conducts heat to its interior very slowly, so
that softening of easein glue joiuts takes place only next Lo the burning
-wouod.

Mechanical spreaders are requived lor best conlrol of the spread
and uniformity of application of cascin glue, although it can be spread
on smali areas by brush or serrated paddle.  The glue spread required
depends in pact upon the iype of construction, species of wood, and
length of assembiy period. A spread of 60 Lo 90 pounds of wet glue
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per 1,000 square feet of joint area is usually adequabe when 1 contact
avea of the joints is coated (single spreading), and of 75 {0 116 pounds
when both contact areas sre costed (double spreading). The maxi-
mum permissible closed-assembly time for easein glue is usnally about
30 minutes at 70° F.  Assembly periods may vary somewhat, depend-
ing mainly upon the temperature of the room and weod, the moisture
content of the wood, the remaining working life of the glue, and
whether spreading is single or double. Higher temperatures, ex-
tremely dry wood, and species of wood that readily absorb moisture
will reduee assembly time. Lower temperatures, moisture content in
the upper permissible range (15 to 18 percent), double spreading, and
freshly mixed glue will permit the longest assemmbly periods. The
ghue must still wet the wood and be suiliciently plastic to flow freely
when the assembly is put under nressure.

Cascin glue will set at Lempea*ures almost as low as the freezing
point of water; but to develop sirong joints at such temperatures its
setling requires a peried that varies from several days to several
weeks, according to the species glued and the moisture content of the
wood.  The wet strength developed atl low temperatures may never
be so good as that developed ai room temperatures. A pressing
perviod of 4 hours atb 70° F. is eonsidered (he minimum for straight
members, and for curved members o somewha!l longer period is
desirable,

{(Huing pressures of 100 Lo 200 pounds per squure inch are satis-
factory for low-densily hardwoods and sollwoed specics, such as
Douglas-lir andd southern yellow pine.  Pressures of 150 to 250 pounds
are recommended for specios of higher densities.  Glue lines produced
with these pressures on woll-surlaced luminations are relatively thin
amd strong.  However, when thin glue lines of good strength can be
produced uniformly with pressures below the foregoing ranges, such
pressure will be adequate.  Thick wue lines indicate low gluing
pressure and usually are weaker. After removal of pressure, a con-
ditioning period of about a week ab room tempersture is required for
development of maximum joing strenegth,

Casein glue will produce adequate bonds with wood that has a
moisture ronlent within the tange ef about 3 to 18 pereent. A range
ol G to 12 pereent, however, is usually preferred, because it approx-
imales the moisture content of the glued member in service, It is
also desirable that all laminations {or one assembly be of approximately
the same moisture content {allowuble differences belween boards up
Lo & percentage points) Lo nvoid unegunl shrinking or swoelling as the
moisture content equalizes in serviee,

Casein glue, in general, has o storage life of a year or more when kept
dey. 1ts working Tife varies with the different {ormnulations, but is
usually at least 5 hours ol 70° to 75° 1.

To assure high quaiity, casein glue should meol the requitements of
of Federal Spectfieation € (G 4565 and mold-resistant easein glue
should pass the performance tests of United States Air Foree Speci-
fiention No. 141229

5 Obtaipable from {he Superinbendent of Documients, Governmenl Printing
Office, Washington, D, C,

® Obtainable from the Alr Materiel Comtuand, 1. 8. Air Foree, Wright-Patter-
son Air Force Base, Dayton, Ohio.
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Trea-Foumarnenyoe Resiy GLues

Ures resins are available both as dry powders and in water as solid
suspensions that ordinarvily form 60 to 70 pereent of the mixture by
weight.  The powder forms arve prepared {or use by mixing with water
te produce suspensions of approximately these roncentrations. The
powdered glues usually contain some fller, for whieh walnut-shell
flour and wood flour are most commmonly vsed, and mixing direciions
for the liquid glues normally call for the addition of some filler fo im-
prove their working properties.  For certain types of plywood, urea
resins are extended with rye or wheat flour, primarily to lower cost,
but the resistance 6f the glue to water and Lo atiack by micro-organisms
is thereby redueed.  Althouglh high joint strengtha ean be obtained in
hot-press plywood with extonded ureas, the value of extended glues
for laminating lumber has not. been established.

Some wrea-resin plues are formulated 1o sel at room femperature,
with a catalvst (sometimes called havdener) cither incorporated with
the vesin powder or added during mixing.  Other formulations serve
either for room- lvmpmqtuw-‘«‘t-thng or iml-wltuw operation, depend-
ing upon the amount and (ype ol catalyst. In genernd, powdered
urea-resin glues with a separale catalyst hayve long(‘r storago lives than
do the liquid resing ov the powdered uren resins in which catalysts are
incorporated.  The storage life of powdered ur2a resins with a cata-
Iyst imcorporated s usually at least 1 year when kept dry in
closed. conlainers at room {emperature. Those having a separate
catnlyst generally are usable somewhat longer.  The storage life of
liquid urea resins is usunlly [rom 2 to 3 months af 70° to 75° .

All urea-resin glues are acid in reaction, and the room-{emperature-
setting glues ave move strongly ncid than the hot-seiting glues. Cur-
rent specifications lmit the ac idity of these glues.  Since hot-setting
glues have found lit{le application’in taminating tumber [or structural
use, the discussion in the three following paragraphs is mainly con-
fined Lo room-temperature-setting urea resins, and the statements do
nol necessarily apply to ho(-wthn(r ureas.

Uren-resin glue joinls in most woods are highly water-resistaut at
ordinary temperatures. ‘Pests on bireh plywoed have shown that
glue joints of this type retain reasenably good strength values after
severnl years of continuous soaking in cold water.  These glues, hipw-
ever, are fow i durability under conditions inv olving ht!rh tempera-
tvms, and especially 'Umhlnallum of high temperalures and high
relative humidities.  Hxposures of birch plywood have shown thrat
limited weakening of nrea-resin glue Joints ocenrs undor dry eonditions
at 80° T and more rapid we 1Lvnmg at 160°, and that the rale of
strength loss is arcelerated ot high relntive humidities.  Delaminalion
usunlly oecrmes rapidly in boiling water; and when exposed to fire,
urca-resin-bonded joints delaminate as high temperatures char the
adjacent woopd.

Adthough highiy resistent Lo contintious spaking when used to glue
yellow birels in the form of venecer, room-lemperature-setting urea
resins have performed unsatisfactorily in laboratory water-oxposure
tests when used to glue certain olher woods, including white oak and
Douglas-ir in the Torm of heav ¥ laminations. These resuils are con-
firmed by reports of partinl delamination of cxperimental white oak
laminated ship keels within 9 monlhs when exposed to salt water.
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Laminated red oak truck sills, glued with urca resins and exposed to
the weather, also developed considerable delamination during a period
of 12 months.

In low-density species, well-made urca-resin glue joinis can be
expected to give good performance for many years under normal
humidity and temperature conditions.  In one exposure test, urea lue
joints in laminated Douglas{fir and southern vellow pine beams
exposed under a roof in an open shed in Wisconsin, showed high joint
strength and high wood failures alter § years.

Some urea-resin glues have heen formulated primarily to improve
the resistance of glue joints o high temperatures or Lo » combination
of high temperatures and maoigture.  These ghues may he combinations
of urea resin with melamine resin or resorcinol and are referred {o as
“fortified” or “modificd.”  These special urea-vesin glues appear to
be somewhat more resistant (o delerioration at high fempernlures
than either the room-temperature-solling or hol-setiing uren resing,
and exposure tests have indicaled that they offer some improvement
mn their resistance to high humidis,

The working life of the mixed glue dependds upon the temperature
of the glue and varies with the different formulations, but it is usually
wilhin the vange of 2 to 6 hours at- ordinary room temperatures. To
inerease the working life of these glues during hot weather, the glue
container may be kepl in cold water o maintain the temperature of
the ghue at about 70° 17,

The quantity of glue required may vary somewhat, depending on
the species glued and the type of construction, but it should usually
be within the range of 45 to 65 pounds per 1,000 square leet of joint
area. Rubber-roll spreaders are the most satisfaclory means for
applying the glue. The maximum pernissible assembly time is
ustielly about 20 minutes al 70° I¥,, but this will vary according to the
temperature of the room and wood, the moisture content of the wood,
and the remaining working life of the glue.  When lumber is laminated
with urea resin, best results are obtamed witly the wood al o moisture
confent between 8 and 12 pereent, but strong honds can be obiained
between 7 and 15 pereent. Urea glues often behave unsatisfactorily
on wood that is below 6 percent in moisture content.  Pressore
requivements are i general the same as for ensein ¢lues, with 100 to
200 pounds per square incl recommended lor most softwood species
and 158 to 250 pounds for hardwood species.

Uren-resin glues formulated for hot-pressing generally set al tem-
peralures within the range of 220° (0 260° ¥, The rate of seliing of
urea resins that cure al room (emperatures is reasonably rapid at a
tempernture of 75° (4). AL this tempernfure, the pressure ean usnally
be removed after 4 hours when gluing (hin straight pieces, and after
5 10 8 hours when gluing beavy or curved pleces. At bigher tem-
peralures, the selting is apprecinbly aceclerated; af lower tempera-
tures, the selting is retarded, and there “s little oe 5o development of
water resistance.  Consequen(ly, sebting temperatures bolow 70° are
not recommended for urea-vesin glues,

Al room temperatures, & conditioning period of | week is usually
required for development of maximum joinl strength and, particularly,
of maximum wel strongth,

Federal Speecifieation (¢ G-406 sels forth requirements for high-
quality urea-resin glues,
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- 99" PRCHNICAL BULLETIN
PueENOL-FORMALDEHRYDE ResiN GLUES

. The phenol-formaldehyde glucs may be classified, on the basis of
seti'ng-temperature Tequirements, as hot-setling and intermediate-
temperature-setting glues. Phenol-resin glues are formed by the
" renction of phenol or cresol with formaldehyde. TFor the production
of woodworking glues, the reaetion is stopped at an intermediate stage,
and the product is then marketed in the forms of a film with paper
" base, a dry powder, or a suspension of resin in water-alcchol mixtures
or other solvents. After the resin in either film or liquid form has
. been applied to the surfaces to be glued, the setting reaction is
 completed by the application of hent.
- As » class, phenol-resin glue joints are extremely durabie over a
~wide range of moisture and temperature conditions, They are not
attacked by micro-organisms and ave highly durable under such
adverse conditions as continuous soaking in fresh or sait water, con-
tinuous exposure &t high humidity, ¢yclic exposures involving wetting
~and drying, and exposure to high temperature at low and at high
humidities. In exposures to fire, phenol-resin glue bonds are fully as
resistant to charring an¢ deterioration as the wood. The glues do
not afford an appreciable protection to the adjacent wood, however,
and for this reason wood products glued with phenol resins should be
considercd no move fire-, decay-, or insect-resistant than unglued wood
of the same species. Thoroughly cured phenol-resin glue joints also
are highly resistant to the action of various solvents, oils, wood pre-
servatives, and five-retardant chemicals.  In general, hot-press phenol-
Tesin glue joints properly glued and cured are as durable as the wood.

HBOT-5ETTING AND ACID-CATALYZED PHENOL-RESIN GLUES

Most liot-setting phenol-resin glues are alkaline in reaction and
are available iii film, powder, ot liquid forms. When the glue is spread
as & liquid, pressing msay be done immediately, or, in some cases,
delayed seversl days. Platen temperatures for gluing with hot-set-
ting phenol-resin glues of either film or liguid form in the usual hot-
press operntion are notmelly from 240° to 320° F. Due to the Ligh-
curing-temperature requirement, these glues are not well adapted for
leminuting lumber. They have been used, however, for nearly 15
years in this country for producing highly water-resistant (exterior-
type) hot pressed plywood, and the cxcellent performance of such
glue joints under cxposures involving mojsture and heat indicates
what may be expected of phenolic-type glues,

Seme phenol-resin glues have been formulated to set at nterme-
diate to low temperatures by use of acid catalysts. Their use, how-
ever, has not heen nenrly so extensive as the hot-press phenols.

Weathering tests and cyclic souking-drying tests on white oak
glued with highly acid intermedisle-temperature-sctting phenols,
cured at clevated temperstures, indicate that the glue damages the
wood adjacent to the glue lines, causing reduced strength and shallow
wood failures. Acid damage has also been observed in yellow birch
plywood and hard maple block joints. Recently, acid-catalyzed
phenols have been offered that are supposed to be nn improvement
over older formulations of these glucs, but not much information is
available on their durnbility. Highly alkaline phenol-resin glues have
not been offered for laminating purposes.
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INTERMEDIATE-TEMPERATURE-SETTING PHENOL-RESORCINOL RESIN GLUES

Several phenolresorcinol resin combinations sct at substantiolly
lower temperatures than those required for hot-setting phenols. These
glues are generally made by combining resorcinel resin with phenol
resin in various proportions and are marketed in liguid form, usually
with o separate hardener that is mived with the resin prior to use.
A filler, commonly walnui-shell (lous, often is added with the hard-
ener, Most of these modified glues are nearly neutral or slightly
alkaline in reaction. They cure at temperaiures of about 80° to
200° F., depending on the particular formulation, the time allowed
for setting, the species of wood | ed, and the type of construetion.

The durability of wellanade phenol-vesorcinol resin ghue joints,
based on 8 years of experience, appears to be essentially equal to that
of hot-press phenol-resin giue Joinis.

Glues of the phenol-resorcnol eombination type have & velatively
short stornge life, often only 2 to 6 months, but sometimes as much
as a year, at ordinary room temperature, depending on their specific
{ormulation, but cold storage (36% to 50° F.) prolongs their useful
fife. "They should be kept in alrtight containers to aveid loss of sol-
vent.

The usual working life of these glues is between 2 and 8 hours as
75° F. Maxtmum assemlly periods vary considerably among them,
but 1 to 2 hours of closed assembly at 75° F. is usual. The amount
of glue spread required depends on the speeics of wood used and the
type of construction. When laminating heavy members of dense,
porous woods, such as oalk, spreads of about 60 pounds por 1,000
square feet of glue-joint arca are usually satisfaclory. With lower-
density species, sueh as Douglas-fir, a ghic spread of 40 to 50 pounds
is usually adeguate. The use of rubber-roll spreaders is vecom-
mended.  These glues satisfactorily bond wood at moisture content
values ranging from 86 to 17 percent, and the preferable moisture
content within this range would be determined by the service condi-
tions to which the laminated member would be exposed.

The curing requirements for these glues vary with the species of
wooct used, the type of material glued, and the service conditions to
which the product may be exposed. For such sevore uses as ship
timbers, & curing period of as much as 10 hours at o tempernture as
high as 190° F. at the nnermost glue line is sometimes necessary for
while oak; and a 20-hour period at 116° for southern yellow pine and
a 20-hour period i 80° oy Douglas-iir pre ndequate with some of thess
glues. A somewhat higher temperature or longer curing time may be
necessary for curved members of southern yellow pine snd Dougins-fir,
and in no case should the clamps be removed until the glue squeezc-out
is set hard. Gluing pressure of 100 to 200 pounds per square ineh is
adequate for low-density hardwoods and most softwood species.
When gluing dense woods, pressures of 150 to 230 pounds are generally
recommended.

If high temperatures, such as 199° F. or greater, are used in curing,
conditioning after removal of pressure necﬁ not extend beyond com-
plete cooling of the members. When temperatures only slightly
above room temperalure are used, eonditioning for approximately 1
week is recommended,
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Military Specifieation MIL-A~397 sets forth requirements for high-
quality intermediate-temperature-setting phenol and phenol-resor-
cinol resin glues. ’

RESORCINOL-FORMALDEHYDE RESIN GLUES

Resorcinol-formaldehyde resin glues have a combination of the

‘moderate-temperature curing requirements of the urea resins and the

high-quality and durability characteristics of the phenol resins. These
resins are produced by the reaction of resorcinol with formaldehyde
and are marketed as liguids consisting of partly polymerized resin in a
water-alcohol solution, The solids content of the sohution is usually
about 60 pereent by weight. The glue is dark red and makes dark
joints when set. A hardencr, usually paraformaldehyde but some-
times formalin, and a filler, commonly walnut-shell flour, are mixed
with the resin prior to use. In most cases, & mixture of hardener and
fller is furnished by the manufacturer. Both resin and hardener may
be stored for a year or more &t ordinary room Lemperatures when kepé
in airtight cottainers.

The resorcinol glues are of rather recent development, and extended
service records on their performance are not available. However, test
data covering a period of about 8 years for some of them indicate that,
when properly cured, they compare favorably with phenols in resist-
ance to moisture, high temperatures, chemicals, and micro-organisms,

Like the intermedizte-lemperature-setling phenol-resorcinols, these
glues produce a satisfactory bond on wood &t a moisture content
ranging from 6 o 17 pereent, but the prelerable moisture content
within this range is that expected for the laminated member under the
service conditions to which it will be exposed.

The working life of resorcinol adhesives varies for the different

“glues, but is usually from 2 to 5 hours at 70° to 75° ¥. and is con-

siderably reduced as the temperature inereases. Assembly periods
aiso vary for the different glues, according to the temperature and. to
the type of assembly, whetler open or closed. At 75°, with the glue

- applied to both strfaces to be joined, open-assembly periods of 15 to

30 minutes or closed-assembly periods of 1 to 2 hours are usually
permissible,.  When only 1 joming surface is spread with glue, the
permissible assembly periods are considerably reduced, and approxi-
mately 15 minntes m open assembly ar about 50 minutes in closed
assembly is satisfactory with some glues; but with certain resorcinol
glues the maximum permissible open-nssembly period may be as short
as 12 minules. Very shorl closed-nssembly periods, less than 10
minutes, often are not so satislaclory as somewhat longer ones; and
for very exacting uses, such as lpminating oak ship frames and kecls,
manufacturers often recommend a minimum ol 10 te 25 minutes.
Glue spronds and pressuee requirements are similar to those recom-
mended for intermedinste-tompernture-sctting phenol-resorcinol resin
glues, although somewhat higher spreads and lower pressures are some-
times recommended by the manufneturers.

Resoreinol ghies are very nearly neuteal in reaction.  They will
cure at temperalures of 70° to 802 I and when used with soft-
textured woods, temperatures ns low us 40° develop joint strengths
equnl to the strength of the wood when relatively loog pressing periods
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(several days to several weeks) arc wsed. Temperatures higher than
room temperatures arc recornmended, however, when gluing heavy

laminated members of such dense species as white oak for use under . -

severe exposures.. Tests on laminated members for ship timbers and
other exterior uses show that, for several of the resorcinol glues,
curing for as long ag 10 howrs at a glue-line temperature of 140° with
white oak and 10 hours at 80° with southern yellow pine and Douglas- .
fir, with at least 1 weck of additional conditiening, produces glue
joints that are highly resistant to delamination under scvere exposure
conditions.

In light construuiions intended for less severe exposures where a
curing temperature of 75° F. would be adequate, pressure should he
maintained for 4 to 8 howra, The full jeint strength is not, lowever,
developed in this period, and a conditioning period of 3 to 6 days
should be allowed before the joints are highly strossed.

Military Specification MI1L~A-397 sets forth the requirements for
high-quality resorcinol-resin glues,

MuLarmive-TorMaLpEnynE Resivy GLUEs

Melamine-formaldehyde resin glues are produced by the reaction
of melamine and formaidohyde and are available either as hot-setting
or intermediate-temperaturc-setting types. Most of the melamine-
resin glues are marketed as powders and are prepared fo use by mixing
with water. Sometimes a hardener and a filler, usually walnut-shell
flour, are added. The mclamine resins are almost white, but the addi-
tion of filler usually gives them some color. Concentrations of the
glue mixtores when ready for use are generally within the range of
60 to 70 percent of solids by weight, or about the same ns for most
other resin glues when ready for spreading.

The melamine-resin glues are of relatively recent development,
but test dasa accumulated over thelast 8 years mdicate that the dura-
bility of their joints, when set at abour 190° F., is similar to that of
joints made with phenolic resins. Well-made melamine glue joints
show excellent resistance to micro-organisms, weathering, high tem-
peratures, high relative humidities, continuous souking, eyclic soaking
and drying, and to oils and most chemicals, including wood preserva-
tives and fire retardants. Sowae intermediste-temaperature-setting
melamine resins have been formulated recently to set at lower tem-
peratures by the use of acid catalysts. Test data show that the
durability of these resins is somewbat inferior lo that of melamine
resins requiring higher curing temperatures.

With some exceptions, the use characteristics of nielamine glues are
similar to thosc of the phenol glues.  When kept in closed containers
under dry and cool conditions, the melamines usually have a storage
life of 6 months to a year or more. The working life of these adbesives
ranges from 2 to 36 hours at ordinary room temperstures, dependin
on the catalyst used with them, The moisture content of wood .
aﬁpems to be somewhat more critical with melamine than with |
phenolic-type glues, bui satisfactory results are usuaily cbtained
within the range of 7 to 15 percent. Most of the melamine glues are
not critical with respect to assembly periods, but where curved mem-
bers are glued, clamping must be completed before the glue becomes
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_ too tacky to permit free slippage of the laminations. Glue-spread
.and pressure requirements are similar to those for phenol- and resorci-
nok-resin glues. .
The melamine glues cure at about the same temperatures as the
intérmediate-temperature-setting phenol-resoreinols, although when
used with softwoods, such as Douglas-fir and southern yeliow pine,
somewhat higher temperatures may be required for the melamines.
To laminaie white osk for exterior service wilh cerinin melamine
resins, a cure of 10 hours at 190° I, has been found adequate. With
southern yellow pine and Douglas-fir, a temperature of 140° for i0
hours is satisfactory.
© Most melamine glues are difficult {o remove from gluing cquipment
if water alone is used for cleaning. Cleaning of mixers and spreaders
is readily facilitated, bowever, by use of dilute acetic acid. Soapsuds
or 30-percent calcium chloride solution have also been recommended.
Military Specification MIL—A-397 sets forth the requirements for
high-quality melamine-resin ghues.

SELECTION OF GLUES FOR LAMINATING

The properties and use characteristics of various types of ghe dis-
cussed in the preceding pages should serve as a guide to the user in
his choice of adhesive for specific purposes. For convenient reference,
the gencral use characteristics of the different Lypes of glues are sum-
merized in table 1. Certain types of glues may be used under any
exposure for which wood is a suitable material, while other types are
adequate only under limited exposure or where protection from the
elements is provided.

For laminated moembers thet are protected from appreciable
amounts of meisture and high relative humidity, casein or uren-resin
glues might serve well.  If the joints never become wet, the casein glue
may prove to be more durable than the urea. Urca resins should nol
be used if exposures to temperatures appreciably higher thon room
temperatures are expected.  As previously indicated, their long-time
durability at ordinary temperatures and relative humidities has not
been fully established-—a {act that malkes their suitability for perma-
nend structures somewhat uncertain, cspecially if used with dense
hardwoods. Where atmospheric conditions sre such that the moisture
content of the wood exceeds 20 percent, neither caseln nor urea-resin
glue is recommended.

For continuous immersion in weatber or intermitient webling and
. drying, as outdoors or in buidings where high humidities are en-

countered for a considerable time, highly water-resistant resin ad-
‘hesives, such as phenol-resorcinol, resorcinol. or melamine glues,
should be used. Within this group, choice will depend on the type
most Teadily available, storage life vequired, curing facilities, conven-
ience of use, and cost.

Intermediate-temperatuve-setting phenol-resorcinols have a rela-
tively short storage life at ordinary room temperatures and require
eonsiderable heat for curing. The resorcinols have long storage life
and for many purposes, cure adeguaiely at 70° to 80° F. The cost
. of the resorcinol glues is at present considerably higher than thaf of
" the phenolresorcinols. The melamines have 2 reasonably long swoe-




TaBLe 1—Approrimate use characteristics of laminating glues !

Maximum per- Setting characteristics
s oaee. L nissible a:scmbly
Working time at 70° . |Moisture] Condi-

- St fe | life at PO
Exposure and glue type °a%r§‘6’§ }.l ¢ 7‘6% %0 content ) tioning Room

75° P, of wood | j-eriod * Cold 3 tempera-
Open | Closed ture

Inter-
mediate
tempera-
ture

Normal interior: Months Hours | Minutes | Minules " Percent | Days
412 5 15 1218 5-7 Ves.
Urea, powdered, w ith catalyst.__ 12 ... ... .. 2-6 10 20 ;. 7-15 57 Yos_—....| Yes.
Intcrlor and exterior: )
Intermediate-temperature-setting | 2 to 6. ... 2-8 30-60 | 60-120 6-17 | . -7 No+t.._..! Yes.
phenol-resorcinol. - ' :
Resorcinol 12 or more.... 2-5 15=90 1 50-150. 0 6-17 1-7 Yes......} Yes,
Melamine 3 6tolS. ... 2-36 30-60 | 60-120 ! 7-15, 1=-7 No....-.| Yos.

1 L'lminatim: pressures of 100-250 p. s. i 3 Cold l)c-lo\\' normal worI\xoom tcmpemtm es. Roo’n tcmpem-
2Where glue is completely cured by heat before pressure is re- ture 65° to 80° F. Intermediate temperature: 80° to 2
moved, cooling to room temperature is sufficient; where no.heat js + Jxeept with some low-density speciss
applmd, a 5- to 7-day conditioning puriod is desirable. 5 Ineludes glues hoth with and without separate catalyst.
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age life and requive about the same cure as some of the phenol-
resorcinols, but they are not so convenient to use as resorcinols or some
phenol-resorcinois because cleaning of gluing equipment is more

difficuit.

SELECTION AND PREPARATION OF LUMBER FOR
LAMINATING

Lumber used in [abricaling a laminated member must be properly
selected and adequately prepared for gluing. It is essential to give
attention to the inlended use of the laminated product, the strength,
durabifity, and ¢luing propertics of the species, the dryness of the
wood, and the quality of the machined surfaces to be glued. It is also
neeessary to consider defeets that may impair the g u{ﬁity of the bond,
imterfere with bending laminations to {he desired shape, or otherwise
reduee the serviceability of the finished product. Sometimes it is
necessary also to consider the appearance of the finished member
when selecting the lumber.

Specits aNp QuUALITY

The gluability of various specics of wood under {evorable gluing
conditions is shown in figure 13 (3, 27). Block-shear fest values show
that glue joinis of high strenglh, comparable to the shear strength of
the wood, can be produced in most commercial species of wood with
casein and synthetic-resin glues. Wood-failure values of approxi-
mately 100 pereent can be obtained with most softwoods.  Casein glue
bends fail to develop high woeod-failure values on dense, strong hard-
wood speeics, while synthetic resins generally show moderately high
values for these specics.  Glues, however, are generally chosen on the
basis of their durability under service conditions.

Softwood speeies, principally southern yellow pine and Douglas-fir,
have been used largely in the laminaling of membnrs such as arches,
beams, and chords for trusses, because of the more favorable cost and
availability of the lumber and the ability of these species to meeb
strengéh vequirements. DBoat timbers, on the other hand, are often
made of while oak because it is durable under wet exposures.  QGther
species can also be used when their mechanical and physical properties
are suited to the purpose.

Severcly curved parts of high-strength laminated members gen-
erally require clear and straight-grained wood, free of sizeable defects,
in erder that sthe laminations may be bent to the desired curvature
without breaking. Defeets such as large holes, knots, and decay re-
duce the cffective glue-joint arca.  Surfnces containing piteh, cross
grain, and knots do not glue so well as clear wood. ‘§uch material
must be limited in aecordance with the steength requiremeats of the
produect.

Sapwood is as durable as heartwood under eontinuously dry condi-
tions. However, under conditions developing roee than 28-percent
moisture content, sepwood ol even the durable species is readily sus-
ceptible o attack by wood-destroying fungi and often by insccts. On
the other hand, sapwood of most species used in laminating takes
preservative treatment readily.
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SPECIES GASEIN GLUE
SPRUGE, SITHA-—— N '
MAHOEANY
COUGLAS - FIR_ -~
PINE, 50, YELLOW. _
ASH, WHITE

BIRCH, YELLOW..__
OAR, BED <mme e
OAK, WHITE

MAPLE, SUGAR - -
HICKORY cmmmr e

SPRUCE, SITKA - -]
WAHOGANT a e e e
DOUGLAS - FIR .o R
PINE, 50. YELLOW.. |
LEH, WHTE oo
AIRCH, TELLOW._ B

QAK, RED e
QAN WHITE ____._|

IAAPLE, SUGAR .
HICKOAY o e B

SPRUCE, 5ITha ___
MAHOGANT __ .|
DOUGLAS = FIR -ae_
FINE, SO, YEROW-_ -
AGH, WHITE . ... 3
BIRGH, YELLOW.___

CAK, RED e
Qi WHRTE
MAPLE, SUGSR ...
HICKDRY .

SPRUCE, SITKA - .|
MAHOGANY . een
DOUGLAS - FIR e
" PINE. SO, YELLOW...

)
WOOD FAILURE (PERCENT) SHEAR STRENGTH [LB. PER 30. IN.J

Fraurs 13.—Tesults of joint-sirengih tests for various woods glued with easein,
ures resin, resoreinol resin, snd iutermediate-temperature plienol-resoreinol
resin glues,, .
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.
Seasowine anp Moistore ConTENT oF LUMBER

The moisture content of lumber 2t the time of gluing is of great
importance in the fabrication of laminated producis. The desirable
moisture content in the lumber is that which will produce strong glue
joints and, as nearly as practicable, approximate the average moisture
content the laminated product will attain in service. All the lami-
nating glues deseribed in this report will produce strong bonds when
the wood has a moisture content between 7 and 15 pereent, and a few
bond satisfactorily even when the moisture content is slightly above:
or below this range.  Serious changes in moisture content after gluing
will result in shrinking or swelling of the wood, and stresses may
develop in both glue joint and wood that will eause checking in the
wood or along the glue line.

In general, it is desirable to produce the laminated member at a
slightly lower moisture content than that expected in serviee, and
thereby avoid not only surface drying in use but a serious change in-
. the entire membier. Wood used in the interior of dry, Leated build-
ings throughout the United States has been found generally to have a
moisture content varying from 6 to 11 pereent according to the season
and loeation, The moisture content of wood in normally dry, un-
heated buildings is somewhalt higher, probably from 8 to 14 percent,
and in extreme cases may be higher,

A maisture content level of between 8 and 10 percent at, the time of
gluing is considered satisfactory for laminated members intended for
normal inierior use. Members produced at a moisture conlent of
12 to 15 percent will dry out to some extent in stich serviee, nnd some
surfnce checking can be expected. Tn moist, wet, and exterior ex-
posures, laminaled members may develop higher moisture content
values than the maximum at which good glue bonds carebe producéd,
Consequently, lumber with o moisture content range of 12 to 15
percent is desirable for such gluing.  Members glued at 8 to 10 percent
will show an appreciable mcrease in moisture content if used in
exterior serviee.

The uniformity of meisture content between the laminations of any
one assembly, and throughout the cross section of cach boa:d, is also
important. 1f adjacent laminations differ widely in moisture content
at the time of gluing, subsequent moisture equalization will eause
them Lo swell or shrink unequally, with consequent. development of
stresses in the glue line, possible separation of laminalions, and dis-
tortion of the finished member. A range in percent of moisture con-
tent of not more than 5 (for example, 6 to 11 percent or 10 to 15 per
cent) belween laminations in a single assembly is recommended.
Stresses will alsn be created if the interior part of any one hoard
difters greatly in moisture content from the outer part or shell (fig. 14),
and it 1s recommended that such differences in pereent not exceed 5.

The most practienl method of seasoning lumber to these moisture-
content requirements is Iy kiln driing, which leads itsell Lo control
of humidily and the finnd dryness of the stock (24).  Air-dricd lumber
}s g;umlly suitable when it meets these limitations on moisture content

16}.

The moisture content of the Jumber should be determined before
machining operations nre begun, by sclecting suflicient random samples
to insure that the entire fot of stock meets the moisture content
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TFrapus 14.—Methods of eutting seetions [rowm lwmber for inoisture-content and
molsture-distribution determinations.

requirements. Determinations should be made of the moisture con-

~tent of individual boards and for uniformity hetween the shell and

core. Such deoterminations will normally have been made in connee-

tion with the kiln-drying operations, but a check should be made

immediately prior to Jaminating.

The most nccurate means of determining moisture content of
antreated wood is by the oven-drying method. Elccirical meisture
meters (2), although less accurate, are very usefuf, since with them
measurements ean be made tsore rapidly than by oven methods,
whieh require several hours. The resistance type of clecivical mois-
ture meter is geperally limited in application to moisture content
valucs ranging boetween 7 and 25 percent and cannot be used depend-
ably on lumber dried below this range. These melers are uscful for
spol checking untreated tumber al the laminaeting operation, where
their frequent use is recommmended.  The meisture content of lumber
treated with preservadive salts can usuelly be determined by oven
drying, but special methods are required for fumber treated with oil-
borne preservatives.

Storact oF LuMbtn

Since it is desirable to have lumber for laminating uniformly dry
at the time of gluing, ik is necessary that conditions of storage {ollow-
ing drying be such that there will be no appreciable change in its
moisture content (17, 18). Bulk piling affords additional protection
to the lumber from moisture changes, except at the suriaces of the .
pile. If the dry lumber is lo be stored for & long time, conlrol of the
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humidity in the storage rooms is helpful.  Ordinarily, it is satisfactory
to keep the lumber well protected from the weather and to use it
promptly.

IF lumber is taken from unheated storage during cold weather, it is
desirable Lo allow it to warm up to approximale room conditions
before spreading glue on it. Gluing of cold lumber mey seriously
retard the curing of cortain Lypes of glues, especially reom-tempera-
ture-seiting ones.  The time required for planing the lumber may not
e sufficient Lo allow it Lo warm up cnough,

Roucn Surracine

Preliminary rough surfacing of the lamber to be used for gluing,
although not always necessary, belps to obtain uniform thickness of
laminations in the final surfacing. The use of a rough plauer is also
sometimes desirable as a first step in the machining and sorting of
lumber of varinble thickness. [n hardwoods, particularly, this opera-
tion will help fo disclese natural and sessoning defects, 2id in segregn-
tion of the wood according to grain, sapwood, and heartwood, and
greatly facilitute the elimination of undesirable pieces. Rough planing
reduces stock to an approximately uniform thickness that is an ad-
vantage i later ripping awl resurfacing, In order to keep the lumber
flat and to avoid unbalancing any seasoning stresses that may be in
the lumber, rough planing should be done on both faces, with removal
of an equal amount of wood from cach. Double surfacers are con-
venient for this operation. Rough surfacing, or “blanking,” of the
lumber may be'done at any time, even well in advance of the lami-
nating, since resurfacing will be required before gluing.

Currixe Our Derecrs

The operntion of culting out defects involves crosscutting and
ripping. This iz often done at the sawmill, so that the finished
boards ean be used as graded without further cutling out of defects;
for example, pind and fir lumber of relatively long lengths may be
available in suitable grades.  In other cases, as with most hardwoods,
only short lengths ean usnally be cut from availeble lumber, and
further cutling is necessary nt the laminating plant to produce clear

rades.
& The layout and facilities at the plant will determine the sequerce
of the crossculling nwd ripping operations to obtain stock of the
required grade and to reduce iU to the lengths and widths needed.

SELECTION FOR GRAIN

In the seasoning process, flat-grain or plain-sawed lumber shrinks
more in width than vertical-grain or quarter-sawed [umber of equal
size. The same relationship applies when changes in moisture con-
tent take place afler the laminated product is placed in service. For
example, a 10-inch-wide flat-grain board of white ok having a mois-
ture content of 8 percent will swell about 0.35 ineh when its moisture
content is raised to 18 percent, while a similar vertical-grain board
will swell only about 0.21 inch. This difference in expansion, which
can result in severe stress on the glue line in & laminated member
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exposed to exterior conditions, can be minimized by segregating the
stock into gquarter-sawed and plain-snwed lots.  Lumber with growth
rings predominently at an angle ol 45° or more to the face of the
board may be classified as guarter-sawed, snd that with growth rings
at an angle of less than 45° as plain-sawed,  With dense hardwoods
it is advantageous to keep these groups segregated in all subsequent
operations and not to mix the lwa elasses in anv single laminated
assembly. This segregition may be done at any time prior 1o edge-
or end-joint gluing, ov to final surfacing. '

In softwood species the stresses due Lo shrinking and swelling are
lower than in the dense hardwoods, and segregation for grain may not
e necessary for mosl uses, inchwding exterior service.  Bome surface
coating is recommended to reduce the rate of moisture change, and
thus the stresees thai cause checking.

Laminaiing glues will bond plain-sawed nnd quarter-sawed lumber
equaliy well, so that the segregation for grain in dense hardwood
spectes is recommetded primarily to veduce the subsequent develop-
ment of stresses in mtembers subjeel Lo severe motsture changes.  In
normally drv interior use, the molslire changes ure usuatty too smali
to require segregnbion of grain,

Curnne Lamxamixe Srock

In preparing stock for Inmineting, it is sonmetimes important that
narrow pieces used to produce n lanunation the full width of the
member be edge glued to inerease strength properties.  Hdge gluing
is also important because open edge joints may ndnee further cheek-
ing and splitting and constitute a deeay bazard in damp or exterior
service, Where (he added strength is not required, edge gluing would
not be necessary in members used under normally dey conditions.

When it is pecessary that laminations be of one piece in width, and
lumber of the required width is net availabie, the full width may be ob-
tained by edge ghuing strips or boards of the desired quatiny. In prepas-
ing lumber for edge gluing, proper machining of the edges s necessary to
enable the production of joints of maximum strength.  The machined
edge should be square and straight to permit o tight fit of thewood
surfaces. €lertain types of tongue-and-groove joinis have often been
used to obtain lumber of o desired width, The advantuge of the
tongue-and-groove culting is mainly in Macilitating alinement, but
tliese joluls involve greater foss of matoerial, require special equipment
for their preparation, and usually offer loss effective gluing surface than
do plain joinis.

Machining wilh a cutter head, either in a joinder or a molder, pro-
duces the best gluing surfaces. A\ disadvantage of edge jointers is the
difliculty of ahirining a porfectly straight edge far the {ull length of the
strip. Baws are also used to prepare edges of lumber for gluing, and in
many enses are salisfaclory, especially where glued jownts are required
merely to permit handling laminations as unils during the gluing
asserbly,  For best resulls in gluing sawed edyges, the ripsaw must be
in first-class condillion, the chein ways true, and the saw round and
jointed. Machined surfaces produced Dby cutter heads properly
equipped with sharp knives have been found superior (o sawed edges
for gluing purpdses, especindly in the dense hardweood species.
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When ripping stock preparatory to edge glutng, it has been found
practical to scleet a number of standard widths in orvder to conform
to requirements for the spacing of edee joinis in the laminnted assem-
bly. For example, if nominal I-inch hardwood lumber is being pre-
pared for an 8-nch-wide member, Lhe proportion of 8-inch stoek is
likely to be small. The narrewest piece practical for edge gluing would
probably be about 1) inches. A nmumber of widih combinations could
be edge glued to meel the requirements,  The following combinations
of widths in inches serve as an example: 3, 2,3;2,4, 2,5, 3; 14, 5, 13;
2%, 3,23; 4, 4;and 1%, 4, 24, IT the specifications require & minimum
spacing of ¥ inch belween giued edge joints in adjacent laminations,
laminations can be assembied in the sequence indicated. In other
cases, the spacing of edge joinls in the finished product may nol be
critical, and miscellancous mixed widths may be acceptable for edge
gluing. It is advantageous to have all laminations that are to be
glued into an assembly of the same wilth at any given section in order
to permit casier alinement of the laminations and to distribute gluing
pressure more wiformly. Aay method of cutting te width is satis-
factory, as long as unilorm width is obtained,

It is often necessary in Jaminating operations to produce full-length
laminations by end-jointing short hoards for the purpose of obtaining
better utilization of raw material, {or building into the assembly thn
required grade, quality, and strength propertics, or sometimes merely to
enable handling each full-length lamination in one plece. Various
kinds ol glued end joints are used for this purpose (fig. 15 and page 97).
The plain searf, hooked searf, finger, and servated scarl are among those
commonly used. Al these joints require a velatively long slope to de-
velon a high proportion of the strength of an unjointed piece. A well-
glued, pisin scarf joint in oak, for example, might require o slope of
1:156 te praduce such strength, while in Douglas-fir and southern yel-
low piac a slope of 1:12 would be equally sufficient.

It is desirable to have the siope of a scarf with, rather than against,
the grain of the wood. There is also no strength ndvantage in having
the slope of a searf less steep than that of the grain of the wood.
Steep stopes have an advantage in that they cesult in fess wood waste,
but they also are wenker and may contribute litile or nothing to the
final strength of the laminated moember. There is also the risk that
they will break when long Inminations are handled in assembling and
when bent te curved form,  Glued searf joints introduce an added
stiffness to the beard al the searf area ithat somewhal increnses the
difficulty of drawing such areas of the lamination to the form in fabui-
cafing curved assemblics, C

The preparation of gluing surfaces for making end joints requires
seenrete and unilorm machining,  Bad-gram wood is involved in such
surfaces, and the fibers must be cleanly cut, not erushed or torn, in
order Lo develop glue Donds of maximum strength.  Surfaces can be
prepared on planers, shapers, single-end tenoners, spevinl searfing
machines, or saws, Surfaces prepared on machines equipped with
cutter heads fitted with sharp knives are generaily superior to sawed
surfaces, especially with lumber of dense bardwoodl species.  There are
no high-speed machines on the market suitable {or o low-eost, high-
volumne production of glued end joints, .
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Ficuee 15— Typieal end joints thal ace glued and vsed in laminating,

There is some advuaiage in cutiing end joinis of the plaju- or
serrated-scarf type so that the sloping surfaces of all joints in any lam-
ination are in parallel plancs. This practice will pemnit suceessive
boards to be fitted logether as they come from the machine withoub
turning them over, and will permit cross-cutting any board and bring-
ing the machined ends together without turning either piece. It is
not advisable, however, to permit this practice to interfere with the
recommended practice of cubting the scarf wilh, rather than against,
the grain of the wood.

Sometimes lumber is resawed to obtain thinner laminations needed
in laminating curved members, or for some other reason. The re-
sawed lumber will develop some degree of cupping if case-hardened or
not uniformly dry. Cupping is a disadvantage later in applyin
glue with the glue spreader, and also in applying gluing pressure with
clamps. Cupping of respwed lumber can be minimized by using

uniformly dry stock, relatively free from case-hardening (). In

planing Jumber that has been resawn {rom case-hardened stock, eup-
ping ean be reduced by taking the heaviest planing cut from the origi-
nal outer surface. In case-hardened lumber it is also very difficuls
to produce well-fitted scarf joints.

FiNAL SURFACING

The final surfacing of the stock preparatory to spreading the glue,
assembling, and elamping is one of the most important operations in
the fabrication of laminated wood products. The quality of the final
product is determined to a largd degree by the neeuraey and care with

el e e =i
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which this part of the work is done.  In order to develop glue joinis
of maximum strength, the wood swrfaces to be glued must be cleanly
machined and must fit accurntely,

Finish surlacing can best be done on cabinet-type surfacers equipped
with well-fitted cutter hreads mounted in ball bearings. The finud
surfacing should be a light cut, in general not move than one-sixteenth
meh.  Knives should be kept well sharpened to prevent compressing
ot otherwise damaging the wood fibers, Glazed or burnt areas indi-
cate damaged fiber.

Double surfagers are probably best suited for machining lumber
to be glued.  Ningle surfacers have the disadvantage of giving greater
diffliculty in maintaining uniform pressures agatust the bed, particu-
larly with stock having a tendeney to eup.  Matchers and molders are
less adaptable o the surfacing of laminations for gluing. I is recom-
mended that when-a Jamination consists of a single board or piece
{either solid, cdge-glued, or end-glued and smoothly planed), the
diffierences in thickness throughout the board should not exceed 0.016
{approximately 1764 incli. When o lamination consists of two or
more pieces laud side by side or end to end, the differences i thicknoess
throughout the entire lamination (made up of two or more picces but
not edge-gluedy should not exceed 8.018 inch in order to produce con-
sistently good and dependable glue joints. It is entively pradtical to
surface lumber to these requirements in single or double surfacers in
which heads and bearings are accurately fitted and set up.

Rates of Teeding the planer that result in 20 to 30 knife marks per
inch on the stock have been satisfactory for the final surfacing of
laminations for gluing. The swfacing should be of such quality
that knile marks are hardly pereeptible.  During the swfacing opera-
tion, stock shoukd be tested frequently with slip-on gages on both edges
‘throughout the length of the picee,  Surh gages ave inexpensive and
will not be foreed out of shape il at least three-fourths inch wide.
AMicrometers are best suited for tolerance measurements, but usually
require too much time for routine eheeking.  They should be of such
construction ns Lo permit measurements at both edges and conters of
hosrds.  Clipping at the ends of boards usually indicates improper
adjustment of pressure hars, knives ground below the normal cutting
cirele of thoe bead. or improper setting of {he feed rolls.

When lumber conlaining edge- or end-glued joints is surfaced, the
surplus glue should first be removed i order to prevent skips in dress-
ing and irvegularities in surfacing.

Experience has indieated that cup in boards alter the final surfacing
probably should not exceed one ninety-sixth of the ratio of width to
thickness of boards,  For laminalions 6 inches wide, this will allow
¥-inch eup in a bourd one-fourth ineh thick, ¥-inch cup in a board
onc-hatf ineh thick. and Ys-inel cup in a hoard 1 inch thick.

The uniformity and quality of surfacing recommended for final
machining of lumber must be relnined until the time of gluing in order
to produce strong and durable glue bonds.  Lumber stored too long
after finnd surfaemg may have a change in moisture content that will
resnlt in nonuniform dintensionad changes and malke it less satisla ctory
forgluing into laminated assemblies.  Therefore, finnl surlacing shoulk
be done just prior to gluing, or nt most within 2 or 3 days before gluing,
and the dressed lumber should be protected from signifieant moisture
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changes during this interval. TLumber surfaced at the mill before
shipment to the laminating plant should be resurfaced just before
gluing. co
Sawed Iumber surfaces have not been used to any great extent in
glued laminated wood products. Although resawing dry lumber into

thin laminations might afford an opportunity to use sawed surfaces,

for gluing, present sawing equipment is at a disadvantage for prepar-
ing gluing surfaces because it does not produce boards sufficiently
uniform n thickness. Saws also tend to compress and damage the
wood fibers. The rougher surface would also require more glue, -

Sometimes wood surfaces are intentionally roughened by tooth
planing, seratehing, or sanding with coarse sandpaper, but tests made
with such surfaces under good gluing conditigns show this practice
to be of no benefit to the glue bond.  Sanding operations generally
remove more wood at edges and soft arcas than at denser arcas, and
thus result i greater inequality in the thickness of the sanded board
than in well-planed lumber.  Sanding is not recommended for surfac-
ing iaminations preparatory o gluing.

LAYOUT OF LAMINATED ASSEMBLY

A plan for the position of laminations in the glued assembly is
necessary for each gluing operation, particularly where the lemina-
tions are of different grades or contain edge- and end-glued joints
and where the member is curved or hent.  T'he strength of the lami-
nated member is influenced by the position of such jomts, In many
cases the purchase specifieation will establish the minimum spacing
of cdge and end joints and the grades of mner and outer laminations.

Locamon oF Epce anp Txp JoinTts

Edge joints, when properly made, can develop the full strength of
the wood, so that the lamination will act as a single full-width board.
In members subjected to bending stresses resulting from loads normal
to the edge of the laminations, it is necessary that the edge-glued joints
provide such strength. Beams with vertieal laminations and stems
and keels in boats illustrate such requirements.

When heams are made of Iaminations containing imperfect edge-
glued joints, coincidence of edge joints in adjncent laminations tn-
ereases the possibility of cleavage under alternating wet and dry ex-
pesures.  For members to be exposed to the weather or equally severe
service, laminations should be laid up with the edgoe joints in adjacent
laminations offset #s much as possible, and never by less than the
thickness of the laminations.

Well-glued searf joints in lumber do not develop maximum strength
unless they have long slopes, and even with relatively long slopes 95
percent of the strcngﬁs of clear wood in tension is abour the maximum
obtainithle.  The more abrupt the slope, the weakor the joint. Fue-
thermore, scarf joints should also be spaced so that the tip of a scarf
joint in one lamination does not directly meet the tip of a scarf in an
adjecent lamination (fig. 16). Whenever practical, all scerf joints in
~ the surfece lamination should slope in one direction; this gives best
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results in machining the finished product. Butt joints do not furnish
reliable strongth and arc nob considered a load-bearing type of end-
glued joint.
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Ticore 16.—Spacing of scarf joints in a laminated assombly,

Stuarcur MEMBERS

In assembiy lay-up, consideration should be given to the specics
and grade of lumber, thickness of laminations, and grain of wood, as
well as fo the position of edge and end joints.  Generally, all lamina-
tions in a glued timber will be of the same species.  The lumber may
be of the same grade throughout, or of mixed grades as permitted by
the specifications covering the order.  Mixing specics in the same
glued assembly is practical where special strength propertics are de-
sired in mombers that ave to be subjected to uniform moisture-content
conditions in service. FHowever, where there are wide variations of
moisture content in serviee, unequal shrinking and swelling of adjacent
laminations will oceur. The higher stresses indoeed by the stronger
species are likely to cause the wood of the weaker species to rupture,
which will reduce the strength and uscfulness of the member cven
though the glue joint is durable.

Laminations up to approximately 2 or 3 inches thick may be usel
in straight members, provided suitably dry stock is available, Some-
times it may be desirable to use more than one thickness of stock in
order to attain maximum utility of the lumber supply or to fabricate
2 lamingted member to exact dimension. Arrengement of lamina-
tions by thickness is governed largely by the intended use of the mem-
ber and by the character of the machining operations to be performed

~upon it.  The thinner laminations ordinarily are placed in the position
entailing the least subsequent face machining,

Becnuse of the superior weathering resistance, with a minimum of
loosened grain, shown by that surface of a flat-grain beard teward
which the growth rings are convex, it is proferable that the top and
bottom laminations (f flat-grain fumber) be placed with the sap side
out in members that are $0 be expeosed to the weather,  This practice
has the additional advantage of facilitating penctration of a pre-
servative.

Curvenp Mumpszns

The assembly layup for curved members is governed by the same
considerations of species of wood, gradeof lumber, and position of adge
and searl joints that apply to straight members, but the maximum
thickness of the laminations is governed by the curvature to which
the laminetions are to be bent.
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Lumber that is to hecome part of & curved laminated member must
be bent, unheated and dry, after glue has been applied to its faces.
The practice of steaming thick lumber te permit bending to sharp
curvature has no application in a gluing operation. The minimum
radius to witich dry, clear, straight-grained lnmber can be bent without
breaking is approximately 40 to 60 times its thickness, and varies with
the specics of wood. Ingeneral, hardwoods can be bent more severely
than softwoods of the same thickness. Lumber containing knots and
other defects cannof be bent to so sharp a curvature as clear lumber,
In high-strength curved members, the laminations should be bent to a
radius not less than 1.6 times their breaking radius.

Table 2 shows the minimum bending radii recommended for different
thicknesses of clear, straight-grained white oak, Donglas-fir, o south-
ern yellow pine jurnber at o moisture content of about 10 pevcent. The
table applies to both flat- and vertical-grained lumber at o moisture

“content of about 10 pereent.  For drier lumber, and cspecially for
fast-grown material, somewhat longer radii may be required.  In any
curved laminated member, the radius of corvature of the inner or
concave face is shorter than the radius for the outer lamination. In
thick curved assemblies this difference may make desirable the use of
thinner stock st the inner face of the member.

TABLE 2—Minimum bending redii recommended for different thick-
nesses of clear straight-grained lumber of white oak, Douglas-fir, or
southers qellow pine

Recommenred minimum
racliug of curvature

Thickness of lamination (inches)
- Douglas-fir or
White ouk southern yel-

low pine

Inches Fuches
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GLUING FIGS AND FORMS

‘The purpose of gluing jigs and forms is to permit assembling the
laminations after glue has been applicd to them and then to draw thom
to the shape desired in the final produet and to hold thenu in that shape
under gluing pressure until the glue is seb and cured,
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For gluing straight members, the jig or form generally consists of a
Ak bed on which the laminations, spresd. with glue, are laid con-
secutively, Often the jig is designed fo glue two or more members
‘of the same size, placed one on top of the other. Suitable caul boards
are placed on top and botéom of the assembly to assist in distributing

- the gluing pressure. Sometimes an arrangement whereby the jig,
"~ laminations, and cauls are placed in & vertical position is also saiis-
~factory. - The jig may be designed to glue 2 single laminated assembly,
- .oy bwo or more assemblies of the samne thickness, placed side by side.

“When gluing curved laminated members, the cured assembly

- essentially retains, upon rclease from the refaining clamps, the curved
shape in which it was glued. When members are cured in the jig,
which must be strong enough to hold the desired shape of laminations
‘when they are drawn into position and clamped, less spring-back is
" hkely to develop than when it is necessary to remove the clamped
" assembly from the jig before curing it. In general, a curved glued”
-~ laminated member made of many thin laminations is less Iikely to
" - develop spring-back when released from the form than one of equal
- depth made of a few thick laminations. Use of high temperatures,
~ . such as 200° ¥, maintained for 15 to 20 hours for the purpose of curing
the glue, has been found to minimize spring-back. The amount of
" -spring-back for & specific item must be determined by frial, and the
proper compensation made by decreasing the radius of the jig.
- The gluing of curved assemblies may be done on either a male or
- .. a female type of jig or form. The jig may be constructed for a-single
© purvature of may be adjustable to various curvatures (fig. 17). The
" -general laminating procedure with such jigs is to lay the mIndividusl
laminations in approximately bent position and hold them by a series

M7T225F

Ficurk 17.—Adjustable jig for laminating ecurved timbers,
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of stops, or to draw the entire assembly inte bent position at one time
by block and tackle, winch, or the like. The next step is to use draw-
up clamps to pull the assembly into final shape and to hold it there
while gluing pressure is applied (fig. 18).

R onl S, - T
MET2EIF
Frceng 18.—Curved [umibnated limbers i adjuslable jigs.

Ardjustable jigs must be set to the shape desired for the curved
glucd product.  Light but rigid patterss that will not bend or become
deformed with use or changes in moisture and temperature should be
used for seiting adjustable jigs.  Plywood patierns often serve this
purpose very satisfactorily.

The spacing and setting of adjustable arms on the hed of a bending
jig necessarily must be such that the laminations will follow the line
of the pattern when clamped to the jig.  Any irvegularity in the aline-
ment of Lhe arms or any departure of the arms from the line of the
patiern will be earvied into the laminated product.  Jigs, thevefore,
should he designed to prevent movement or twisting of the arms while
stock is being bent and gluing pressure applied. The jig must also
be durable under conditions used in treating the laminated member
while curing the glue, o factor that is particularly tmportant when
heat is used for this purpose.

In setting up jigs to be used for curved assemblies, it is usually
advisable to carry the line of the curve well beyond the net length of
the finished member. This practice is particularly desivable in pat-
terns having & sharp curve near the end of the assembly.  Failure to
set at leasl one arm oa Lhe bed of the jig boyond this length is a frequent
cause of distortion.
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.+ -*In setting jigs for curved laminated assernblies that permit little
tolerance in the shape of the finished product, it is necessary to add
_ the thickness of the caul to the width of the pattern on the jig side.
. . Otherwise, the radius of the finished member will be in error by the
" thickness of the caul. .
_ Spacing between jig arms may be varied with the degree of curva-~
ture. In flat assemblies, a spacing of 4 feet is not excessive if the
. cauls and stock are thick enough to prevent sagging or bending of the
. package during the clamping and curing process.  In curved members,
the spacing of the jig arms must be decrcased as the bending radius
is shortened. Required spacing may be as close as 9 inches on sharp
bends of 30-inch radius or less. Proper spacing can best be judged
« by observing the fitr of the patiern and the behavior of the laminstions
as they are clamped into postiion.

Sometimes it is desirable to laminate members of single curvature
but bent in two directions. This can be accomplished by the use of
relatively thin and narrow laminations, and by permitting the lamina-

. tions to bend and slip over each other in two planes, The gluing ma;
be done in 1 operalion requiring gluing pressure to be applied simul-
taneously in 2 planes, or in 2 operations requiring gluing pressure in 1
plane only in each operation.

Tt is also possible to laminate assemblies of slight compound eurva-
ture, such as bilge stringers of a boat, in one operation. The edge
joints must have the patiern of the are of a circle to permit the lami-
nation to twist freely when bent to form. Special jigs are needed to
provide the compound curvature desired, and special clamping
-arrongements are necessary (fig. 19).

GLUING OF EDGE AND END JOINTS

It is highly important in the production of laminated material to
plan the sequence of operations earefully and to carry out the verious
steps in the proper order. Kdge gluing is sometimes necessary to
obtain laminations of the proper widih, and end gluing o obtain the
desired lengths, It is usually necessary to preglue edge and end
joints prior to laminating if maximum-strength members are required.
Whether cdge gluing should precede end gluing or vice versa, depends
on the sizes of Ennber available and the type of assembly. In general,
it is more convenient to place the end joints at the desired locations
if the edge joints are made prior to the end joinis.

Ence Jowrs

As pointed out previously, edge gluing is ordinarily not necessary

in laminations used in members intended for normally dry interior

use. Where odge gluing is required, properly fitted planed or sawed

joints may be used. Results of exposure tesls have indicated, how-

ever, thaf greater durability is obtained in dense hardwood species
with joints prepared by planing than by sawine.

The glue used for edge gluing should generally develop as great
joint streugth and durability as the glue used in bonding the lamine-
tions. In certain cases, however, edge gluing is nccessary merely to
pormit handling full-width laminations during the laminating process,
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Frovas 1h-—Laminated boat-hilge stringers formed (o a pattern ineluding
compound curvature and Lwist.

and less durable glues will be adequate. Al glues suitable Tor lami-
nating are also suitable for edge gluing,  Where highly water-
resislant edge-glued Joints are desired, resoreinel glues are most
practical, since they have more moderate curing requirements than
phenol-resoreinol or melamine elues.

A single-roll spreader is probably the mwst convenient means for
applying glue to the edges of lumber.  Application by brush may e
equally satisfactory, but is slower and often less practienl. The
assembly time is usually rather short in edge-gluing operations, and
single spreading {application of glue to only one of the mating sur-
faves) is ratis{actory.
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Various types of clamping eqmpment may be used to apply pressure
- when edge gluing. The conventional rotary type of clamp carrier is
~ satisfactory for use wisth short stock, provided the material is held
- under pressure for a period wufficient to develop joint strength that
~will permit handling the edge-glued stock without damaging ‘the glue
bond, The carricr should be properly alined to assure straight grued
‘boards. This type of clamp can be enclosed and heat can be. supplied
to hasten the setting of the glue. Complete cure of the glue is not
usually required in_the odw-ﬂumcr operation, but sufficient set to
permit handling and machmmg the material is necessary.  The final
cure may he effected in the cur ing of the laminated assembly, although
this shotild not be dopended upon where maximum Cd“'(}-j()lﬂt st.1ength
is required. .
Edge-glued stock can also be clamped with piling clamps (fig. 20),
“which will permit the assembly of sueh stock on trucks for ready
removal to & heated chamber for initial curing,  When room-tempera-
ture-seiting glues are used, a ¢lamping period of 3 hours or more is
usually long enough for adequate curing.

MPE3TIF

Ficvre 20.— Fdge-glued hunber luminations in piling clamps.

A number of edge-gluing machines using high-frequency dielectric
" heating for quick E:[‘LLII‘J."‘ of the elue have been developed in recent
years. Most of these are d(-swned for short stock of the type suitable
for {urniture panels, but {'qulpmont could be designed for edge gluing
the longer stock usually used (o laminate structural members.  Tho
"main advantage of the high-frequency process for edge gluing is that
the glue can usually be set in a period of ahout. L cainute or {ess.
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If edge-glued boards are plened too soon after removal from clamps
or other means of pressing, sunken joints will probably result. This
can oo avoided by conditioning the boards for a period sufficient to
permit the water added with the glue to diffuse away from the joints.

Exn Jomnts

The choice of ghies for end joints involves the same considerations
as that for edge joints, Wiere durable end-glued joints are required
in the laminated member, the glue used for end jointing should be as
strong and durable as that used for bonding the laminations. Since
rapid sefting is often imporlent in the gluing of end joints, it might
sometimes be of advantage to use a type of glue for the end joints
different from that for the laminating.  Resorcinol glues, which have
moderaie curing requirements and set comparalively fast, hove
been found praclical for end-joint gluing wheve highly durable bonds
are required.

End joints may be glued separately or in the same operation in
which the laminated member is assembled.  However, it is extremely
diflicuit to produce end joinis ol umformly high quality during final
assembly.  Conscquently, {or exterior use or service where maximum
strength is required, pregluing of end joints is recommended. Where
design requires maximum end-joint strength in laminations, the end-
joinl gluing should be done in advance of the final surfacing. This
procedure permits the application of adequate gluing pressure, enables
the developmoent of a strong glue bond over the entire area of the
glue joint, and malkes it casier to plan in advance of the laminating
operation the location of joints and defects in order to meet the
specification covering the completed members. It also affords oppor-
tunity to maleh the grain and the localion of edge joints in adjacent
laminations and thus o minimize the development of stress in the
final product. Assombly Lime in the final gluing operation can slso
vsually be minimized when the end joints are glued beforehand.
Advance glaing of end joints, with subsequent final surincing, also
helps to insure uniform thickness of stoek for the {ull length of each
lamination and avolds the oecwrrence of open joints adiacent to butt
joints in curved assemblies,

Plain searf and sereated end joints, which requive a slight overlap
to insure adequate gluing pressure on the joint {(fig. 21), must be glued
in o separste operation to insuve consistently high-strength joints.
Serrated, double-bevel, or pegged searfs facilitate alinement of the end
Joints but do not provide definite assurance that proper pressure will
ve appiied on the scarf-joint swrinces or adjacent ghiing surfaces.

End joints should be cut to a pericet fit and property alined when
gluing pressure is applied. A rigid bed with rigid uprights {fig. 22) to
which the boards can be firmly clamped and held flat and straight
during the setting of the glue, is usually desirable.  Several end joints
enan ihen be elamped ip o single package. Wax paper may be placed
between the laminations at places where glue squeeze-oul ocewss, fo
prevent them from sticking together. When gluing scasf joings in, this.
manner, provision should be made to prevent end slippage.

High-frequency curing is also well adapted for quick setting of the
glue n searf joints, particulerly where narrow hoards are jointed and
paraliel heating is praciienl, Where wider boards {about 4 inches or

ATOAD* —G4—- 4,
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CORRECT
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INCORRECT

Ficore 2i.—Alining scarf joints for gluing. A, Correet with slight overlap;
B, incorrect, too much ovesiep; C, incorrect.

more) are end-jointed, stray-field or perpendicular heating is probably
more applicable. The requirement for overlap, #s mentioned above,
is equally important regardless of the curing method employed in set-
ting the glue. _ )

I-gIob presses have been used oceasionally for euring the glue in end
jeints, but high-frequency heating is gaining in uwse for this purpose.

To obtain uniform welting of uﬁ end-joint arees, i§ is recommended
that glue be applicd to both contecting surfaces, and because glue
penetrates readily in end grain, a faiely heavy spread should be used.
1t is usuelly also desireble to allow a few minutes of open asserbly to
‘permit the glue to become tacky before the surfaces are brought wnto
contact and pressure is applied. Ordinarily it is advantageous o use
somewhat higher gluing pressure for end joints than f{or laminating.
If several joints arc pressed in one package by means of retaining
clamps, fairly heavy cuuls must be used on the top and bhottom of
the package.

CLUING LAMINATED ASSEMBLIES

Much of the success in {abricating satisfactory laminated members
depends on following a correst procedure when gluing the assembly.
Good practice requires thal atlention be given to arranging the lami-
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MJg668, M76375F
Fiavre 22.—NMelhod of applying pressure in gluing, A, Serew press used with
plain or serraled searl joints; B, long bar elasip nsed with finger-type end joints.

nations i the proper order in n eonvenient place for {eeding them to
the glue spreader.  Mixing and spreading the glue proporly, und plac-
ing Lhe luminations on the jig or gluing bed and applying adequate
pressure uniformly and quickly o avoid initial seb of the glue before
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_application of pressure is completed, are necessary (fig. 23). A well-
“platined and rapidly executed procedure is espeeially important when
glu(és having short assembly times, such as casein and urea resins, arve
used. ‘
- In the normel laminating procedure, the laminations are first edge
‘glued (when edge gluing is necessary), then end jointed (when neces-
sary), and finally sur{ace finished just prior te gluing.

Mixive awp Prerariye GLUE

The choice of glue must be governed by the conditions under which
the laminated product will be used.  Extreme care should be exercised
in the mixing and preparation of any glue. Directions for mixing
(furnished by the manufacturer} give the weight of ench ineredient to
be used. These directions should be carefully followed. Scales of the
proper sensitivity must be available and in good working condition.
All containers used for weighing the different ingredients should be
képt clean, and it is usually desirable to use a separate container for
each ingredicnt.

Small amounts of ghie may be mixed by hand, but larger batches
require a mechanical mixer for best results, Various types of mixers

“have been used successfully. The dough-type mixer (fiz. 24),
equipped with & mechanism for turning the paddle in a double rotary
motion at 2 or 3 different speeds, has been used with excellent
results for both casein and resin glues. The proper paddle speed of
8 mixeris important, as too rapid stirring may introduce air into the
the glue and thus develop foam, and too slow stirring will require
excessive mixing time and thus shorten the pot life of the glue. For
the type of mixer shown in figure 24, a maximum paddle speed of 60
revelutions per minute is usually satisfactory. Mixing bowls made
of steel, zine, copper, brass, or aluminum are suitable for use with
approximately neutral glues. Aletals other than steel should not be
used. with highly acid or alkaline glues, sinee acids or hases attack
these metels. In warm weather a water-jackoted pol may be used
to cool the glue mixture and maintain a long working life,

Since some resins tend to develop heat when mixed with the
hardener, the manufacturer’s instructions for keeping the materinls
cool during mixing should be [ollowed, Precooling of the resin in
refrigerated storage just before mixing is helpful in avoiding undesir-
able heating.

For the mixing of most prepared casein glues, the proper amount
-of water is placed in the bowl of the mixer and the glue powder
sprinkled or sifted in gradually, with the paddle in slow motion.
Care should be used that large lumps do not form. The dry powder
is mixed thoroughly with the water and stirred until it has dissolved.
It is wsually recommended that initis]l mixing be conlinued only for
3 to 5 minutes. The glue is then sllowed to rest without agitation
for 15 to 20 minutes, and again mixed for 3 to 5 minutes belore using.
Many ecasein glues thicken and set to stiff pastes during or shortly
after the original mixing, but return to workable consistencies during
the rest period. This original thickening is normal far these glues
and not an indication that additional water is necded. :
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MAB43IGF
Frorre 24—Three-speed eloelrie mixer with 3- and S-yuarl howls and fwo sizes
of paddles for mixing ghe.

For uren resins supplied in powder form, probably the most gen-
erally applicable nixmg procedure is to place about two-thirds ol the
vequired waier in the mixing bowl, add the powder wradually with
slow slirring, allow the mass te mix until smooth and free from
Tumps, and then add the remainder of the waler. Slicring s con-
linued for & few minutes until the mixture Is of uniform consistencey
throughout.

In mixing intermediale-temperature-setting phenol-resoreinols or
resorcinols, 1t is usually most convenient to place the Tiquid resin n
the mixing bowl and add the powdered hardener with slow stirring.
After the hardener is complefely submerged in the pesin, stirring
may be more mpitl.  Rapid stirring at the start is likely to canse
loss of hardencr. A tofal mixing time of 3 to 10 minutes 1s usnally
sulfivient Tor these types of glues.

‘“he procedure in mixing melamine glies is similar to that for
ures-resin glues.

Many glues, espeeinlly of the synthutic-resin Lypes, contain ingredi-
ents thal are injurious (o the skin gnd other body tissues.  (rreat
care should he exercised in their use,  Workers may need rubber
rdoves, aprons, nndl gogeles. 1T Loxie fumes are evolved, good venti-
ipnlion should be provided and suitable exhanst fans may he desirable.
Information on preeautionnry wensures with any particular ulue
should be obtained from the glue manufacturer,
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SPREADING GLUE

To make satisfactory glue joints, it is necessary to apply the correct
amount of glue and to spread it cvenly. With certaln glues this
should be done within #s short a time as possible. These require-
ments can usually be most easily met by ustng & double-roll machine
spreader with rubber-covered rolls and fisted with doctor rolls te
control the glue spread {fig. 25). Application of glue to only one of
the mating surfaces of a joint (ususlly referred to as single spreading)
is satisfagtory for many types of work, but in laminating lumber
Lhat involves spreading of long laminations and sometimes relatively
long assembly periods, double spreading (coating both of the mating
surfaces of a joint with glue) is recommended. This will insure even
wetting of all the joint surfaces to be glued and, with most adbesives,
will also allow considerably longer assembly perieds then single
spreading. In double spreading, one-half of the glue required should
be applied on each face of cach lamination. This may be convenicntly
done by passing all, rather than alternate, laminations through a
dlouble-roll spreader. Application of glue on the outer faces of tlie
ouler laminations can be avoided by adjusting the spreader rolls
o apply glue on one surface oanly; in any case, the outer faces of the
surface laminations should be covered with wax paper to prevent
adhesion to the eauls.

F W RE e e e T
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Figunre 25.—Doubie-roll giue spreader equipped with doclor rells and rubber-
covered spreader rolls, :
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#The required amount of glue spread varies somewhat with the gluing’
“condition and with the species of wood used. Porous woods usually
-yequire a heavier spread than do dense, nonporous woods. For most
‘lumber laminating, the following spreads of wet glue mixture are
‘Fecommended per 1,000 square feet of joint area: Casein, single spread,
60 to 90 pounds; double spread, 75 to 110. Resin, single spread, 40
* 40 60 pounds; double spread, 50 to 75.

“The higher range of spread should be used with long assembly
“;periods, excessively sloping or end-grain surfaces, scarf-joint surfaces,
or imperfectly planed surfaces, Slightly lower spreads than those

~.hown in the tabulation may also be satisfactory when the assembly

-periad is short and the wood used is not too absorbent.
Tn general, the glue spread can Le checked by weighing a board of

‘eonvenient size before and after spreading and dividing the weight
© of the glue by the area of the board. Provision should be made to
. permit glue spreads to be checked qll\lick]}‘" and frequently. For this
.- purpose, test pieces of the same thickness as the material being lami-

pated should be used. If a test piece 6 inches wide and 26} inches
long (total aren of both faces 2.2 square feet) is used and glue is applied
. on both faces of the test piece, the weight of glue in grams is numeri-
" eally equivalent to the number of pounds per 1,000 square feet of

' ﬁm_'glce area spread. 1f, for example, o test piece of the size deseribed

increased 30 grams in weight by the application of glue to both faces
. when passed through the spreader, the rate of spreading would be
:" eguivalent to 30 pounds per 1,000 square feet of spread area. When
. Doth contact areas of s joint are spread with glue (double spreading),
the number of grams on the test picce must be multiphed by 2 to
obtain the rate in pounds per 1,000 square feet of joint area, -
 The glue spreader should be adjusted and the giue spread checked
before the first lamination is passed through the spreader, in order that
there be no undue delay afier spreading has started. For this reason,
it is desirable to have the test samples of the same thickness as the
laminations that are to be glued. When adequate gluing pressure is
applied at the proper time, the appearance of a thin bead of squeezed-
out glue along the edges of the joint is usually a fair indieation that
sufficient glue has been applied.

Moistune AppED TO WooD IN GLUING

The moisture content of wood is increased in the gluing process by
the absorption of water contained in the mixed glue. Glues of high
water content add more water than those of low water content, and
‘heavy spreads add more water than do light spreads. More glue is
used per unit volume of wood, and conseq uently, more water is added

_ when laminating with thin laminations then with thick ones. The

. .perecentage of increase in moisture content from a given amount of glue
. 'will be greater with species of low specific gravity than with those of

_high specific gravity. '

- The percentage of moisture content added to the wood when lamina-
tions of equal thickness are used, may be calculated by using the
following formula: -
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where W= pounds of water in 100 pounds of mixed glue
G=pounds of mixed glue used per thousa,nd square feet of
glue-joint area
L=number of laminations
. L—1=number of glue lines in ghued asserably
T'=average lamination thickness (in inches)
S=specific gravity of wood {(dry)’

Table 3 shows the increase in moisture content of the wood resaltmg
from the addition of water contained in the glue used in typical eon-
structlonc‘ .

TanLe 3. ~—Caleulated ! perceniages of moisture added to wood in
gluing (five-ply construction }

Tami- - - S'outh'.-':
s i Gine nation ard | White | Ma- |. em . -

Kind of giwe spread | thick- | maple | oak | hogany yellow -

1ness :

Pounds
per 1,000

Tl td

‘-q'x\:‘:o'c::‘m.oo‘r-a..*-
P
6 00 0 D mI 00
Wt = 00 =10

Resoreinol or in-
termediate-
temperature-
seéting phenol..

Do

t Moisture ealeuiated on t.e basis of average specific gravity values as fol!owa.
hard maple, (L.63; white oak, .67, mahogany, 0.49; Douglas-fir 0.48; southery
yellow pine, 0.51.  Giue mixtures used were: asem i part solids to 2 pa.rts water;
urea resin, 1 part solids to 0.65 part waler; resoreinol and mbermedm.te tempem-— i
ture-setting phenol, 76 perceni‘. salids, .

ASSEMBLING LAMINATIONS

 Normally, the lumber should be at room mepemtuw before’ t.he .
glue is spread, especially when glues not requiring elevated curing
temperatures are used. Since sizable assembiies heat rather slowly; -
minmum pressing. periods arc obtained i the Jumber is at the 'desired -
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% —girmg temﬂemture when the assembly is laid up and clemped.
old lumber will permit the use of longer assembly periods, such as
Imay be required for large members, but longer pressing or heating of
the clamped assembly then becomes necessary. -

“Wood surfaces to be glued should be clean and free from crayon
%m;‘]_is_s, grease, oil, or other matesrials that might interfere with good
bonding. .

“Prior to the start of gluing, the laminations should be stacked in the
order desired in the glued member. They should $hen be passed
through the spreader and assembled in -the same order. This pro-
cedure will minimize the chance of interchanging laminations during
the gluing, which might upset the predetermined pattern for end-joint
spreing.  If workmen are assigned to definite stations, confusion and
.. delay 1n laying up long assemblics are avoided. The use of rolier
“conveyors at the glue spreader may save manpower, but the rollers

nsed to earry glue-coated laminations should be V-shaped to avoid

appreciable disturbance of the glue film. Placing the spread lamina-
" tions together promptly, so that the glue surfaces are not exposed to
" fhe atmosphere, reduces evaporation of selvent and permits longer
.~ assembly periods.

Lo AssEmMBLY PERIGD :

The interval between the spreading of glue on the first lamination
- and the application of full gluing pressurc is called assembly time.
" If pieces of wood are coated with glue and exposed freely to the air,
" s muech iore rapid change in consistency of $he glue occurs than if the

- pieces are iaid together as soon as fhe glue has been spread. The
. condition of free exposure is conveniently referred to as open assembly,

and the other as closed assembly. Assembly and pressing must be
‘completed before the glie has developed an initial set, which is the

... result both of chemical reaction and of loss of solvent to the wood and

" to the air.

7. Bince the setting action of the gluc and the evaporation of solvent

- are aceelerated by heat, the permissibie assembly timme will vary with

. the gluing temp~ sture. At low temperatures, & considerably longer
. assembly time niuy be allowed than under hot, dry conditions.

Proper regulation of the assembly period is very important, since appli-
- cation of pressure either too snon or too late may result in unsaiis-
- faetory bonds. Permissible assembly times are discussed in general
_"in connection with the various types of glues, but for any specific glue

- . formulation the manufacturer usually furnishes instructions covering
" permissible assembly periods at diffrrent temperatures.

GLUING PRESSURE

The application of adequate and uniformly distributed gluing pres-

" sure is essential to the production of consistently good joints. Pres-

sure on the joint duringi{ the carly stages of setting 1s required for best

" results in practicelly all types and forms of gluing. The funetions of

", pressure include smoothing the glue to form & continuous, uniformly

. thin film between the wood layers, bringing the wood surfaces into

Jinfimate contact with the glue and holding them in this position while

* the glue sets. Insufficient pressure often results in thick glue lines
- that ave undesirable regavdiess of the type of glue used.
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The amount of pressure required to produce 2 stron joint varies

- within & wide range Species of high crushing strencrtl% require and
withstand higher gluing pressures than do woods of lower strength,
For dense woods, such as oak, satisfactory results may be obtained
with pressures within the range of 150 to 250 pounds per square inch. -
For softwood species, pressures of 100 to 200 pounds per square inch
arc usually satisfactory. The successful use of light pressure pre-
supposes that the wood surfaces are true and accurate as to fit, or that
they deform readily under small loads. The minimum pressure per-
missible for any assembly is one that will insure close contact of the
wood surfaces and hold such contact untii the glue has set,

EQUIPMENT FOR APPLYING GLUING PRESSURE

There are various means of applying gluing pressure to laminated
assemblies. If room-tempersturc-sctting glues are used, hydraubc
presses or screw presses may be used in making straight mombers,
In gluing curved members, resaining clamps serve to best advantage
since pressure maust be applied progressively along the assembly to
permit slippage of laminations. ~ If heat is required to set the glue,
it is inportant that the assemblies under pressure be readily movable
t0 a curing chamber, and under such conditions heavy presses would
not be practical for applying gluing pressure, The deferiorating
effects of high temperature and humidity, where such conditions are
required for curing, aiso render the use of expensive presses unsuitable,

Large members that are difiicult to move while clamped are often
pressed in jigs equipped with portable covers and heating facilities.

Use of screws or nails for applying gluing pressure has not been
thoroughly investigated. In general, however, such fastenings provide
low and inadequate pressures for most gluing operations, particularly
where dense hardwoods are involved. On lower~density softwoods,
reasorably good bonds have been obtained with nail pressure when
glucs of the resorcinol type are used on rather small members, such as
light rafters. Flence, on the basis of existing knowledge, nailing as a
means of applying pressure in gluing is not recommended for high-
strength laminated members of substantial size.

A frame type of reteining clamp with roeker head (fig. 26, 4) and
& C-type of retaining clamp with rockee head (fig. 26, B) for equbl
distrivution of pressure across the width of the assembly have been
used successfully for producing laminated members. Tops and bases
of such clamps have been made of cast iron, stecl, or aluminum alley.
The initial cost is considerably higher when clamps of steel or alumti-
num slloy are used, but they deteriorate mueh less under eonditions
of high temperature and humidity, and there is less breakage, For
parrow members, & yoke-type, singletbolt clamp (fig. 27) hes been -
found cffective for simultaneous application of pressure to two nssem-
blies. Retaining-clamp bolts may be procured with V-threads or
square threads. The initinl cost of V-threaded bolts is usually less
*than for the square-threaded ones, but V-threads are ecasily demaged
and do not give so satisfactory service over long periods of use.

Air-operated or electric nut runners will speed production and have
bgen t;sed to advantage for tightening nués on retaining clamps
(hig. 28).
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- FIGUORE 26.—--.-!, Rocker-bewd type of Lwo-balt retaining clamp used to apply
pressure to o leminated assembly; B, rocker-head C-type of clamp adjustable
to different depths of assembly.

Fire hose infllated by air, water, or steam is frequently used to
_supply gluing pressure.  In most operations of this type, the hose is
- placed Between a rigid suppert and a movable rigid caul, and the

pressure developed by the inflation of the hose is transmitted to the
caul (fig. 29). The pressure in the hose may be read by means of o
hydraulic pressure gage, and the total Joad computed from the follow-
ing relationship: .

Total load equals the gage pressure muitiplied by the area of contact
‘between hose and caul.

If, for example, for cach hose shown in figure 29 it is aszamed that
- 2 inches of the circumference of the inflated hose bear on the caul, @
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Figvre 27— Yoke-{ype, =inglo-bolt rlamp n-eid Lo apply pressure to Lwo narrow
a=entlies,

and the gage shows 100 pounds of pressure in the hose. then the load
delivered per 12 tuches of length of a single hose will be 100 x 2 x 12,
or 2,400 pounds.  The 4 hoses shown in figure 28 would accordingly
deliver 4 x 2,400, or §.600 pounds pey foot of Jeneth in contact with the
caul. IF the width of bloek to e taminated 1= 5 inches, this load per
foot of length must be distributed aver 60 squave inches (5 x 12) of
glue joint,

U400
60
eigad caul is vequired o prevent undesirable deflections in this type

of pressure application,

Glutng pressure

1 pounds per sguare Ineh, A heavy,

Carns ann Uuadir Spaaing

Wit the retaining elamps generally used in making laminated
memboers. pressure 1= applied by dimwine up g nut on a threaded bolf.
Sinee it s vsually Impractical to place retaining clamps on the assem-
blv 5o close towcether as to apply saitable gluing presswre direetly to
all parts of the vlue-joint area, canls are placed hotween the laminated
assembly and the retaining clamps Lo distribute the pressure over the
area between clamps. These eanls may be wood or metal and are
placed on both faces of the work. When & wide assembly is elamped,
it is wsually necessary to use short elamp spacings to ablain the re-
guired average pressure,  In such o case, there is no particular need
to use heavy cauls.  Fora narvow assembly, however, the clamps may
be spaced relatively far apart and still furnish the vequired pressure
if heavy eauls are used to distribute the pressure uniformly, The use
of heavy eauls with narrow assemblies peemits the use of longer elamp
spacings and appreciably reduces the tine required for clamnping.
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In genersl, it is advantageous to use thick cauls except when curved
members of short radius are made. In this case, the use of 2 or more
thin cauls on cach face of the assembly will distribute the pressure more
evenly than i only 1 caul is used oneach face.

Thick cauls, such as 2-inch planks, are commonly used on flat
laminated work and will permit spacing the clamps as much as 15
inches apart, while the use of ¥-inch wood cauls may permit a clamp
spacing of as much as 9 inches with some woods, although spacing
them 7 inches apart is, in general, safer practice.

In gluing curved laminated members, the caul thickness is governed
to a certain extent by the sharpness of curvature. With members of
short radius, thin cauls must be used and short clamp spacings are
necessary. A space not greater than 4 inches between clamps is
recommended when the wood cant is about ¥ inch thick.

MEessvring GLUiNG PRESSURE

In using retaining clamps, conirol of the amouni of pressure in- -
volves a determination of the foree applied when tightening the nuts.
This will vary with individunl operators, and therefore the use of 2
torque-indieating wreneh or a lever arm that shows the foree applied
is recommended (fig. 30, A). Some torque wrenches are equipped
with a Hght that flashes when the required foree is applied; in others,
a clicking sound informs the operator when the necessary torque is
exerfed.  The load exerted by a elamp when 2 known torque is applicd
on the mit may be measured by a hydraulie devige, known as a com-
pressometer, illustrated in use and plan in figures 30, B, and-31.
Torque wrenches are generally calibraled in foot-pounds. When the
compressometer is placed within the clamp and the clamp nuts are
ligiiened with a lorque wrench, the load on the compressometer
developed by the clamp ean be plotted ageinst the number of foot-
pounds applied to the clamp nut by the wrench. A chart of this type
can later be conveniently used'lo determine the number of foot-
pounds required on the torque wrench to develop the desired Pressure
on an assembly by a clamp.

If no compressometer is available, the approximate loads applied
by screws of square threads may be ealculated from the formula.:

FL_wg \tIDHE) WD (xfD+K)

(«D—JK) 2 @D=fEK)

where F=lorce applied to the lever, in pounds
: L=length of the lever arm, in inches
W=total load, in pounds
R=mean radiuvs of the screw, in inches
Dr=mean dinmeter of the screw, in inclies =1/2 (diameter at root
+ouiside diameter)
K=npiteh of thread, in inches :
J=coeflicienl of friction {may he nssumed as 0.20)
w==3.1416==22/7, approximntely,
The torque required to develop a certain load in a clamp will vary
from time to time, depending upon thie wear and condition of the
® threads. Therefore, a check of the load should be made at reasonable .
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Ficuns 30.—Deviees for measuring pressure applied to retajning clamps: .
A, ‘Poryue wrench; and B, garpressometer.
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Ficure 31— Delailed drawing of a compressomeler used fo wmensure gluing
pu'ssur(&

intervals, The threads on elamp holis should be kept elean and well
oiled i all times; otherwise, wide varintions will oceur in thie torgue-
load relation,

CLAMPING TECIHNIQUE FFOR STRAIGIIT AND CURVED
MEMBERS

Clamp pressure should be applied Lo » straight assembly by tighten-
ing the elamps progressively from one end to the other (fig. 32), or
from the center outwnrd in both directions. Tt is usually the best
practice first o apply modernie pressure to all elamps and then, in a
second sbep, l.o npply full pressure progressively slong the assembly

247046°
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I the elamps are Vighteed 1o Full pressure in e et applicstion, «
slight hend t the member i< likels 1o be peodieed. AWhen the gaeem -
bly is elnniped on o solicd bid iz st amd poll-down elamps are el
o insure stenighiness in the member, e foresning precaittions heeone
less frportant .

When lannnations are ghusd into a eneved member, it is HEep~= Ty
toatse pull-down elumps or other nieans e pudl the Binination- to (e
shape of the jie dic 34, and retabmng elanps to luenish pressime on
the wlue joints, Do deaswing an assembly into hent e, free endw e
slippage ol the lamimnions mnst he peemitted o provale intinmte
wonil-to-wood contaet ar all aoe-joint qreas. When o Tfemale Torm
is st this ean be necomplished by desving e assembly ~nnely o
the fornt at sooe centend pointin e eueve and dras ine ot Ber position -
ol the assembly approvimately, bul not teebitla, 1o the Torm,
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e ne 3t ppeeind tape of podl=dowr elieapes e o anauaiing ety e Lk
raltve-

Thes, t+n enels <side of the eenteal point, relaining elamps are progrees-
stvely appliod toward each end, and each puil<down elamp is tighily
drawn to e Tomnn jost before o retaining clanp is applied at tha
point,  This proecdire onables the bent faminations to shp endwise
wliere peesssars o prodinee nmfoemly Gght joints. 10 male forns are
ssed, e smine teehnigque generally applies. exeept thal applieation of
pressuge sy begin al either end or at g centes) point of the assembly.
The procedive of proseessive use of pull-down elantps, elosely Tollow e
by Hehtening of retaioine clanips, also applios when male forms are
Pl

CERING THE GLUE DN LAINVEED ASSENMBLIES

I seneral, the sloes used i lapinating set as a result of chemieal
reaction and foss of solvent.  Althengh some ghies, suel as easein,
resoreinol, sl oren resins, ey enee wdequaiely at ordinary shop
tenitperainees rens should not he used nt temperatures below 707 19,
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and resorcinols require healing {6 140° for corialn purposes), others
require application of considerable heat for adequate curtng. When
room-temperature-seiling glues are used, the joints should be velained
under pressure at least uniil they have suffieient strengih to withstand
the internal stresses lending o separate the laminations.  The length
of the pressing period varies somewhat with the Iamination thickness,
the size of the Innunated assembly, the amount of curvature in the
glued members, and the waler-absorptive power of the weod.

For glues that will cure adequately when held under pressure for a
sufficient peried af room tomperature, telting is sometimes appreciably
aeceleratod when heat s employed.  For large timbers, however, it is
usually more practieal with sueh glues to allow longer periods under
pressure than 1o furnish heat, beesuse wood is a peor conductor of
heal and consequently heats very slowly.

The curtig requirements for assemblies made wilth various (ypes of
giues are discussed in the following paragraphs,

Mussers GLren Wrera CusEey

Assemblies laminated with ecasein glue develop slrong joinis al
ordinary rootn temperatures. Within the temperature range of 70°
Lo O0° I a pressaee pernod of 4 Lo 6 hours 1s sufficient, although this
should be followed by a conditioning period of abot a week {or de-
velopment of maximum joint strenglh. Streng bonds may be ol-
taincd with easein glues at temperatures almost as low as the feeezing
potnl of water, bul under these conditions the clampiong peciod mus!
be inerensed 1o several days, or even to severrl weeks, and depends
upon the speeies glued.  Glued members with severe curvature exert
more iniial stress on the glue bend, so that longer pressing time is
recommetdod.

There is little advantage in heating casein-gloed laminated assein-
blies of consideralde size in order o hasten the curing of the glue, hut
the euring will take plaee in a mianimuam tine if e tumber st the tme
of gluing is thoroushly warmed (o the highest practieal permissible
assembly temperature  about 90° F. Athough warm lumber will
aceelerale the seiting of glie, it will glso appreciably shosten the
permissible assembly period,

Mewsens Gueen Wi | eey Besiy

Urea-resin glues, in general, produre joints of inferior strength and
waler resistanee when cured at teaperatures helow 70° 8. Therelore,
the Jumber should be heated to al least 70° bejore gluing, or enough
heat should be applied to the glued member do bring all parts of the
glue line to this temperature,  Straighl members glued with uren resins
al 76° should be kept under pressure for at least 4 hours to develop
enough joint strength to peemil releasing Lhe pressurve. For heavy,
curved members glued at 70°, o pressing period of 6 Lo 8 hours is ree-
ommended.  Members lominated with urea vesins and eured 8t room
tempesature require o eondilioniag period of about a week at room
temiperature Tor the development of maximmn joinl strength and
wiler resislance,
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The application of heat to assemblies glued with room-temperature-
setbing uren resins has been found beneficial in speeding the cure of
the giue when it is possible for heat to reach the glue lines within
practical time limits. However, prolonged heating and temperatores
above 212° F are not recommended for euring these glues. Moderate
heating of urea-resin-glued assemblies results in somewhat better ini-
tial bonds, but the durability of urea-resin glue bonds under exposure
to moisture and heat is niot appreciably improved by curing under
heated conditions.

Meysers GLUED With InTEgmEDIATE-TEMPERATURE-SETTING PHENOL-
Resorcinor, REsonrcivoL, AND MeLasnne REsinNs

Intermediate-temperature-setting phenoi-resorcinols will cure to a
certain extent and develop appreciable joint strength at voom temper-
atures, but it has been found that at these temperstures the glues
generally are not completely cured. Room-temperature euring, how-
ever, may be adequate for bonding certain low-density spoeies with
these glucs. These glues are capable of providing durable joints when
exposed to moisture, weather, and the like, and the minimum temper-
ature and minimum time requirement for curing them for such service
will vary with the glues, the species of wood, and probably with the
type of construction.

When gluing white oak with intermediate-temperature-sebting phe-
nol-resorcinols for exterior use, & curing temperature as high as 190°
F. maintained for as long as 10 hours at the innermost glue line has
sometimes been found necessary to develop adequate resislance to
delamination. To meet this requirement, the clamped assembly
should be heated uniil all parts of the glue joinis have reached this
minimum temperature, and i should then be held at or above thaé
temperature for at least 10 hours, Ixtension of the curing period
beyond the 10-hour minimum requirement or at a higher temperature
is not detrimental to the glue bond, bul such healing should not e
carried to a point where it will seriously affect the strength of the wood.

Partial curing in ¢lamps followed by further heating without elamps
to complete the cuee of the glue may result in defective glue joints
because of the temporary softening that often occurs when heating
an incompletely cured resin. With less dense species, lower curing
temperatures produce adequate bonds. I has been found that wish
Douglas-fir several intermediate-temperniure-setiing phenol-resor-
cinols develop satisfactory bouds i straight members when cured et
a glue-line temperature of 110° F. for 10 hours.  Curing at 80° {glue-
line tempernture) and inereasing the pressing peried to 20 hours have
been found cqually satisfactory. The assemblies may salso be heated
to temperatures above 110° in order to hasten the curing of the glue.
Southern yellow pine members require heating o 110° (glue-line
temperature) or higher for 10 or more hours to produee durable joints.
For Central American muahogany, curing at 140° for 10 hours has been
{ound adequate.

Melamine giues also require considerable heating to develop high
strength and water resistance. A curing period of 10 hours at 190° F.
(glue-line temperature) is recommended for gluing white cak and &
sunilar period st 140° for southern yellow pine and Douglasfir in-
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tended for severe exposure. When a curing period of 10 hours or more
is used, it appears madvisable Lo employ curing teraperatures above
210° with some of these glues.

Members laminated with straight resorcinol-resin glues will develop
joint strength adeguate for many purposes when cured af tempera-
tures from 70° to 80° F. 'When softwood species, such as Douglas-fir
and southern yellow pine, were heing glued, glue bonds cured at these
temperatures for 10 hours were found to be durable when exposed
outdoors, It is alse possible to produce ducable joints in laminated
members of Douglas-fir, spruce, and similar species with resoreinol-
resin glues cured at lower temperatures, if the pressing period is ex-
tended. Tests hiave shown that when pressure is maintained for 14
days, glue joints cured at 50° F. are adequate for some softwood spe-
cies, such as Douglas-{ir and Sitka spruee.  With denser and stronger
woods, such as while oak, heating of the glue joints te 1402 or higher
for 10 hours has been found necessary to provide similar durability
with seme of these glues,

With some glues of the foregoing types, curing may be delayed as
much as a week after spreading and clamping have been completed,
but others may not perform so well if curing is delayed for several
days, The manufacturer's recommendation for the particular glue
shouid be followed.

METHODS OF HEATING CLAMPED ASSEMBLIES

Various means have been devised for applying heat to laminated
assermblies to facilitate curing the glue. Each has advantages and
disadvantages, and some have distinct limitations. Moderate heating
to femperatures of about 120 to 150° F. with proper humidification
may be accomplished in & warm room in the plant, A cenvas or
synthetic-rubber eanepy, dropped over the assembly to enclose 2uto-
matically controlled heating and humidification equipment, involves
a_relatively low expenditure and may scrve satisfactorily. Portable
plywood enclosures are also being used for this purpose. Among
ather means of heating are high-frequency generators and radiant
hieating.  ¥Where lomperatures appreciably higher than 150° are re-
quired, 1f is desirable to provide a heated chamber built on the same
prineiples as medern conventional forced-circulation dry kilns, in
which the chamber walls, roof, and doeors are well insulated ngainst
Licat and vapor losses. In all cases, the hented room or space must be
large enough to accommodate 1he laminated assembly in clamps and
sometimes in the jig.

Hearepr Curive CHAMBERS

Heated chambers used for curing laminated assemblies at relatively
high temperaiures should be vaportight and, for the purpose of con-
serving heat, should e made of materisls having good insulating
characleristies. Steadn coils are usually the most convenient means for
supplying heat, and should be of sufficient capacity to enable raising
the temperature of the chamber {e the desired level in a reasonably
short time, usually from 1 to 2 hours. The curing chamber should be
equipped with sterm or water sprays for maintaining the proper
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humidity during the heating cycle and with cold-water sprays for
supplying humidification during the cooling period.

In o curing operation where an actual glue-line temperature of 190°
F. is required, it is most, practical Lo operate the chamber at 210° to
915°. At temperatures much above 215° it is difficult to maintaln
the proper relative humidity, and the use of such temperatures is not
recommended. Whenever assemblies of a considerable size are to be
lLieated in a curing chamber, it is usually most practical to maintain the
chamber temperature at about 20° above the required glue-line
temperature, 1f & smaller differential is used, longer curing cycles
that may be impractieal will he required.

RADIANT HEATING

Radiant heat supplicd by infrared lamps or electric heaters has
been tried for curing the gluc in laminated assemblies, but these means
are usually less satisfactory than heated chambers because of the
difficulty of properly controlling humidity at the surface of the wood.
Tnfrared lamps and strip heaters might be useful, however, for laminat-
ine small members in constructions in which velatively little checlking
will occur when appreeiable changes in moisture confent are en-
countered. Radiant heat does not penctrate beyond the surface of
the wood and the interior healing is substantially by conduction.

Hhica-Frequexcy Hearine

By the use of high-frequency dielectric heating equipment, all
parts of the glue lines in a large gssembly can be heated in a relatively
shiort period. This is a distinet advantage over the slow process of
transferring heat by conduction from an external source.

If wood is placed in an electric ficld that oscillates at the frequencies
used in the short-wave broadensting range or higher, heating occurs
throughout the mass, and thus it is possi ble to introduce heat at a rate
dependent on the material to be heated and on the power capacity of
the cquipment. Moreover, if the clectric ficld is applied parallel to a
glue line contsining water, the glue line can be heated sclectively
without materially incressing the temperature of the wood adjacent
to il

Although the use of high-frequency eircuits in gluing is a compara-
tively recent development, it is gaining favor for the rapid sctting of
the class of adhesives that sets al room temperatures ov slightly higher.
Tt is currently most applicable whenever a large quantity of & single
item is required or wlen the objeet to be heated is thick and cannot
be hieated readily by conduction.

High-frequency diclectric heating equipment is similar to that used
in short-wave hroadcasting except that, instead of radiating the
energy into spage, the equipment is so designed that the energy is
convertod into heat within the mass of wood occupying the space
iraversed by the high-frequency field. The function ol the high-
frequency gencralor is to convert commercinl electric power at low
frequencies to power at frequencies yarying from about 1 to 40 million
eyeles per second and employing much higher vollages.
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The amount of power converted to heat in the dizlectric can be
mereased by raising the voltage. The higher the frequency, the lower
the vollage necessary to obtain a given power input to a load. When
the working voltage is kept low, there is less tendeney toward arcing,
which s cespecially troublesome in paralle]l heating. "Standing waves
are most likely to occur at high frequencics, and sinec these result in
uneven heating they must be avoided as much as possible. The
effect of standing waves can be reduced by means of tuning stubs or
induction coils applied between the eletrodes. It is often necessary
to use such coils when gluing long beams.

It is important that the cquipment be properly eonstructed and
shielded, otherwise an objectionable amount of high-frequency energy
may be radiated and cause imterference with radio communication.
The Federal Communications Commission has assigned certain
frequency bands for industrial induction and diclectrie heating equip-
ment, and within these bands there is no limit on the amount of
encrgy that may be radiated. In diclectric heating applications such
as curing of glues, however, the electrieal characteristics of the material
or load are changed while it is being beated, so that with the type of
generator commonly wsed for this purpose the frequency changes
and it is difficult to keep it within the assigned band.  An alternative
means, then, is to shicld the equipment so that the amouat of radiation
comes within the limit permitted by the Federal Communications
Commission.  Shiclding to cut down radiation is considered more
practical and less costly than building equipment that will maintain
constant frequency under varving load (20).

Several methods of utilizing high-frequeney energy for the gluing
of wood are in use (fig. 35). T'he most common arc those known as
parallel heating, perpendicular heating, and stray-feld heating,
In parallel heating, the field is parallel with the glue lines, and, since
these are more conductive than the wood, the wood is not appreciably
heated unless the heating period is prolonged. ‘This method is the
most ceonomical of the three, but it is gonerally not considered satis-
factory if the longth of the glue lines between the faces of the clectrodes
is more than 3 inches. In perpendicular heating, the field is perpen-
diculay to the planc of the glue joinis and the entire assembly is
heated. Consequently, more power is required in this method. = In
stray-field heating, the glue Tines are not in direct line with the clee-
trodes, but as in parallel heating, the field is largely coneentrated in
the glue hne. ‘This method is applicable to the gluing of scarf joints
in boards thal arc too wide to make parallel beating practical.

High-frequency bealing has been used to o limited extent in com-
mercial production of flat and curved plywood, and to & much greater
extent for gluing edge and end joints {fig. 36}, furniture pancls, and
similar products.  Recently it has also been used for large-scale
production of lnminated curved vafters. The resoreinol type of glue is
used, and the ficld is applicd parallel Lo the glue line.

Ureg-, resorcinol-, and melamine-resin glues have been used suc-
cessfully with high-frequency euring. This process is less applicable to
hot-press phenol resins heeause of the high temperatures required 6o
seb them.  Acid-catalyzed phenols, on the other hand, appear to eure
satisfactorily with high-frequency heating, although experience with
them is limited. The choice of glie is much more critical in parsliet
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Finvri 35— Verious electrode arrangemenis for appliving higb-freqgueney clee-
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of glue lines in press as in A; I) '-tm\ ficld arrangement.

than in perpendicular bonding, and, since there is considerable varia-
tion in glues of the same type, the manufacturer should be consnlted
in regard to the applicability of his particular glue to the difTerent
methods of high-lrequency bonding.

The moisture content of the wood ailects its eonduetivity, and the
length of time required for curing the glue increases w ith higher
moisture contenl. Beeavse of the differencee in eonductivity of wol
and dry wood, it is important that the moisture content be uniform
throughout the assembly; otherwise ithe glue might cure nonuni-
formly.
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It is well known that more careful teelimique is required for suceess-
ful gluing of the denserspecies than Tor less dense ones.  This holds
truc also when high-frequeney curing is employed.  Longer curing
cyeles are also requived for the denser species.

The application of high-frequeney heating to members glued with
room-temperaturc-seiting adhesives should be continued until the
bond strength is suflicient to prevent separation of joints after the
pressure has been released.  Several days must then be allowed for
conditioning and {or completing the cure at room temperature.

RATE OF HEATING IN LARGE ASSEMBLIES

The rate at which heat is transferred from the surface to the center
of & laminated assembly varies somewhat with the species and the
moisture content of the wood and depends & great deal upon the
dimensions of the assembly. Figures 37, 38, and 39 show the rate ab
which members of white oak and Douglas-fir assembled with cauls
and clamps heat in euring chambers maintained at {he temperatures
indicated. Heating periods required for other sizes can be caleulated
by the usc of formulas (13). When several assemblics are clamped in
one package, the rate of heat transfer to the interior of the package
may be considerably incressed by mserting shees of aluminum
between the assemblies. This procedure is espeeially advantageous
when several wide assemblics are elamped in one package.
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Figurs 37.—Clue-line temporatures uf conter of laminated members,  Curing
temperature, 210° F.  Relative humidity, 80 pereent.

The totel curing eycle may be considered as consisting of three
parts: ) )

(a) Heating the assembly to bring all patis of the glhe lines to the
minimum temperature required for curing the glue,

() Maintaining this minimum temperature or o higher temperature
at all glue lines for the required curing period.




FABRICATION OF GLUED LAMINATED 'WOOP

-
[
5]

§

TEMPERATURE  ('F.1
3

8

T

23 28 ) P

Z4
THAE (HOURS)
MEBGIISF
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Fravrs 34.—Gluedine tomperatyres at center of laminated members,  Curing
temperature, 125° Fo Relalive bumidity, 75 pereent.

{¢) Cooling the laminated assembly. The length of Ltime that the
glue joints are at or above the minimum curing temperature during
this period may be considered as » part of the reguired curing period.

AMthough the outer arca of & Jaminated assembly may be expeeted
to heat rapidly as the almosphere of the curing charaber is rased in
temperature, hours mny be roquired before the glue line at the center
of the assembly will reach the temperature required to eure the glae.
During the cooling period, however, the outer area cools first, and
hours may again elapse while the center remaius at or above the mini-
mum curing temperature.  Consequently, cooling ean be started
hefore the required curing time for the innermost glue line has elapsed.

The use of thermocouples and o potentiometer is recommended o
cheeke the interior temperatures during curing, paeticularly when
laminating the first fow members of o particular size and shape.

In addition to placing thermocouples ni various points within a
member, it is also desirable (o place some on the outside surfaces.
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During the heating-up peried, the wet-bulb temperature should be
kept s%ightly lower than the surface temperature of the member. If
this is done, eondensation on the timbers will be avoided.

After the heating has been carried on for the required period, it is
necessary 1o cool the member to room temperature without appreciable
drying, in order to avoid surface checking. Ordinarily, cooling is
accomplished by shutting off the steam supp'iy to the heating colls and
to the steam spray. Water vapor will ususlly escape from the cham-
ber so rapidly during the cooling period, however, that the relative
homidity will become very low and the surface of the wood will dry
and check. It is important, therefore, to control the relative humidity
alsp during the catire cooling pertod. A satisfactory method of
rapid cooling is to inject a fine water spfay or mist innto the circulating
air of the curing chamber dwring the cooling period. This is con-
veniently done by means of spray nozzles attached to the cold-water
supply. Use of compressed air in the water-spray line helps to aveid
clogging of the spray nozzles. The introduction of water spray or
mist, however, should be controlled to avoid wetting glued members.

HUMIDIFICATION OF HEATED CHAMBERS

When wood is heated in an atmosphere of low relative humidity
for & number of hours, the wood drics and tends to sbirink. Tius
shrinkage may cause checking of the wood or opening of the glue
joints along the edges before the glue has cured sufficiently to with-
stand the drying stresses. If a high relative humidity is maintained
in the curing chamber, however, the wood will not dry and thus will
not shrink or check, and the glue joints will remamn tight., It is
desirable to provide a relative humidily that will maintain the mois-
ture content of the wood in the laminated assembly. Figure 40 indi-
eates, for example, that to maintein a moistare content of 18 to 12
pereent in wood heated to 210° K., a relative humidity of 80 to 85
pereent is required. At 4 curing-chamber temperabure of 210°, such
a relative bumidity reguires o wei-bulb temperature of 1698° to 202°,

Humidity refers fo the amount of water vapor in the atmosphere.
Absolute humidily is expressed in terms of the weight of water vapor
per unit volume of air. For example, ai ordinary shop cenditions the
amount of moisture in the air may amount Lo 5 grains of water vapor
per cubic foot. Relative humidity is the ratio of the amount of
moislure present to the amount of moisture vequired to saturate the
atmosphere at the same temperature. TFor example, if the air in a
shop operaling at o temperature of 70° F. contains 5 grains of water
vapor per cubic foot, its relative humidily is 62.5 percent, because it
will contain 8 grains of water vapor per cubie foot when saturated
(100 perecnt refative humidity) at 70°,

The moisture-holding capacity of the almosphere is greatly in-
creased with increase in Lemperalure (almost doubled for cach 20° F.
rise in {emperature). AL 210° the capacity of the atmosphere rises
to 255 grains of waler vapor per cubic foot, and a relative humidity
of 80 pereent requires aboul 204 grains per cubie foot. Obviously,
in order to provide sufficient moisture in 2 curing ehamber to avold
drying of the glued assembly, it is necessary (o add a considerabic
amount of water vapor to the atmosphere. The vapor can be most
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Fravas 40.- Retation of dry-tmlh (emperalere, relative humidity, and etgaeilib-
rireay maisture eontent of woorl,

eonveniently added by admitting live stenm (et or spray) to the
chumber, which must be well insulated and vapoertight to maintain
the humidity at the desived level,

PLANT AND MACHINERY REQUIREMENTS FOR A
LAMINATING OPERATION

The fabrieation of stvong and dependable glued laminated wood
products requires careful and aecurate preparation of the lumbor.
Plant faeilitios and machinery should be capable of turning out a
product exhibiting a high quality of workmanship. Accurate ma-
chining of the lumber (o oblain well-fitted joints, controlled glue
spreading, adequate clamping of the assembly, and sufficient curing
of the glue are neeessary Lo produce dependable joints.  Average
woodworking machinery and hand-fitting of joints do nol generally
lend themsclves to production of high-strength and uniformly con-
sistent glue bonds.

The cquipment and [acilities requived for the different laminating
operations may vary considerably according Lo the type and size of
mesmbers to be prodoced. Al of the equipment deseribed in this
section may not be necessary for satisfactory laminating, but it is
mncluded for the convenicnee of anyone entering the laminating field,
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Praxe Seace

The amount of floor space required for a plant for laminating lurber
products depends on three major factors: (@) The source of dry
lumber or the facilities for kiln drying and siering lumber, (8) the
anticipated daily production, and (¢} the size nnd shape of the lamni-
nated material.

By assuming that a plant intended for fabrication of laminated
members alrendy has facilities for deving and storing jumber and
that its expeeted daily output hins been decided, the ameunt of lloor
space required for thet output will then depend upon the type of
members 1o he manufaelured.

If the material is to be labricated into lengths greater than those
oblainable from the standard lengths of lumber, space must be pro-
vided for scarfling operations involved in producing (hese lengths,
The required space must be long, but may be comparatively narrow.
Tt is not essential that searfling, ghuing ol searfs, and their euring prioc
to finnl surlacing be done in the same space or department in which
the finnl assembly is undertaken,

Space should he pravided for the inspection of lumber and for dry
assembly of laminations to their lintl puckage size before they are
glued. Such provision will permit placing the laminations in the
correct position for the required spacing of searfs and fov assembling
the proper number of pieces for each package.

The space required for spreading glue is slightly more than twice
the length of the longest member Lo be falirieated.  Some space can
he saved by mounling the spreader on casters, so that it can be moved
casily, but ample space is nevertheless highly desirable.

The space requirements for fixed clamping beds or Jigs are somewhat
grenler than those for mobile equipment, but such a plant layout is
advantageous i the malerial is (o be cured on the bed. The beds
may be in rows, and the (inished material may be removed from ihe
beels by hoist or other mechanical means.  The total space require-
ments for a fixed-bod Lype of operation will depend upon the size and
number of lixtures neederd for the required curing eyeles and upon the
desired produclion capacity.

Duy Kinxs

In general, it is desirable that the fabricatlor have at his plant, or
have access to, kilng of suel design that lumber for laminating ean
be dried uniformiy and stress-free (o meet the requirements ol good
laminating procedure. A source of well-dvied himber is satisfactory
if the fabricator does not iy the lumber imself.  Bguipment for
delermining the moistuare content of lumber must be available.

Sronscl BriLoiNes

It is often necessary Tor the fabricator (o have fucilities for the dry
storage of kiln-dried lumber in enelosed and sometimes in heated
buildings.
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Sawine axnp JoimTming Eourpmext

The fabricator will gencrally vequire the following sawing machinery
to prepare lumber property for gluing:

{a) Chain-fed ripsaws capable of vipping a true straight edge suit-
able for the edge gluing of lumber.

{h) Crosscul saws for Lrimming boards and removing defecis,

{r} A Dband resaw, usually required when thin laminalions are
needed for laminaling sharply bent items, and also advantageous for
resawing items that can be glued in multiple widihs.

Epei- ann Scarr-Jorst GLuixe Eovermixy

Clamping equipment for edge gluing may consist of hand clamps,
clemp carriers, piling clamps, or other deviees to apply and held
pressure satislactordy on the edges of hoards during the edge-gluing
operations,

Equipment for end jointing of lumber may be a planer, shaper,
tenoner, milling head, or any other device to produce the fingered,
plain, or serrated surfaces of the shape and unifermity required.

Searf-gluing pressure equipment may be hvdranlic or serew presses,
C-clamps, or any suilable deviee to apply and hold pressure during
the gluing and curing of searf joints,

Surracing Fouirmest

The rough plancr is used for the initial surfacing of both sides of
kiln-dried rough lumber. Either a single or double planer is satis-
faciory.

The cabinet surfacer is an essential piece of equipment. It may be
a single- or double-eylinder, hall-bearing machine, eapable of being
set to surface lumber accurately within close limits.  Preferably, it
should be 1ot less than & six-roll machine.

GLUE StorAGE, MIXING, AND SPREABING KOUIPMENT

Adequate slorage facilities that will enable storage of glue under
cool and dry conditions are often advaniageous. For intermediale-
temperature-setting phenol-resorcinol resing some means of refrigera-
tion may be desived in order thal temperatures as low as 30° (o 40°
F. may be maintained in the storage room.

Equipment for mixing glue must he designed to produce a home-
genecous mixture of the various glue ingredients with the least amount
of agitation. Equipment made of materinls casily altacked by acids
or bases shonld not be used with glues that ace highly alkaline or
highly acid. Mixers made of stcel are suitable for most laminating
gluoes,

Casein glue may be applied with glue spreaders equipped with
properly corrugated metal volls or corrugated rubber-covered rolls,
The cquipment for applying resin glues should be a double-rubber-roll
spreader, with adjustable doetor rolls to control the amount of spread.
The rate of feed should be about 56 to 100 feet per minute. A single-
roll spreader is suitable for edge gluing.  Suitable scales are cssential
for checking glue spread,

2AT040° - Gi-—b
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Gruive Jies, Forms, Crames, axp Hanpruinvg EQUIPMENT

The type of jigs, beds, and fixtures necessnry will depend largely
on the type of laminating to be done. 1L is desivable that the jigs lor
curved work be readily adjuslable. The use of fixtures thal are
rigid end nonadjustable is likely to be costly uniess large quantities of
material of w given size and curvature are vequived. All jigs and
fixtures should permit the finished package to be readily removed
from the form, hut must be sufficiently strong and rigid to withstand
the pressures of bending curved work to the coutour of the jigs with-
out being deformed. Flat beds for clamping slraight memboers
should be of such construction as will prevent the malerial from
slipping out of place during the clamping operation.

Provision should be made for the mechanieal bandling of heavy
members by overhead hoists, floor eranes, or other lifting cquipment.
The weight of the finished laminaled material with the clamps added
may somectimes be several thousand pounds, aned thewn special con-
sideration musi he given fo the handling p:‘oi}lom. Overhead hoists
may be most effective, but floor eranes can also be used to advantage
if they are designed and sized (o span the gluing beds.  If trueks or
dollies are used, & flaf and preforably level Hoor is necessary,  Other-
wise the bed of the dolly might follow the warping and slope of the
floor, The package would then be cured in a distorted position, and
the distortion would he permanent.  This danges is most pronounecd
i thin packages. TPrecaulions shonild be laken at all tines to see
that the laminated packages in retaining clamps are evenly and well
supported and in proper abinement.

Retaining elamps should be sturdy and readily adjustable for
different sizes of pachages It is desivable that the clumps have some
compensaling deviee by whieh the prossure will be applied uniformly
across the assembly. I-heam vetaining clamps or other types of
frame clamps ean be used.  Their beads and hases should be suffi-
ciently ngid o prevent distortion during clamping and should be
capable of maintaining required loads.

Coring CHAMBERS

Separate curing ehambers are desivable for some types of gluing.
With certain {ypes of lnrge members that are difficutt (o hanlie, it
may be neccssary, however, to preesre or fully cure the ghie while
the members remain in the jigs in which they are formed, beeause of
the danger of distortion when they are moved (o a separate curing
chamber. Il provision is made {ov curing in a separate chamboer, it
will be desirable Lo glie aud ciamp the assembly on movable frucks
or dollies. The glued material, thas clemped, is stored until a sufli-
cient gquantity has heen assembled to charge the curing chamber.

Laminated products gleed with adhesives that cuee at reom lem-
peratures ean be eured adequately in the roasm in which the gluing is
done. IE the adhesives requive clevaled temperatures for adequate
curing, however, healed chambers provided with acceurale conteol of
temperniure and hamidity are accessary.  The closest approsch in o
woodworking plant 1o the kind of control requived is the internal-fan
dry kilp, which seldosn, however, has been designed or eonstrueted (o
maintain the highest (210° .} lemperatures and relative humidities
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required for this purpose. Curing chambers should be provided with:

(¢) Heating coils of ample capacity to heat the chamber to the
required temperaiure (sometimes as high as 210° F) in o period of
about 2 hours. A heating unit mstalled as a return-bend syslem in a
chamber not move than 50 feet long will ordinarily, under thermostatic
contrel, be able to provide a uniform temperature distribution. It is
desirable to have the heating system subdivided into soveral sections,
so that only part of the heating coils need be used after the chamber
is heated to the desired temperatuve. In longer chambors, it is
desirable to have a separate heating svstem for ench half-ehamber
length, each separatoly contrelled hy a thermosint, to maintain
uniform {emperatures.

(6} Highly vaportight and well<insulated building consiruction.
The inner face of the chamber strueture should prevenl the ready
passage of waler vapor. (The vapor pressure within the cuving
chamber at 214° F. and 80 percent rvelative h umidity is approximately
12 pounds per square ineh, which will cause considerablo vapor
leakage through structural openings, cracks, or permenble wall ma-
lerials.) Painting the inside faces with a good gravle of asphaltic
kiln print is very helpful.  Outdoor surfaces should not be vapor-
tight. In addition to being vaportight, the chamber should be weil
insulaled agninst heat Joss to avoid condensalion on the interior faces
of the chamber,

The wall construction of «# dry-kila type of curing chamber may be
of conventional hollow tile, hiick, or similar material. In small units,
vaporticht cemeni-nshestos-board interior lining, applied over insu-
laling hoard. and interior joints sealed with asphaltic plastic are

satisflactory for use imside enclosed buildings.  Requirements for
heating, humidifying, circulation of zir, cooling, and automatie
mstrument control in such a small chamber are (he same as those for
large instailations.

(¢} Porced-nir circulation system.  The uniform contral of temper-
ature and relative humidily is much easier if (here is mechanien]
equipment for producing definite circulation of the air in all paris of

the curing chamber, The circulalion of air in the curing chamber
may be readily observed by releasing chemieal smoke (titanium
tetraehioride) inte the chamber with the cireulation systery i opera-
tion. It is most peactical Lo do this while the chamber is cool.

A curing chamber for certain applicalions ean be provided by
enclosing the glued assembly, heating coils, and sieam spray, with or
without mechanical equipment for circulating the air, within a rubber-
Lreated canvas that is highly vaportight. The useful life of the canvas
covering is relatively short, but it may be practical in cortain instances,
Synthelic-rubber or portable plywood enclosures are also usod for
this purpose.

It is desirable to have the curing chambers localed where escaping
vapor will not inlerfere with meisture conditions in the plant,

{d) Equipment to provide high bumidity. During heating and
curing o five-steam spray system coutrolied by a wet-bulb thermostat
15 satisfactory for supplying the reguired humidity. Steam sprays
are undesirable during cooling, however, since they will admit heat
also. The use of a water misl or fog injected inlo the cireulating air
by spray heads or by an air-opemletf spray gun is very eflective.




R0 TECHNICAL BULLETIN 1069, U. 8. DEPT. OF AGRICULTURE

BouirnenT ror Surricine Guuen Probucts

Most cured glues tend to dull the knives of surfacing equipment,
so that it is undesirable to use finishing planers or jointers for the
surfacing of glued products., A portable planer of the type shown in
figure 41 is convenient for rough surfacing of either straight or curved
members, ‘Timber sizers or shapers may also be used to advantage if
the dulling eflect of the glue squeeze-out is not too objectionable.
Removing Lhe squeeze-out by use of scrapers prior te surfacing
will reduce the wear on planer knives.

MEGETIF
¥Fraver 43.—Parlable planer used for surfacing straight or curved timbers.

CONTROL INSTRUMIENTS

Clertain conirol inslruments may be considered essential to Lhe
fabricator of laminated material. They include:

(¢) Equipment for determining the moisture content of lumber—
drying oven, scales, and moisture meler.

An oven that ean be operaied at 210° to 220° F. with temperature
control is suitable.



http:materi.al

TABRICATION OF QGLUED LAMINATED WOOD 81

An aceurate triple-beam balance or its equivalent, capable of
weighing to 0.01 gram, is suitable for weighing samples for moisture
determinations,

A resistance-tvpe moisture meter is suitable for rough checking of
the moisture content of untreated lumber.

(6} A screw type ol micromeler {or its equivalent) measuring to
0.001 inch. which is suitable for measuring the thickness of lumber
when setting up the finishing planer and for cheeking stoek thickness,
Slip-on gages are convenient for checking the thickuess of the surfaccd
Inminations,

{¢) A balance capable of weighing aceurately to 1 gram, which is
suitable for determinntion of glue spread.

Equipment not always necessary, bub useful in a laminating opera-
tion, inchrdes the following:

() A comproessomcter with gnge, which is suitable for cheeking the
prossures developed with dilferent types of elamps when various
amounts of torque are applied to the nuls.

&) Torque wrenches, which are suitable for measuring torque when
applving and checking gluimg clamp pressure.

fe} A potentiometer (electric thermometer) and thermocouples,
which, when assemblies are heated i a curing chamber, are desirable
for determining lemperatures within the package during heating and
cooling. ‘These delerminations can be made aceurately by the use of
thermocouples of ithe proper type for the parlicular potentiometer.

() Equipment lor making glue-joint shear tests.  If the fabricator
does not have it, he should have available to him the seevices of same
inboratory Lo make such tests,

(¢) Bquipment for making aceelerated delamination test,  (ASTN
Designation D1101-507T.)

METHODS OF EVALUATION OF PRODUCT

The usefulness of 2 laminated moember is determined by the umber
used and by the glue joinls produced.  These eannot be fully evalu-
ated merely by a visual inspection of the fimished prodoet.  Adequate
control of the cntire laminating proeess is extremely important, and
standardized inspection of the materials snd processee, as well as
glue-joint tests on sample material, is very helplul in assuring he
prociiction of dependable glued members. Sinee in many types of
iests for the quahily of glue bond in laminated material the lest speei-
mens are loaded (o deslruction, sueh methods are consequently not
applicable to whole members intended for use.  To obtain samples for
testing, however, the members may be made somewhal longer then
required in use and the extra length can be cut off for fest specimens,
or short sample beams may be laminated, glued, and cured under
conditions identical to the production run. The gualily of Lhe glue
bonds in these test specimens and in Lthe members intended for
structural purposes should be comparable.

QuavLiry oF MATERIALS

The type of glue required is usually specified in a contract, and
whether it is being nsed or not can be readily verified at the time of
fabrication, Determination of the type of glue in a finished product,
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however, may require performance tests and chemical analysis.
Even 30, the quality of the glue cannot be differentiated from the
quality of the technique with which it was used. The grade of the
lumber in the laminations making up a member may be readily
checked immediately after final surfacing but before gluing. The
finished member can be inspected for defects appearing on the surface,
for proper spacing of end joints, and for open glue joints that may
oceur along the sides of the member.

TesTiNG GLUE-JOINT STRENGTH AND QUALITY

The adequacy of the gluing procedure and the initial strength of
the glue joint can to a large axtent be determined by the dry block-
shear test. Standard Dblock-shear specimens can be cut from the
laminated product or from a separate sample laminated beam. The
types of shear specimens used in this test are shown in figure 42.
Hither the stairstep or the standard block type of shear specimen
may be used. The fermer is-somewhat more convenient to cut from
laminated members It is recommended that for each 6-inch width
of laminated member (measured across the width of the lammations)
at least 1 shear test be made upon each glue line, and that the total
number of tests per member tested be not fess than 5.

ZMGHE13F

FicURE 42.—Standard block (4} and stair-slep tvpe (B) shear specimens for
testing plue-joint strength.

A storage and conditioning period of at least 5 days at a temperature
from 70° fo 100° F. should he allowed between gluing and testing for
members glued and cured at room temperature. When assemblics
have been heated fully to cure the glue bond, specimens may be tested
immediately upon being cooled to room. temperature.

Shiecar blecks should be tested in o machine equipped with the shear
tool illustrated in. figure 43. The load should be applied to the
specimen alb a rate of 8.015 inch per minate plus or minus 25 percent.
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MATTISF

Fiaure 43.—Bhearing tool and testing machine used in glue-joint testing,

The breaking load should be expressed for each specimen in pounds
per square inch of glue-joint area, and the percentage of wood failure
occurring over the glue-joint avea should be estimated. Shear-
strength values may be adjusted for variations in the moisture content
of the wood by the use of table 4.

The shear-strength values given in the column for 12 percent
noisture content in table 4 are computed as 90 percent »f the value
for clear wood. Adjusted strength values for othier moisture content
values below the fiber saturation point may be ealculated by use of
the values given ini the last column of table 4.
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TasLE 4—Shear sirength of glue joints in laminaled construction of
different species at various motsiure content values '

Moisture content Tnerease in
shear
strength

for each
At fiber
8 i2 16 |satusation | 1 poTeCHt

: deerease
pereent; percent| percent pg;;ﬁe(;r in moisture

content

Psi|P st iPsi| Posi Pegreeni
Redwood 910 850 790 720
Douglas-fir 1,100 4 1,030 950 840
Westarn hemlock 1,160 | 1,050 950 780
Pine, southern (shortleaf}___| 1,360 | 1,180 ] 1, 020 760
White oak 1,940 | 1,700 | 1, 490 1, 140
Sugar maple 2, 450 | 2,160 | 1,800 1,310

L 03 03 B ket bt
E-JL R o P E

Specimens that show strength values below the required average
for the species and wood-failure values of 756 percent or more should
be excluded in ealculating the average of the test results. Specimens
with knots, pitch pockets, ov other defects in contact with the glue
line should also be excluded in forming the average.

Meveers For ConTinvousty Dry Use

Laminated wood products intended for continuously dry use
(moisture content not more than 20 percent) shouid have glue joinis
that consistently meet the aversge strength requirements shown In
table 4 when tested dry by the block-shear method, and, in addition,
should develop avernge wood-faiture values of not less than 50 percent.
With good control of the gluing proeess, wood-failure values consider-
ably higher than 50 percent can be obtained with most species,

MeMBERS For INXTERIOR Usg

Taminated members intended for exterior exposure are expeched
to perform satisfactorily under eonditions as severe a§ continuous
soaking in waler, allernate soaking and drying, or exposurc to steam
without serious delanyination of the glue joints. Tests have shown that
glue joints sufliciently durable for such exposures must develop high
shear-strength and wood-failure values and, in acdition, must be
highly resistant to delamination in cyelic soaking and drying tests.
The glae joints in such timbers should meet consistently all the fol-
lowing requircments:

1. Satisfy the shear-strengbh values shown in table 4, and, in addi-
tion, show avernge wood-falure yalues of not less than 50 percent.

The dry block-shear test can be carried out quickly and might be
used as o continuous cheek on the production. For greater assurance
of the adeguacy of the glue joints for exterior service, the deleminstion
test should be applied.
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2. Show a shear-strength value equal to 90 perceni of the value
at the fiber saturation point {table 4}, and an average wood-failure
value of not less tuan 75 percent on standard shear biocks that have
been hoiled in water for not less than 12 hours, (horouglly cooled
by immersion in cold water, and tested wet. This test is recommended
for checking whether the glue is of a type suvitable for exterior use,
It is not recommended as a daily control test, but would be useful
for checking cach shipment of glue.

3. Show openings in the glue joints averaging not more than 10
pereent when tested aceording to either Procodure A or Procedure 13,
which follow. Ior either test, cut 3 eross seetions, cach with a length
(along the grain) of 3 inches, from the laminated member or sample
heam, or preferaldy 1 seetion [rom each of three different beams.
The end-grain swrfaces of the seetions should be cut or sanded to a
smooth condition.

Procedure 2. Place the test specimens in an autoclave or other
type of pressure vessel and immerse them in water at room temperature
of 65° te 80° . The specimens should be weighted down to keep
them submerged, and separated by stickers or other means in such a
manner that all end-grain surfaces have free aceess (o the waler,
Draw a vacuum ol at Jeast 25 inches of mereury {at sea level) and
maintain it for 2 hours. Then release the vacuum and apply a4 pressure
of 73 X5 pounds per square ineh for 2 hours.  Repeat this vacuum-
pressure eyele with the specimens still immersed, making a 2-cycle
impregnating period requiving a total of 8 hours,

Dry the specimens for a period of 88 hours (3% days) in air ot 80°
to 85° F. and 25 to 30 pereent relntive humidity and eirculating al o
rate of ab Ieast 200 feet per minute. During drying, the specimens
shonld be placed at least 2 inches apart and with the end-grain surfaces
parallel to the stream of air. Repeat the entire soaking-drying evele
twice to comprise a total test period of 12 days, At the end of the
final drying peried measure the total length of open glue joints
{(delamination) on the end-grain surfaces of the specimens to ihe
nearest X¢ ineh (0.05 inch). Failure in the wood due to checking or
other causes should not be regarded as delamination.

Procedure B, Soalk the specimens by immersing them in water
al room temperature for not less than 135 days, and then dry them
as in Procedure A. After three soaking-drying cycles, mensure
delamination as in Procedure A,

The total length of open glue joints on (he two end-grain surfaces
of each specimen is cxpressed as a percentage of the entire length
ol the glue joinls exposed on these surfacea (except that glue lines
at knot arees arc omitied), and this valuc is referred to as the percent-
age delamination of the specimen,

As a substitute for an autoelave or other suitable pressure vessel,
the type of equipment shown in figure 44 has been used suceessfully
at the Forest Products Laboratory in carrying out the test described
under Procedure A.

This equipment consists of two water-softener tanks bolted in a
vertieal position to a welled angle-ivon frame. A welded ivon-wire
cage wilh slots large enough to hold the test seclions fits into each
tank and keeps the specimens sepurated and submerged.  Water
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FBSLEBF
Frevre 5. —Pressure Lanks suitable {or use in aceelorated soaking-and-drying e
Lest of laminated sections,
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pressure is supplied from the eity water line, and vacuum is oblained
by use of a small suction pump. Each tank can he operated scparately
and is fitted with a vacuum-pressure gage and o glass gage to indicate
the water level.

The frequency of application of the various tests recommended
depends upon tho type and size of members produced. Systematie
checking of the quality of the product, howover, would undoubtediy
be valuable in any operation. The dry block-shear test is the least
time consuming of the tests given and might be applicd daily to a
cevtain number of specimens.  As previously mentioned, the heiling
test would probably be vequired only once for ench shipment of glue.
The cyclic Lest might be required ocensionally, but probably not nearly
so frequently as the dry shear fosi,

PRESERVATIVE TREATMENTS Of LAMINATED WOOD AND
GLUING OF TREATED WOOD

Glued laminated members used under continuously dry condilions
are not subject to deeay of the wood or deterioration of the glue
by micro-organisms, and both wood and glue can nornlly be expected
to give long service. Five, however, ean destroy both, and it is
sometines desirable to proleet the member by trealing it with fire-
retardant chemicals. These (reatments may be given in the form
of external paint coatings before or after ullimate mstallation, with
Little possibility of damage to the glue joints.  Pressure-impregnation
treatments, however, with firesvetardant ehemicals in wator solution
will likely dnmage casein and wrea-resin glue joints beeause of the
action of the water and subsequent drying. Il pressure impregnation
with water-borne chemicals is vequired, it is vecommonded ihat
exterior-Lype resins be used,

Certain fire-retardant chiemicals will raise the equilibrium moisture
content of wood. Beeause of the higher equilibrium moisture gontent
of wood treated with chemicals, some reduction in strength of the
wood can be expected and may need to be taken into aceount in
struclural design,

The wood in mentbers used under wel or humid conditions in cither
interior or exterior exposure is subject Lo decay, wnd ity vuseful lile
may be appreciably prolonged by the applicalion of preservatives
(10). The ability of the phenol, vesoreinol, and melamine glues in
well-cured joints to maintain their strength and vesistanee (o delami-
nation beyond the useful life of untreated wood often makes it desirable
o apply preservatives to the laminated member. Glue joints in
laminated members bonded with Lhese glies are not appreciably
affected by cold or hot water, oils, or mosl chemicals that do not
damage wood. Results of tests indicate thal such gluod members
may be treated with any present-day commercially used wood-pre-
serving or five-retardant chemieal without appreciahle damage to the
glue jomt. Information on the perfovmance of glue joints in lami-
nated members treated with wood-preserving and  fire-retardant
chemicals is limited to weather-cxposure tosts and service Losts ex-
tending over a period of 5 to 6 years, so that the conclusions just
stated are subject to revision after further sturdy and tests.
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Less information is available concerning the ability of laminating
glues to develop adequate bonds on lumber that has been treated with
wood-preserving chemicals prior to gluing. Gluing of preservative-
treated lumber may often be advanfageous, since treatment of lami-
nated members may he inconvenient, and sometimes impossible,
owing to their size or shape, Casecin glues do no¢ perform satisfac-
torily under conditions where the use of preservative-treated wood is
requited, and only cxterior-type resin glues are adequate for this
purpose.

In the case of oil-borne preservalives, such as creosole, results of
tests have indieated that resoreinels and resorveinol-maodified phenols
will adequately bond southern yellow pine when the treatment is not
sufficiently heavy to enuse appreciable bleeding in subsequent surfac-
ing and gluing operntions.  Results of tests have budicaled thal red oak
and maple also can be glued satisfactorily under similar conditions of
treatment. Where bleeding ol ereosote ocewrs, removal of the exuded
preservative by wiping with clean rags was beneficial, and wiping
with rags dipped in acetone was particularly helplful. To remove as
much as possible of the exress creosote, it is advisable to stand the
Jlumber on end to facilitate drainage. Lumber that was permitted to
drain for several weeks Lo several months was more easily glued than
freshiy (reated Jumber,

Surfacing is necessary after (realment and before gluing, beenuse the
trealment often lenves & deposit on the surface of the lumber that s
likely te interfere with good bonding. The necessily lor surlacing
after Ltreaiment is, in one way, a disadvaniage, beeause of removal of
part of the lumber that has the highest preservative retention.  Sur-
facing of the lumber before treatment is therefore desirable, since it
Iaeilitates the use of a lighter cut in the final surfaeing of the lumber.

When the Lreatment is with water-borne chemieals, the moisture
content of the wood is inereasel appreciably. Upon redvying, ihe
lumber generally is oo variable in thickness to be suitable for good
gluing, and resurfacing becomes necessary.  Some waler-borne pre-
servolive and fire-retardant chemicals used on wood appear to be
compatible with cerlain laminating glues, sl adequate bond can be
ohtained il the lumber issurfaced after treatment.  The dale available
are limited, however, amd the glue manufacturer should be consulied
to nscertain the compatibility of glue and Lreatmend,

In geneval, test results have indicated that satisfactory bonds ean be
obtained with many specics-preservative-glue combinations, but thui
procedures used when gluing untreated lumber may have to be
varied for treated lumber,  For mstanee, higher curing temperatures
are olfen required when gluing trented wood.
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Part II. DESIGN

BASIC FEATURES OF GLUED LAMINATED WOOD
CONSTRUCTION

Glued laminated wood can be used in & wide variety of structures,
such as buildings, bridges, sircraft, and boats. Its versatility is
enhanced by the fact that it can be made to required forms and sizes
without regard o standard sizes and shapes and is free of the himita-
tions commonly imiposed on Limber structures by the sizes and lengths
of available solid malervial. Although large structures are usually
laminated from material in tumber thicknesses, it has been found (sce
appeadix) that laminating with veneer gives comparable resulis,

Some designers of glued Iaminated members have proposed that, in
addition te the glue, mechanical fastenings be used for joining the
laminations. It should be noted, if such a procedure is contemplated,
that mechanical fastenings of all types ean be expected to carry but
little load until some relative movement of the joined parts has oc-
curred. Glued joints will not permit the relative movement nccessary
to enable the mechanical fastenings to hecome fully eflective, so that
the use of mechanical fastenings to supplement the strength of the
glied joints is impractical—they eannot be fulty eflective until the
glue joint has failed, and even then cannot be expeeted to provide
shear strength cquivalent to that provided by the glue.

Beams of glued laminated wood may be either horizontally or ver-
tically laminated. A horizontally laminated beam (fig. 45, 4) is one
in which the loads on the beam act in o plane normal to the plane of
the laminations, and is probably the most commonly used form. A
verlically laminated beam (fig. 45, B) is one in which the loads on the
beam act in o plane parallel to the plane of the laminations. In the
horizontally laminated type, edge joints in laminations that must be
widor Lthan the boards available need not nccessarily be glued, since
their strongth normally will not affeet that of the beam, In the vert-
ically laminated type, however, the strength of edge joints in lamina-~
tions is of considerable importance, since their strength will affect the
shear steenglh of the beam.

Glued laminated construction is particularly adapied to use in
arches or in curved bheams, sinee laminations can be used that are thin
enough to permit bending them to the required curvature. Losmi-
nated arches arc commonly designed as 2-hinged (fig. 46, 4) or 3-hinged
(fig. 46, B and (). Arch designs involving fixed ends should give
consideration to the foct that, over a peciod of time, the fixity may be
reduced by working of the connections thnt resuits from deformations
due to load and from shrinking and swelling due to changes in moisture
content. .

89
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Thoons 45— Lamineivd beams; 4, Horizontally inminated; B, vertically lnminated,
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Ficure 46.—Forms of laminated arches: A, two-hinged, constrnt eross seetion;
B, three-hinged, constant cross section; ¢, three-hinged, variable cross seetion.

Arches and other curved members are generally laminated hori-
zontelly. In farm structures, vertically laminated arches of the type
called “‘segmental arches” are sometimes used. They arce formed of
boards having J edge sawed to the required eurvature and assembled
to form a member, 3 or more boards thick, with the end joints stag-
gered or alternated in adjacent layers (fig. 47). This type of arch,
while it has been used in farm structures, is wasteful of material in
that one or more of the laminations of & cross section ineluding a joint
is ineffective beeause of the butt joints commonly used. The arches
are usually nailed, and the lnck of shear resistance bebween layers
tends to permit them Lo buckle. Even if the end joints were glued
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scarf joints and the layers were bonded with an adhesive, this type
would be open to objection because of the large number of end joints
required and because of the fact that, at most cross sections, the di-
rection of grain of onc or more layers would not coineide with the
direction ol principal stress.

BAZRIAGF
Ficrae 47.—8ketch of segwmentel curved member,

Glued laminaled consiruction may be combined with plywoed to
form members having I, box, or other ¢ross scclions for use in heams,
arches, or columns (fig. 48). Such constructions offer economy
through the use of laminated material in he areas of high tension
and compression stresses and of plywood to resist shear stress. The
amount of strength that can be ganed by such a distribution of ma-
terial is limited to some cxbent by the influence of the form and the
height of the cross section on the bending strength.  Such designs do,
however, promote officient use of material by utilizing plywood, which
is of relatively light weight and high shear strength, Lo resist shear in
the beam.

A &

Teoune 48.—Laminated construction combined with plywood: 4, T section; 5,
box scetion.

The depth of cross scction at various points may be varied to suit
the stress requirements by vavying the number of laminations and
tapering them to & smooth oulline (fig. 46, ). This is commonly
done by building up the member o approximately the desired depth
and cutling o the desired shape on the convex surface. By this pro-




FABRICATION OF GLUED LAMINATED WOOD 93

cedure, the grain dircetion of the outer laminations near the convex
surface will not coineide with the direetion of principal stress.  If the
slope of grain with respect Lo the dircetion of stress becomes so sieep
by this procedure as to reduce the strength below that used in desien,
n modification of the procedure becomes desivable.  In this modified
procedure, the arch is built up to all but a few inches of its final depth,
is snrfaced to a smooth outline, and sufficient continuous or end-
jointed laminations are added to produce the required depih.

Ence Joinvs

I available material is not wide enough, laminations may be made
of two or more edge-joined pieces. Edge gluing of the two pieces is
sometimes unnecessary. For example, cdge joints in horizontally
laminated beains do not, from the standpoint of strength requirements,
need to be glued. From the standpoint of f{abrieation, however,
there are definite advantages to edge gluing, even though strengih
requirentents may be such as (o permit an unglued joint. An edge-
glued joint facilitates handling of the material in assembly, inasmuch
as only 1 rather than 2 or more boards need be handled.  In vertically
laminated beams, however, edge joints in those laminations required
for shear resistance need to be glued to have adequate strength in
longitudinal shear. Edge gluing may be desirable in outer lamina-
tions from the standpoint of appearance. Glued edge joints, where
vequired {or reasons of strength, should be of high quality and as
durable as the glue joints between laminations.  Joints made only to
facilitate handling in assembly may be of lower qaality.

A plain edge joint (fig. 49, A} ofiers an advaniage over tongue-and-
groove and other types of edge joints in Lhe easc with which geod
joints may be made with most species.  Although the machined joints
facilitate alinement and possess the theoretical advantage of added
gluing area, they are more wasteful of material, require special equip-
ment, and, beeause of difficullies in machining, may actually afford less
clfective gluing arca Lhan does a plain joini.

Exn Joints

End joints are [requently required belween picces in order to provide
laminations of sufficient length. Those most commonly used arc the
plain scarf joint (fig. 50, A}, the stepped or hooked scaxf joint (fig. 50,
B), and the butt joint (fig. 50, ).

Glued buit joints are not only extremely weak but quite variable in
strength. For this reason, generally, no dependence is placed on the
sirength of the joint, and butt joints, when used, are not glued. Thus
butl )oinis, while simple to make, possess a serious disadvantage in
that they cannot transmit any tensile sirvess and ean Lransmit com-
pression stress only after considerable deformation or when a metal
bearing plate is tightly fitted between the two pieces. Exirome eare in
assembly would be required to make the latter procedure effective.
Normally, however, they are nol considered to transmit any stress,
¢ven in compression, so that all stress must pass around them through
adjacent laminations. Bult joinls are, thercfore, serious sourees of
stress concenirntion. They are, in addition, undesirable in curved

247040 — 5T
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Firarns 49.—8ome Lypes of edge joints: A, Plain; B, tongue-and-groove; € cir-
cular tongue-and-groove; I, dovetail, -

laminations because of their effect on interlamination contact in their
vicinity. It is impossible Lo produce uniform curvature right to the
end of asquare-end picce; hence, in the vicinity of butt joinis, contact
between adjacent laminations can result only from pressure sufficient
{0 crush the wood and that is likely to expel too much of the glue, thus
making the joints between laminations locally deficient in resistance
Lo shear. This condition is illustrated by figure 51.

Scar{ joints, on the other hand, may he made to have considerable
proportions of the strength of uncut boards, both in tension and in
compression. Scarf joints are designated by the slope of the plane of
the scarf with respect to the axis ol the piece; this slope is computed
from the ratio of thickness to length of scarf (b/e, fig. 50, 4), as 1 in
20, 1in 15, or 1 in 10. Well-made searf joints of flnt slope have high
percentages of the strength of the uncut boards; their strength
fecnsion decreases percentagewise with increasing steepness of the
scarf, with the rate of decrease incrensing rapilly for the stceper
slopes. Plain and stepped scar(s having the same slope of the planc
portion may be expected to have the same strength except for the
portion of the ares occupied by the step, which is ineffective in trans-
mitting stress.  ‘The stepped scarl offers some advantage in ease of
positioning the parts of the joint tnd—although some strength is lost
because of tlic step—il is markedly superior to the butt jeint both in




FABRICATION OF GLUED LAMINATED WOOD

ZMBIOZOFE
Frours 50.— End joints: A, Plain searf: B, stepped scarf; C, butt.

EXCESSIVE PRESSURE
ANG CRUSHING

INSUFFICIENT PRESSUKE AND
GPEN OR IMPERFECT JOINT

ZMZBIEIF
Fiaure 51.— Conditions at o bubl joint in & lamination of & curved assembly.
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strength and in the {act that each piece can be bent all the way to its
end to obtain intimate contact between adjacent laminations.

Since scarf joints that ave not well glued cannot be expeeted io
develop the sirength intended for them, and, sinee there is no way of
eveluating the loss in strength resulting from poor gluing, spectal care
should be tzken to make sure that the procedures used in the manu-
facture of searf joints for siructural members are such a5 to produce
dependable results. As indicated under Gluing of dge and Fud
Joints, p. 42, pregluing of end joints is recommended for exterior use
or service where maximum strength is required.

A modification of the plain scarf joint (patent pending) is in use by
at least one laminator. This joint, Mlustrated in figure 52, consists of
a aumber of oppositely slopipg senrf culs scross the width of the
lamination. With proper technique in the preparabion of the scarfed
surfeces and in the gluing of the joink, this type of joint should be
essentially equivaleni in strength to 2 plain scarf joint of the same
slope. This equivalence would be limited to some extent by the fact
that, if cross grain through the thickness nad across the wideh of the
lamination is present, some portion of the width must necessarily
have the scarf slope “across” rather thao “with” the grain.

L7 [T

MBGRIGE

Frevrs 52.—Two versions of 2 modification of the plain searf joini. Patent
pending on this joint,

‘Fhe durshility of searf joints in luninated members 15 not well
established. The indicalions are, however, that scarfl joints of steep
slope are less durable than those of [lat slope. It would appear, then,
that the sieepest permissible slope of scarf joiut for exterior or other
severe exposure should be less sleep than would be permitted for
interior use. While the data are not adequate fo permit exact recom-
mendations, it is suggested that, for exterior or othor severe exposure,
scarf joints no steeper than 1 in 10 be used.

Several other types of end joints (fig, 53) have been used. Gener-
ally, they ave designed to facilitate alinement of the paris and provide
added gluing aven.  As with edge joints, however, accuracy of fit is an
importaat factor in producing strong end joints, and inaccuracies
may actually couse a reduction in effective gluing aven and result in
reduced strength.,  Presently, the plain sear! joint possesses a distinet
advantage in that it combines relative ease of menufacture with high
strength if it has a sufficiently fint slope.



http:adequa.te

FABRICATION OF GLUED LAMINATED WOGD o7

ACME « TRREAD  SCARE DASRUD
ZMESII0F

F16URE 53.— Two types of patented glued end Joints used in laminating,

End joints of all types are most cfficient when they have flat slopes
that expose as little end grain and as much side grain as possible in
the surfaces to be glued.

Facrons To B CowsipErEp I8 DESICN

The design of & structure made of laminated material involves
consideralion of more factors than does that of 8 séructure made of
one-picce members.  On the other hand, it permils better utilization
of muterial beeanse material can be placed where its strength may be
best utilized and constant-strength members can be designed where
such o procedure 1s expeadient.

The number and thickness of laminations to be used depends, in
gencral, only upon the thickness of available material and the size of
the cross section requived.  As indicated eatlier, however, for curved
members, the individual laminations must be thia enough to permit
bending them to the vequired cvrvature withoub damage.

Knots, of course, affeel the strength of laminated members to an
extent ihat is dependent on their size, number, and loeation in the
lamination. In beams, their effect on strength depends also on their
Iongitudinal position in the beam and upon the location of the lami-
nntion in the cross section of the member. Since a knot of a given
size has o greater offect on strength when in b outer lnminations of
a beam, most efficicnt use of material can be obtained by using material
of the higher grades in the outer laminations and that of lower grades
in the inner laminations. Kunots in curved laminations, furthermore,
may interfere with bending the laminetions fo a smooth curve and
thus prevent the intiraate conbaet between luminations thes is needed
for the production of good glue joints. Other deflects, such as eross
crain, also affect strength, but may be taken inte account by imposing
limitations thal make their cffects similar in magnitude o those of
kooés of permitted size.

Checks lying in o horizontal plane, as in & beam horizontally
laminated with edge-grain boards or in one verticaily laminated with
flat-grain bourds, will affect shear strength to the same extent asin o
solidd beam. Since material for giued laminaled construction is
senerally dried in relatively small thicknesses, checks do nob occur
frequently; certainly, the large checks that are cominoa in one-plece
sawn bimbers are not to be expected.
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Shakes, if present in Aat-grained laminations of a horizontally
laminated beam, will also affect shear strength to the same extent as
in a solid beam. They should be excluded or placed in areas of low
shenar.

End jeipis play a large part in determining the strength of laminated
members, The indiseriminate use of butt joints, especially in beams
or tension members, ean vesult in a member of execedingly low strength
as compared to one aade from continvous laminations. On the other
hand, the use of well-spaced scar! joints of flat stope will result in a
member that has a high percentage of the strength of one with con-
tinuous laminations. ther types of end joints may be used, but such
use should be based on data permitting the sound design of members
in which they are used. In some cases, tests have shown them to be
only slightly more officient than butt joints, so that the sdded expense
involved in their manufacture is not adequately compensated for by a
gain in strength,

The form and height of wood beams aflect stresses at both propor-
tional limit and ultimate as computed by conventional methods,
Thus, stresses at proportional limnit and ultimate, when computed by
convenlional methods, have lower values for I and box sections than
for rectangular svetions, and lower values for deep than for shallow
rectangular sections. These effects, therefnre, must be taken into
account in the design of beams,

The bending of laminations for curved members induces stresses in
suclh laminations.  Such stresses are, of course, greater for the sharper
curvatures. A large part of the stress so induced is relieved by plastie
flow, but tests indicate that there is some residual stress. Design
stresses must be lowered to compensale for these residual stresses.

In general, the problems of analysis may be treated by the same
methods s ave employed with other wood structures. The same
engincering formulas are generally applicable, and the same supple-
mentary problems of elastic stability and fastening design must be
met.  Certain additionn] faetors must be considered; these are dis-
cussed later under Design Considerations for Laminated “Wood,
P. 130,

CALCULATION OF WORRING STRESSES

Working stresses are the siresses approprinte for use in design,
Those Lhal are approprinte in any given instance depend on a number
of features of construclion, such as type and location of end jolints,
size and location of nermitted knots, siwe of member, and, in some
instances, the number of laminalions, It is convenient to state the
allowable working stress in each such instance as a perceutage of o
fixed basic stress, and thereby coniioue the practice in use for solid
timbers.

Basic STrESsES

Basic strosses for one-picee sawn structural lunbers {(derived from
tests of small ciear speeimens), as recommencded by the Fovest Pro-
duects Laborutory, are published by the American Society for Testing
Materials under designation D24549T (). It has long been recog-
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nized that the numerous factors alfecting the strength of wood and
the desiga of wood structures involve a degree of enginecring judg-
ment that precludes the determination of basic stresses by any simple
mnthematical analysis,

Beeruse the same factors are counsidered to be invelved in both,
the basie stresses for laminaied timbers are related to those for solid
timbers, faking into account the beneficial moisture-strength effect
for laminated construclion used in dry iocalions.

The basie stresses for laminated construction used in damp or wet
locations have therefore been talon to be the same as the basie stresses
for solid timber. The basic stresses for laminaled construction used in
dry locotions have been obtained [rom these for solid construction by
mcerensing them by an amoeunt reflecting the inerease for drying appro-
priate Lo each properly. Beceause the various proporties are differ-
ently affected by a reduction in moisture content, the increase varies
[rom 10 to 37Y% pereent,

The basie stresses of table 5 apply whon laminated material is used
under conditious continuously dry, as in mest covercd structures.
Those of table 6 apply when laminated material is used under moist
or wet condittons.  The choies of values Lo he used as a basis for de-
sign is left to the engineer who has knowledee of the eonditions under
which the strueture is expected 16 serve, 1 is not possible fo set up
any geacral rules {o serve in making the choice, However, most
exterior structures, sueh as bridges or towers, should be designed on
the basis of table 6. Care must be exereised in ehoosing values for
design of buildings,  For example, it may be necessary to design s
cotapletely enclosed, beated building on the basis of Labie § because
of the presence of persistent high humidity or 1he probability of con-
densation.  IExamples of such a ease are concreto-pipe-manulaciuring
plants or dyce rooms in textile Inctories,

The values of both tabies 5 and 6 are appbeable Lo glued laminated

construetion ondy when all laminations are straight-grainad and free
from significant defeets, The flexural-stress valies appiv direetly
only to members of rectangular cross section and 12-lnch depth;
values for other properties are applicable regardiess of form or size of
member. The basie stress values given are npplicable regardless of
numbey or thickness of laminations. That is, the samne basic stress
in bending would be applicable to a wember 12 inches deep whether
it were made from 8 laminations 1% imches thielk or from 16 lamma-
tions three-fourths nch (hick. Since the basic stresses correspond
with Jong-time Joaditg, they are directy applieable where the maxi-
mum design Joad is continueus or cumulative for periods of 25 Lo 50
venrs. They should be medified for other durations of load,
" As indieated in tables 5 and &, an inerease of oue-sixth in the basie
stress for certain properties is permnilted for Douglas-fir and southern
vellow pine conforming to certain rules for density (19), A sunilar
inerease of one-lifteenth 1s permitted for Pouglas-fir and redwood
conforming to cerlain rules for rate of growth. These increases are
applicable Lo lammations conforming to those requirenients.  Clerlain
cautions 1o be observed in Lhe application of these moerenses are
discussed later.




TantLi 5.—Basic stresses for structural members laminated from clear material and under long-time service at mdximum
design load and under dry conditions, as in most covered siructures, for use in determining working stresses according

to grade of laminations and other applicadle factors
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Species !

(Gh]

|

Extreine fiber |
in bending or |
tension parallel |
to grain {

Maximum
longitudinal
shear

3

1

Compression :

perpen-. |
dicular to !
grain

€]

i Compression

paraliel to
grain

®

Modulus of
elasticity in
bending

(6)

Baldeypress. (s0uthern eypress) - . cvcvw e vmnmicscmmmcsad e
Cedars:

Redceedar, western .

White-cedar, Atlantic (southern white cedar; and northern.

White-cedar, Port Orford
Yellow-eedar, Alaska (Alaska cedar)
Douglas-fir, coast typeoea.lomeo oy e e
Douglas-fir, coast type, close-grained
Douglas-fir, Rocky Mountain type .
Douglas-fir, all regions, dense______..___ e it m e
Fir, balsam
Fir, California red, grand, noble; and white_ .. .
Hemloek, castern. oo o siooaa.
Hemlock, western (west coast hemlock) ... ... ..
Larch, western
Pine, eastern white - (northern white), ponderosa, sugar, and
western white (Idaho white) ... .02

Pine, lodgepole

Pine, red (Norway pine)

Pitie, southern vellow

Pine, southern vellow, dense._ . ... ...~ e b m e e

Posi
330

P, s. 1.
2, 000

1, 300
1,050
1, 650
1, 450
2, 000
2,150
1, 450
2, 350

1, 300

1, 300
1, 300
1, 650
2,000

1, 400
1, 450
1, 300
1, 450

2,000 |
2, 350

i

11,000 p. s. 6.

)

1, 100

900
1, 600
1, 300
1, 800
1,800
1, 300
1, 800
1, 100
1, 200
1, 200
1, 500
1, 600

1, 200
1,100
1, 300
1, 800
1, 800

1,100
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Redwood . L . e i m e —————————— |
Redwood, close-grained . o o a e imal ]
Spruee, I mrolmann

Spriiee, rod white, and Sitka

Tamarack

2,200 |
2, 400 ¢
1,400
2, 000
2, 200

Ash, black

Ash, white

Beeeh, American ...

Bireh, sweep and vellow, ... .
(ottom\'ood eagtern

inlm, American and slippery (whiie of soft olm)
Tlm TOCK. e ea et e
chkor\ , true and peean. .o e
Maple, black and sugar (hard mnp](‘)_ R
Oak, red and white._......... .. i.0

Bw (‘ofgnm (red or sap gum)
Tupelo, black (blackgum)

Tupelo, water. _...o. ..ol oo
Yellow-poplar. . oo own. i oo ls

R U

. - R

 Species names from approv 0(1 chock IM U. 8. Forest Ser\ ice, 1() H

Harbwoobs

1,800 ° 150 | 330 | 1, 150
2, 5350 210 550 2, 000
2,750 ; 210 - 550 2. 200
2,750 210 . 550 2,200
1. 400 100 165 , 100
2, 000 170 | 275 1, ;.88
2, 750 210 550 2.
3, 500 235 660 2,750
2,750 210 ! 550 2. 200
55 210 | 550 1, 850
170 ! 330 1, 450
170 330 1, 450
170 | 330 1, 450
150 | 240 1, 450 ‘
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TaBLE 6.— Basic stresses for structural members, lominated from clear material and under long-time service at maximum
design load and under wet conditions, for use in determining working stresses according to grade of laminations and

other applicable factors

Sorrwoons

| Datreme S50 | Maximun | Compresion| Compresion | Modulu o
Species * tension parallel ; ho:i)/,:‘;}tal dicular to grain elféll‘((’l’itg g
to grain B grain L/d=11 orless g
(1) (2 (3 4 (5) (6
P. s q, P s 4. P.s. 1. P.s. 1. 1,000 p. s. i.
Baldeypress (southern eypress) . . oo on oo ce i e 1, 900 150 220 -1, 450 1, 200
Cedars:
Redeedar, western . . L o i i e 1, 300 120 145 950 1, 000
White-cedar, Atlantic (southern white cedar) and north- .

CIM e L it e e vy e e 1,100 100 130 750 800
White-cedar, Port Orford . . _ . . . .. i e . ——— 1, 600 130 185 1, 200 1, 500
Yellow-cedar, Alaska (Alaska cedar)___.________-_.___. 1, 600 130 185 1, 050 1, 200

Douglas-fir, ¢oast type. o Lo oo 2, 200 130 235 1, 450 1, 600
Douglas-fir, coast type, close-grained . .. ... __.__.____._. 2, 350 . 130 250 1, 550 1, 600
Douglas-fir, Rocky Mountain type. ... i el 1, 600 - 120 205 1, 050 1, 200
Douglas-fir, all regions, dense.____ ... .. u il iicemaoo 2,550 ; 130 275 1, 700 1, 600
Fir, balsam__ ..o L.l 1, 300 100 110 950 1, 000
Fir, California red, grand, noble, and white.. . __.__ . ____. 1, 600 100 220 950 1, 100
Hemlock, eastern . . _ . o e 1, 600 100 220 950 1,100
Hemlock, western (West Coast hemloek) . .. ... coomeo oo 1, 900 110 220 1, 200 1, 400
Larch; western._ _ . oo e Tl 2, 200 130 235 1, 450 1, 500
Pine, eastern white (northern white), ponderosa, sugar, and -

western white (Idaho white). oo oo e oo ia et 1, 300 120 185 1, 000 1, 000
Pine, Jack .. o i 1, 600 120 160 1, 050 | 1, 100
Pine, lodgepole . . . . i il 1, 300 90 160 050 1,000
Pine, red (Norway pine) ... o e i e 1,600 120 160 1, 050 1, 200
Pine, southern yellow. o e 2, 200 - 160 1 235 1, 450 1, 600
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Pine, southern yellow, dense
Redwood

Redwood, close-grained
Spruce; Engelmann

Spruce, red, white,
Tamarack

1,100
1, 600
1, 750

Harnpwoobs

Ash; black

Ash, white

Beech, American

Birch, sweet and yellow
Cottonwood, eastern

Elm, American and slippery ‘(white or soft elm)
Elm, rock

Hickory; true and pecan
Maple, black and sugar
Qak, red and white
Sweetgum (red or sap gum)
Tupelo, black (blackgum)
Tupeln, water
Yellow-poplar

1, 450 130 850
2, 050 185 365 1, 450
2, 200 185 365 1, 500
2, 200 185 365 1, 600
1,100 | 90 110 |- 800
1, 600 150 185 1,050
2, 200 185 365 1, 600
2, 800 205 440 2, 000
2, 200 185 365 1, 600
2, 050 185 365 1, 350
I, 600 150 220 1, 050
1, 600 150 220 1, 050
1, 600 150 220 1, 050
1, 450 130 160 1, 050

! Species -names from approved check list, U. S. Forest Service, 1944, Commercial designations are shown in parentheses.
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MeMmeens Susicer TO FLEXURE

In members subject to flexure, moment of inertin is to be computed
sbout the gravily axis of the Tull cross seclion,

A number of factors must be considered in computing working
stresses hased on the features wnvolved in the member.  These inelude
end joints, knots, cross graim, depth or form of member, and curva-
ture of laminaiions. The first four of these are not accumulalive.
That is, the cne of these that gives the lowest factor by which to
multiply the basic stress is the one determining the strength ratio of
the member. Ior eurved members, however, the clfect of curvature
of the laminaiions must be considered n addition to Lhe other effects.
For example, if knots were controlling in & member, and gave a facior
of § 80, and the curvature factor were found to be 0.90, the strengih
ratio by which fo mulliply the basic stress would be 6.72.

Binee tests have indicated thet the effect of various factors mfiu-
encing strength is different for bhorizonially than for vertically lami-
nated meambers, they are (reated separately.

HORIZONTALLY LAMINATED MEMBERS

Prorisions applicable to both straight and ewrred members —The pro-
vigions with respect to end joints, knots, and cross grain are applicable
regardless of whelher the member is slraight or curved. Thesc,
being most unportani, ave treated fust and separately from those
provisions that relate only to curved members and consequentl:
have nore limited application.

End goints.—Numerous more or less intricate shapings of the ends
of picees to be joined are in common use i woodworking, but no
general rules have heen established for the strength of the resulting
jomts.  Consequently, provision is made herein only for butt joints
and for glued ploin or stepped searf joints.  Iala from Lests of several
other types are ineludad In the appendix.

When adequate daia are lacking on which to base limitations of
slope, spacing, and placement, and on which to calculate allowsnble
design stresses, it is recommended that types olher than those dis-
enssed herem be used only il they are placed and treated, in the
ealeulntion of design stresses, as if they were butt joints.

Lond joints in compression portion of eross section.—-Bult joints or
nonglued joims of other (vpes inay be used in the compression portion
of the eross seetinn, provided that all laminations al a single cross
section having sueh joinds ave disregarded in computing the moment,
of mertin.  Jt is suggested that buit Joinis in adjacont laminations
be spaced apart al least 10 times the lamination thickiess,

No modification of moment of incriin or of working stress need be
made for glued plain scorl joinds having a slope not steeper than 1 in 5.
There are no requirements for spacing of searf joinis of t in 5 slope or
flatter whon localed in Lhe eomprossion portion of the eross seetion.

End jotnts in tension poriion of eross seelion, - Aeenralely fitted and
well-glued plain scarf joints (fig. 50, A) sre permitied provided the
meximum stress al the joint does not exceed the following percentages
of the hasic flexurnl stress:
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Scerf-joint foctor
Effective slope of searf: {pereent)
lin 12 or flatter. oL ___ 90
83
30
c—— e e . 65

Accurately fitted and well-glued stepped searf joints (fig. 50, B) may
be used at the stress ralings specified above, but the portion of the
thickness ol the lamination ccceupied by the step (dimension a, fig. 50,
B3} should be disregarded in computing the moment of inertia. In
applying the stress ratings o stepped searf joints, the slope of secarf
to be considered is thut el the plane part of the joint ~that is, the
ratio of b to e, as shown in figure 50, B; the slope is nol to be taken as
the thickness divided by the distance between the tips of the joint.

The proportion of end grain appearing on a searfed surface will be
greatly mereased if the material to bLe spliced is somewhat cross-
grained and the searf s made across rather than i the general direc-
tion of the grain.  Since end-grain gluing is more difficult than side-
grain glumg and results in weaker joints, it follows that, where cross
grain within the spocified aceepiable limjts is present, nli searfl euts
should be made in the general direction of the grain slope,  ¥rom the
standpoint of simplicity of manufaciuring procedurs, it is desirable
to euf the searf slopes withoul regard to the direction of grain slope.
If this is dove. it is suggested that it be asswmed that searf cuts are
always made opposed to grain slope and that the steepest grain slope
permitted in the grade is alwavs present.  Design would then be
lased on the effective searl slope rather than on the aetual or apparent
searf slope.  The effective searl slope corresporneling Lo o combination
of actual searf slope and slope of gram may be found from figure 54,

EFFECTIVE SLOPE OF SCARF

'8
ACGTUAL SLOPE OF SCARF
™ B6B1T F

Fracue 54— Curves relating effective slope of searl joint Lo actual slope of searf
joint when searf cut is made epposed Lo grain slope,
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. Test results show that, where scarf joints in adjacent laminations

are closely spaced, Tailure progresses more or less mstantaneously from
the joint in the outer lamination through the others. Adequate
longitudinal separation of scarf joints in areas of high stress is, there-
fore, desirable to prevent weakening of the member beyond that which
would result from the outermost joint alone, Itissuggested, therefore,
that a center-to-center spacing of scarf joints of at least 24 times the
lamination thickness be maintained in areas of the member where the
stress is &t or near the maximum allowable value,

The nature of the failures in test is such as to indicate that, with
closely spaced joints, failure in the outermost joint results in partial
separation, from the rest of the member, of the lamination containing
the joint, Sufficient separation of this lamination results in a heam of
reduced depth at the location of the adjacent joint; stress at this joint
is immediately excessive, and the joint fails. The amount of joint
separation regquired appuu g, then, to depend on the ability of the
Iinterlamination joint to resist the suddenly applied “‘peeling” stresses,
On this basis, the amount of separation required seems to bear no
relation to the strength of the scarf joing, and it appears necessary to
apply the same spacing requirements regardless of scarf slope.

Op the other hand, the likelihood of failure of scarl joints stressed
well below the allowable value is small. 1t appears feasible, then, to
reduce the spacing requirements in arveas of low stress, as at the center
of the depth of o flexure member or in areas of low moment. No dats
are available by which to substantiate any proposed method of varying
spacing reguir ements. It is sugzested, however, that minimum scarf-
joint spacings be permitted to vary llnemlv from Of in areas of zero
stress to 241 in areas of maximum allowable stress.

The maintenance of a epecific pattern of scarf-joint location, such ag
is contemplated above, necessitates either a preliminary lavup of the
member prior to spreading the glue on the laminations or considerable
care in the lengths that are scarfed together to form a full-length lami-
nabion and in usscmbhnu- such laminations. Manufacturi ing problems
may be such as to ])1eclude either system. In such a case, it is sug-
zested that the requirement for a specific pattern of scarf-joint sepa-
ration may be waived if the strength ratio (searf-joint lactor) applicable
to & joint of & particular slope be reduced from those suggested earlier.
it 1s suggested, in such a case, that the following scarf-joint factors be
used.

Searf-faint
factor
Iffective slope of sewrf: {pereeat)
lin12or (latter.

This suggested change in procedure should not be taken to indicate
that no attention need be paid to separation of scarf joints. In
assembly, a conscious ellort should be made to avoid concentrations of
scarl joints and o keep them as well separated as possible.

The Iimitation of stress at a joint applies to interior laminations as
well a5 to the lamination at the ftension face. Ina beam with 40 equal
laminations, for example, the stress at the outer Tace of the second lam-
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ination is 85 percent of that at the outer {ace of the bottom lamination,
Hence, if the bottom lamination were continuous and the second
lamination contained o scarf joint sloping at 1 in 12 at the critical
section, it would be necessary to restrict the worbing stress (stress in
extreme fiber) to about 95 percent of the basic value in order not to
exceed the 90 percent permissible at the outer face of the second lanu-
nation.

Data given in the sppendix indicate that the strength reduetion
resulting {rom butt joints in laminations in the tension portion of the
cross section of a flexure member is greater than would be eomputed by
simply considering such laminations to be ineflective. Beecause of this,
it is suggested that, wherever possible, butt joints not be used in the
tension pertion of the cross section.  1[, however, 1t is necessary to use
them in such positions, it gs suggested that the procedure outlined
above be used in computing the net moment of incrtia, except that the
net moment of inertia so computed should be further reduced Ly
multiplying 1t hy a factor of 0.8, Butt joints should not be used in
top or bottom laminations.

LEffeet of knots on flerural stresses—¥For bending members with knots
in the laminations, the percentage, Fy, of the hasic {lexural stress to be
used in design is in accordance with the design curve shown in figure 55.
The abscisse of thiscurve is X=TI/I;, where Igis the moment of inertia
of the full or gross cross section and 7 is the sum of the moments of
mertin of the crosssectional areas of all knots within 6 inches of a
single cross section of a beam, both valoes being computed about the
gravity axis of the full eross seetion.
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Finuvne 55.— Design curve relating allownble fexural siress {o moiment of inertin
of areas oceupied by knots in laminations of laminaled benns,
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With no restrictions on the lacation of knots within the member,
some assumption must be made as to the concentration of knots about
a critical cross section. One possible agsumption is that the maximum
permissible knot oceurs in each lamination at the eritical cross seetion.
Experience indicates that the probability of such an occurrence is low
and, therefore, that this would be & highly conservative assumption.

It is known that, within any grade, the maximum permissible knot
oceurs only infrequently and that some portions of many pieces con-
tain no knots at all. It would seem, from this, that the sums of knot
sizes within 1-foot lengths should follow some pattern of probability
of occurrence. If so, 1t should be feasible to relate this probability
pattern to the probability of oceurrence of various knot concentrations
n @ laminated memhber. With this, a knot concentration at some
sufficiently conservative level of probability could be used as & basis
for establishing working stresses.

A study of several commercial grades has indicated the feasibility
of such an approach. The study 1s discussed in the appendix.

Each commercial grade of lumber may be expeeted to have its own
characteristic distribution of knot sizes. Working stresses based on &
study of knet-size distribution for a specific grade cannot, thercfore,
be translated into werking stresses for a different grade or a different
species.

In establishing working stresses for random assembly of lamina-
tions, it is suggested that they be based on a study of the distribution
of the sum c% knot sizes in 1-foot lengths by the method described in

the appendix. Lacking such an analysis, it is suggested that working
stresses be based on the assumption deseribed earlicr—that each lami-

nation contains a knot of maximum permitted size within 6 inches of
the critical section.

Both the Southern Pine Association and the West Coast Lumber-
men’s Association have published stresses for laminated construction
that are hased on the statistical procedure just described.

The statistical method described in the appendix may be applied to
beams containing laminations of & single grade or to heams containing
laminations of two different grades. The method gives strength
ratios applicable to the beam as a whole. It is possible, where there
is o considerable difference in gqualify between the Inner and outer
groups of laminations, that the inner group of laminations may be
oversiressed by the application of such strength ratios to the basic
stress of the outer group of laminations, particularly where the outer
group is close-grained or dense and the inner group is neither close-
grained nor densc. In such cases, the possibility of overstress in the
inner group of lsminations should be checked by the procedure
described in the sppendix,

In cases wherr it isnot feasible to sample the grade and to go through
the probability analysis, but an estimate is desired of the strength
ratio that would he obtained by such sn analysis, the foJlowing pro-
cedure may be used. First, calculate the value of 7x//e applicable
if it were assumed that the largest permissible knot were present in
every laminasion at the eritical cross section. Second, multiply this
value by the ordinate to the curve of figure 56 for the proper number of
Jaminefions. Then, with this modified value of [x/fs, determine the
applicalle strength ratio from the curve of figure 55. This procedure1s
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based on & consideration of the relstive values of 7z/I; by theiwo
methods for the grades studied, and the factors suggested are only
approximate. In general, however, they are prﬁbﬂily sufficiently
conservative fo provide a satisfactory basis for estimating strength
ratios that may be expected from a probability analysis. ¥or use in
design, one of the two procedures suggested earlier should be used.
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Fiorre 56.— Relation between valnes of JgfJg suggested for use in determining
strength ratios for use in design of bending members and those that would
bave been determined by considering the largest permissible knot preseot in
every lamination,

1f it be assumed that the largest pormitted koot is present in every
Inmination at the critical cross section, it is obvieus that the value of
1xtlzis equal to the ratio of knot size (A) to finished lamination width
(b) for beams in which all laminations are of the same grade. That is,
IefIe=Kfb. Computation of. the value of Ix//s; based on the seme
assumption for & heam consisting of a combipation of two grades may
perhaps best be explained by an example. Consider 2 beam of 15
laminations in which the outcr one-fifth of the depth on each side
consists of laminations in which K/b=} apd the ivner three fifths
consists of laminations in which Kfb=Y4. Thus, all laminstions may
be considered to have Kfb=1, with the central nine leminations
having an sdditionnl Kfb=}. The value of Ir/l; resulling {rom the
first part is ¥. The central nine laminations contribute, beeause of
their position in the beam, only (*:)® to the moment of inertia, so
that the value of Ix/Is resulting from the second part is (4)(%a)%
The value of Jxfle for the beam, is, then,

Teflo=¥+ KK =N+ (el]=0.304

Tt is, of course, possible to limit knot concentrations in the assembly
of beams and to develop, from the concentrations permitted, methods
of computing applicable values of Ix/ls. In general, this would re-
quire & layup “in the dry” to insure compliance with the restrictions
on knots. Except for specinl coses, this would probably increase the
labor eost to such a degree as to be improaetical.

247040°-—564—8
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One soch procedure, however, appears relatively simple of applica-
tion and, as will be shown, will result, in some instances, in appreciably
higher strength ratios than ean be permitted for random assemoly of
laminations. In assembly, the knots in all the laminstions within 6
inches of @ cross section may be restricted to two of the largest knots
permissible in the grade or to the equivalent in smaller knots. In
such a case, it shou?d be assumed, for purposes of design, that 1 knot
of moximum permissible size ocours in cach outer lamination st any
cross section where oll laminations are of the same grade; or, where 2
grades are combined, that the 2 knots of maximum permissible size
are in positions that give the greatest value of I /1.

Uunder this assumption, for a beam consisting of laminations of 2
single grade, the arrangement is such that the value of I/I; is simply
the produck of the ratio Kfb (K=maximum permitted kno$ size in
the grade, b=lamination width) by the ratio of the moment of inertin
of the ouber laminations to that of the whole cross section. ‘This
latter ratio, for benms consisting of various numbeis of laminations,
1s shown in figure 57. Thus a beam consisting of 15 laminations of a
grade in which K/6=0.25, would have a value 6f Joff,—0.25%0.95=
0.087.
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Ficure 57.—Relation hebween number of laminations in & beam and the ratio
of moment of inertie of certain laminations to that of the whole cross seckion.

~ For g combination of grades, where the outer group of laminations
is clear, the assumption of knot location must bs modified to place he
maximum permissibie knot in the outer laminations of the central
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group. In such a case, the value of 7x/f; would be the product of
Ifb by the ratio of the moment of inertia of the laminations ia which
the knots are assumed to that of the whole eross section. This Iadter
ratio is shown alse in figure 57 for lominations located ot various
distances from the outside of the beamn. As an example, consider a
beam of 15 laminations with the 2 outer laminations on each side ¢lear
and the remainder of & grade for which maximum Kf$=0.25. Then,
assuming a knot of maxiimum permissible size in cach outer lnmination
of the central group (thire lamination from cach side), Tof7-=0.25%
0.178=0.0445.

For other combinntions of grades, the knots in the outer laminations
of the outer group may control; or, where the number of such lnmina-
tions is relatavely small and the difference in knot size is large, the
knots in the inner group may coutrol. Where two grades are com-
bined, then, the maximum permissible knol corresponding to the
erade of the outer group of laminations may be assumed to be in the
top and bottom laminations, or the largest permissible knot corre-
sponding to the grade of the inner laminations may be assumed to be
in the outer laminations of this group, whichever gives the higher value
of I K! I o-

Caleulations such as are deseribed above have been earried out for
beams consisting of varlous grades and combinations of grades, The
corresponding strength ratios are given in tables 7 and 8. A com-
parison of (hese tables with strength ratios based on the probability
analysis deseribed in the appendix for randomly assembled laminations
shows that, in some instances, appreeiably higher strength ratios may

TasLe 7.—Strength ratios as determined by knols for beams consisting
of laminalions of ¢ stngle grade and having not more than 2 marimum-
stze knots, or eguivalent, within € inches of any cross seetion

Strenpgth ratios for lmninations of prade !

Numbor of lnminations

! Grade designations are sorting classes. See appendix p. 138 for further dis-
cussion.
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be assumed where knots are restricted in the manner outlined above
a2s compared with those that may be assumed with random assembly.
It is possible that the higher strength ratios possible may result in
sufficient advantage to offset the additional cost inrurred in applying
the restriction during assembly,

Tn gencral, it may be expected that laminated members will be made
of lnmi.nations, all of which will be the same thickness. In special
enses, however, laminations may be of different thicknesses, as where
g thin, clear piece may be used as an outer lamination for appearance.
For such cases, care must be taken, in evaluating the effect of kuots,
to take into account the actual thicknesses of the varlous laminations.

A somewhat different concept from that just deseribed has been
found by test not to bLe conservative. With this concept, it was

TaBue 8.—Strength ratios, as determined by knots, for beains consisting
of various commnations of 2 grades and having not more than 2 mar-
mum-gize knots, or equiralent, within 6 inches of any cross section
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TanLe 8.—Strengih ratios, as determined by knots, for beams consisi-

® tng of various combinations of 2 grades und having not more than 2

" marimum-size knofs, or equivalent, within & inches of any cross
section—Continued

3 LAMINATIONS EACH SIDE HIGHER GRADE

Strength rafios for laminations of grades
Number of -
laminations
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' Grrade designations are sorting rlasses.  Sce appendix p. 138 for further dis-

cuiksion.

considered that, when the outer laminations of a beam are clear, no
reduction in the strength of the beam is caused by a knotty interior
lamination, provided the ratio of its strength to that of a clear lamina-
- tion is at least as great as the ratio of the stress in the knotty lumina-
ticn to the stress in the extreme fiber of the beam. A comparison of
test results with fiber siresses computed by this methad, however,
indicates that the concept is not conservative and that the method

involving the use of figure 55 gives more aeceptable results.

Material graded under stress grade rules for joist and plank is
commonly used in laminated beams, These grades have different
limitations on deferts in different parts of the piece. These differences
are based on the assumption that the piece will be used in its full size

_ as a simple beam, cither edgewise or flatwise. When such a piece
y is used as a lamination of a horizontally laminated beam or arch, the
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more severe resirictions on knots near the edge of the wide face,
based on possible use edgewise, are no longer necessary. For such
use, therefore, the knot size permitted at the center of the wide face
under joist and plank rules could be permitted anywhere in the piece.

The variation in stress along the length of a piece used as a part of
the length of a lamination in & long beam may be much smaller than
if the piece were used alone as a simple beam. Thus, the provision
for limiting concentrations of koots in the center half of the length
of a piece of joist and plank grade (par. 440, Lumber, Americen
Stendards for Softwood Lumber (18)) should be extended to apply
to any part of the length rather than to the center hall alone.

1t should be noted that stress-grade material is intenled for wse in
the size in which it is graded, Any siressgrade msaterinl that is
resawed or ripped for use es laminations must, therefore, be regraded
by the applicable rules.

Effect of cross grain on flerural sivesses—For beams with cross
grain in laminations, the percentage of the basic flexural stress to be
used in design is in accordance with table 9. In general, the strength
ratio will be limited by the cross grain in the outermost laminations.
Interior laminations should have the ¢ross grain so limited that their
strength is al least sufficiently high to resist the stresses imposed on
them, assiuning the stress in the beam Lo vary linearly from a maxi-
mum at the outermost fiber to zero at the neutral plane.  For exawple,
suppose the outer laminations contained cross grain having a slope
of 1 in 16. The strength ratio of the beam, so far as eross grain is
concerned, woukl be 80 percent, assuming cross grain in the interior
laminations was properly limited,

Cross grain in interior Inminations could be limited so as to be not
steeper than 1 in 16: the snne strength ratio could be used, however,
with slecper cross grain in interior laminations.  For example, lamina-
tions between the neutral plane and a point aboul one-eighth the
distence from Lhe ouler fibers to the neutrel plane eould have slope
of grain 1 in 12 without causing reduction in the strength ratio.
Similarly, laminations between the neutral plane and o pownt about
three-eighths the distance from the outer fibers to the neutral plane
could have a slope of grain of 1 in 8, Sumilar relations, of course,
ean be worked out for olher combinations.

It will probably be most convenient to establish a strength ratio
based on the cifeet of knots and then to limit cross grain in such a way
that the strength ratio for cross grain is as large as or lurger than that
resulting [rom knols. In this connection, it should be noted that, in
the strucbural grades of joist and plank, cross-grain limitalions are
established to conform with the strength ratio resulting from knots,
assiming the piece 1o be used as & one-piece sawn timber. Strength
rakios based on a probabiliby analysis of the occurrence of kaots in
randomly assembled laminations (see appendix) are considerably
higher, beeause of knot dispersion, than for one-piece sawn timbers of
the same grade. The same is true for members asseinbled with
Limitations imposed on knot eoncentrations in the manner deseribed
carlier {tables 7 and 8).

If advantage is Lo be taken of these higher strength ratios, then more
severe limilations on cross grein, ab least in the outer groups of
laminalions such as the outer 10 pereent of the depth, must be imposed
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than are imposed by the grading rules. This necessitates an addi-
tional inspection and segregation for cross grain, Such additionsal
inspection should not create a serious problem in manufacture,
however, since samples of a nuinber of structural grades have indicated
that high percentages of the pieces have cross grain of 1 in 20 or
flaitor,

Cross-grain limitations are not generally imposed by grading rules
for grades other than structural. Therefore, additional inspection for
cross grain, where those prades are used, is & necessily,

TaBLE 9.—Strenglh raties corresponding to various slopes of grain

Maxithum sirengih ratio

Slope of grain o For stress in For stress in
extreme Aber compression
i bending or paradiel to
i for tension grain
: i
{5 ! 4] : {3}
Pereent Pereent
I g a6
Vin 8. e e e imemamme .. 53 . G6
Tin 0. o .. 61 7
Tin 120 ... 6o 82
T 74 4 87
[ T 76 . 1606
i 16 oo . __o... cee el 80 .. _._..._
Vin ¥8 e el BS L e ..
Tin20. . L. e - 160 R

Liocal drviations of grain are generally disrogarded, only the general
slope being measured.  In maay structures this will be salisfactory,
but caulion in Lhis regard should be exercised in the manufacture of
narrow members such as raflers.  In such members, a loeal grain
deviation may affect all, or nearly all, of (he cross section of a lamina-
tion, whereas, in a larger member, only & relatively small proportion
of the lamination eross section would he weakened.

It is suggesied thatl picees conlaining cross grain steeper than 1 in
8 not he used for the laminations of glued laminated structural mem-
hers.  While the diveet effeet of eross grain on sirength could he
evaluated so as to permit the use of material having steeper grain
stopes, the occurrence of such steep slopes is likely to result in severe
warping -and fwisting with resultanl bigh sivesses when such picces
are clumped in gluing.

fiffect of knots on modwlus of elasteity—Results of tests {sce ap-
pendix) show Lhet the modulus of elasticity of members subject Lo
Nexure decreases with ineressing Feflg.  The reduction in many cases
will be on the order of § percent or less.  In view of this and of the
Tact that deflection is not critical in many instances, it will frequently
be satislactory to use the basic value without reduction. Where more




1186 TECHNICAL BULLETLN 1069, U. 8. DEPT. OF AGRICULTURE

pecurate evaluation of modulus of dasticity is required, the value may

be computed by multiplication of the basic value by the appropriate

factor from figure 58. The value of I/Is for use with this figure is

the same as that described earlier for determining working stresses in

bending. By having the strength ratio for bending stress, figure 59

i&y lie used to determine the strength ratio for modulus of elasticity
irectly.
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Fravre 58— Design eurve {or inminated beams and lony and intermediate eclumas
having kaots in laminations and relating allowable modulus of elasticity to
moment of inertia of arces ocoupied by knots.

Perhaps of more importance than relatively minor variations with
grade is the necessity for adjusting values of modulus of elasticity or
using other means for taking inte account the delleciion that occurs
ander long-conlinued icad in addition to that which occars imme-
diately upon application of the load. This is discussed later in
greater detail,

Provisions applicable only to curved members~—The above discussion

.ol slraight laminated members applies equally to curved members.
Certain additional factors are applicable, however, to curved members.

The effects of end joluts, knols, cross grain, and depth of members
are applicable to curved s well as stralght members. In addition,
Iaminssions of curved members must not contain knots or other im-
perfections thal, when the laminations are beot Lo the required curve,
canse localized vregularities in the curvature or prevent close contact
between laminstions. Thus luminalions conlaining very large knots
are likely to be usable only in straight members or in curved membors
of comperalively lnrge radius.
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Effect of eurvatwre of laminations.—Because of stress induced when
leminations are bent to the required form. the allowable flexural sivess
in curved members is less than in straight members {sce appendix).
The ratio of the allowable stress in curved members to that in straight
members is expressed by the curvature factor

2,000
(B )

Fo=1.00—2,000 {{{Ry*=1.00—

where # is (he thickness of a lamination and £ is the radius of Lhe eurve
to which it is bent.

No curvalure faclor is to be applied to stress in straight parts of a
member, regardiess of the curvature in other portions.
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Fravrre 58.—Relation beiween strength ratio for stress in hending and Lhat for
wodulus of plasticity in bending.

Radial tension or compression.- -A\Vhen a curved member is subjected
to & bending moment, a stress is induced in & radial direction and thus
at right angles to the gratn.  The maximum mageitude of this stress
gccurs ab the newtrad axis and ks, approximately,

3 M
Se=. = 2
Se=s [k @

where Af is the hending mowment, £ is the radius of curvabure, and b
and & are, respeetively, the width and height of the cross section,
When A7 is in Lhe direction tending to decrease the curvature (increase
the radivs), this siress 15 tension; and whon Af Lends to inerease the
curvalure (decrense the radius), Lthe stress is compression,
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Values of S should be limited to those shown in column 4 of lables
5 and 6 for stress in compression perpendicular to grain.  Limitations
of data make il diflicult to establish reliable basic stresses for tension
perpendicular to grain. Tt is suggested, however, that those curved
members subjected to bending moments that produce stress in tension
perpendicular to grain be so proportioned that this stress will be-held
to not more than about one-third (for softwoods) or three-eighths
(for hardwoods) the working stress in shear,

VERTICALLY LAMINATED MEMEERS

(lued laminated members with vertical laminations have been loss
extensively studied by test than have those with horizontal Iamina-
tions. Available test daia indieate that the design eurve shown in
figure 55 is not applicable (sec nppendix). It is suggested that
laminations be graded in aceordance with the Forest Products Labora-
tory’s recommendations as given in the Wood Handbook (7), and
that allowable flexural stress be computed by mulliplying the basie
flexural stress by the grade factor F,, which is equal w0 the strength
ratio of the grade, or, where the various laminations differ in grade,
is equal to the average of the strength ratios of the laminations. In
computing the grade fartor {average strength ratio) for a member
containing laminalions of differing grade, the strongth ratios of the
individual laminations should be weighled according to the propartion
of the widih of the member occupied by the corresponding laming-
tions. Thus, if laminations occupying two-thirds the width had o
strength ralio of 0.75 and the remainder bad a strength ratio of 0.63,
the grade [actor would be

Fo=12 x 0.754 1 x 0.63)/3

Tor use in dry locations, the strenglh ratio is nol te be inereased [lor
the effect of drying as provided in the Wood Handbook, since this
efFect has been incorporated into the basie siresses of table 5.

The same allowance [or end joints is muade as for horizontally
lamninated members. To provide adequoate shear resistance, verli-
cally laminaied beams require the use ol one-picec or cdge-glued
lnminations in those laminations required lor shear resistance.

FACTON FOR HEIGHT AND SHAPE OF BEAM

Tnit strength values developed in tests of wood beams when ealeu-
lated by usual engincering methods have heen found to vary both
with the helght of the beam and the shape or form of the cross section.
Tecrease cceurs as the height inereases, and values Tor [ and box
hearns are Tound to be lower than those for reetangular beams ol the
same height.  An empirical formula that exprosses the relation is

Froy=0.81 [1 e };J:_:f— -1) S:I )

where B is the ratio of the modulus of ruplure of a heam of T or box
section to the modulus of rupture of w rectangular beam 12 inches in
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Leight, [ is the beight of the beam in inches, S is unity for a rectangu-
lar section and, for an T or box section

S=p* 6—8p+3pY) (1—¢)+¢ (5}

where p is the rafio of the height of the compression flange to the
height of the beam, and ¢ is the ratio of the total thickness of the web
or webs to the overall width of the beam.

Since for a rectangular beam S equals 1, the formula reduces to

_qgg HH143
F,=081 T e _ {6)

Development of these formulas is shown in the appendix. The basic
flexural stress is to he multiplied by the applicable factor to get the
allowable design value.

APPLICATION OF FACTORS AFFRECTING FLEXTRAL STRESS

The factors by which the basic flexural stress is to be mulliplied
to get the design stress corresponding Lo the particular fealure of the
construction are:

1. By, Iactor for end joints.

2. Fy, lactor for knots in horizontally laminated members, or
F,, factor for grade of laminalion in vertically laminated
beams.

3. Iy, factor for cross grain,

4. F,, factor for height of beam, or F},, factor for height and form
of T or box beaw.

5. I, factor for curvature.

The first four fnctors dpply to either straight or carved members
and are not to be combined.  For straight beams, the values F), F,
(or Fy), Fep, and Fy; (or F}) are considered, and the lowest is taken as
the ralio by which to multiply the basic fexural stress. For curved
tnembers, the resulting value is multiplied also by F,, the curvature
factor.

SIEAR STRESS

Allowabic values of shear siress need not be reduced by reason of
knots or cad joints present in lhe laminations of & heam.” In beams
horizontally laminated from flat-grained stock, checks and spliis,
where present, will be essentially vertical and thus will have no cffect
on shear strength. In many cases, therefore, the basic stress in
shear need not be reduced by renson of the presence of checks and
splits, Shakes, while of infrequent oceurrence, constitute more of
a problem, since, if they are present in & borizontally laminated heam,
they will have an effect on shear strength. It is suggested that lami-
neblons containing shake be disearded or, at least, used in areas of
low shear. Where the character of the material and the method of
consiruction nécessitate it, allowable values of shear stress should be
reduced from the basic stress for checks, shakes, and splits as for a
solid member (7} relating the sizes of the checks, shakes, or splits to
the finished width of the member.




12() TECHNICAL BULLETIN 1069, U. S. DEPT. OF AGRICULTURE

BEARING STRESSES PERPENDICULAR TO GRAIN

Bearing stresses perpendicular to grain aced not be reduced by
reason of knots or end joints present in the laminations. The basic
stresses given in tables 5 and 6 are applicable to bLearings 8§ inches or
more in length and located aoywhere in the length of & member, and
10 bearings of any length located at the end of a member,  Tor bear-
ings shorter than 6 inches located 3 inches or more from the end of a
member, Lhe stresses may be increased by mulliplication by the [ ollow-
ing factors:

Factor

Length of bearing {inehes):
%

BGOrMOIe.. . .- ... o ewe——oen e
For stress under a washer, the same factor may be laken as for &
bearing whose lenglh equals the diameter of the washoer.

CoMPRESSION MEMBRERS

Laminations in & compression member may be arcanged ina number
of ways. While arrangeinents involving cosver plates (fig. 60) are
more ellicient lhan Lhose without such plates when mechanical
fastenings are employed, there is, so far as is known, no such diff'erence
when the lsininalions are joined by glue. Laminalions mey also be
of the same or of & variety of thicknesses, It is suggested that all
laminations in & mesmber be of the same grade except when, because of
requirements for appearance, outer laninations are of bigher grade
than others. In such instances, laminations at opposile faces should
be of the same grade and of the same thickness.

Ficrre 60— Arrangeiment of lamina-
tions in compression members with
cover plates.

ZMEIGIAF

Glued Jaminated compression members may be designed by use of
the same formulus as are applieable to solid members,  Where butt
joints or stepped scarf joints arc used, the offective area should he
appropriately veduced. Both kuots and cross grain affece the com-
pressive strength and, where both are present, the strength ratio
corresponding 1o the one causing the greater reduction should be used
in computing the allowable compressive stress; the offeels of the two
factors should not be laken, as eumulative. Sinee the allowable loads
on long and intermediate columns are dependent on stiflness in
~ hending, the cffect of knots on stifiness, as given earlier for bemding

members, should be considered in compuling the value of modulus
of ¢lasticily te be used.
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END JOINTS 1IN COLUMMS

Bull jeints are undesirable beeause they arc diffienlf to fit accurately
and beeause, even when accurately Alted, they are not Tully effective.
Butt joints or nongluecd joints of other {ypes may be used, provided
all laminations at a single cross seetion having such jeinls are dis-
reanrded 10 computing the net or effective cross-seetional arca.  Batt
joints In adjacent laminations shoold be scparated as widely as
possible, since, when they are closely spaced, the load-carryving
capacily of the columu tends toward that which would resull i the
two joinis were al the same cross secetion.  Limited data (see appendix)
indicate that butt joinis in adjecent laminations should be spaced 50
times the lamination thickness for eplimum resulis. Figure §1 s a
eurve generalized Trom these data.

The eross section of & Inmination »djaceni 1o one containing o butt
joinl and sl containing a butt jomt may be eonsidered to he only
partially effective, the degree of offcctiveness inercasing with inereascd
spacing.  This concept has been used in adapling (he column {est
dala of the appendix to the curve presented in figure 61, This curve
shows the proportion of the eross-sectional area of a lamination that
may be considered effeelive when that lamination contains a bott
Joint and is adjaeent to a Tamination containing a butt jeint.

As an example of the use of thi= curve, constder o eoluimn made up
of 12 laminations, in whieh Luvinations 2 and 11 contain bull joinis
at the saime eross seetion and laminations 3 and 10 contain butl joints
al a eross seelion 207 away vith all other Jaminations continuous,
At the cress section eonlaining joints in laminations 2 and 11, (here
are 8 fully effective lamivations, 2 partially effective lnminalions
(3 and 10) aned 2 nonelective lsminations (2 and 113, From the curve
of figure 61, laminations 3 and 10 are 80 pereent offective. The
proportion of the gross eross seetion of the colnmn that ean be con-
sitdlered offeetive in resisling compressive slress is, therefore, [8S+2(0.8))
N2--0.6/12=0.8, I, in addition, there were bhutt Joints i lamina-
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Fravee G- leirtion between spacing of butl joints in compression members
and effective area of laminulions aljneonl to buti-jointed laminations,
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tions 4 and 9 a distance of 20¢ from those in 3 and 10 and so arranged
that the latier were intermediate between the otbers, the cross section
containing joints in laminations 3 and 10 would bescome the critical
cross section. Then, laminations 3 and 10 would be noneffective, and
lominations 2, 4, 9, and 11 would be only partially effective. The
proportion of effective eross section would then be [6+4(0.8)]
712=0.2/12=0.77.

End joints preferably should be of the plain or stepped scarf type,
with a slope not steeper than 1:5. When the stepped tvpe is used,
the portion of the thickness ocoupied by the step (fg. 5u, B) is con-
sidered as a buti joint and reduction in net ~ection is made as for butt
joints. No reduction in ares need be made for glued scarf joints
having a slope of 1:5 or flatter, except as provided for stepped scarf
joints. Working stresses need not be reduced becausc of the presence
of scarf joints having a slope of 1 in § or flatter. There are no re-
quirements for spacing of scarf joints of 1 in & slope or flatter in
comipression members.

KNOTS IN COLUMNS

The siress on the net section of columns with knots is calculated in
aceordance with the design curve of figure 62.  The abscissa of this
curve is Kfb, where K is the average (over all the lasninations) of the
sizes of the largest knot occurring in any 3-foot length in each of the
lamina tions and b is the finished width of Lhe lamination.

100 : I
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0.3 . . 0.6
X=K/b

RATIO OF ALLOWABLE COMPEESSIVE
STRESS TO BASIC STRESS (PERGENT)

y.—.

ZMBID2EF

Viavrrs 62.--Design curve for laminatbed short columns having knots in tamina-
tions and relafing allowable compressive stress to knet sizc,
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Here again, with no restriction on the location of knots within the
member, some assumption must be made as to the concentration of
kpots within some eritical 3-foot length. One possible assumption is
that the maximum permissible knot will occur in every lamination
within at least one critical length.  As was pointed out ecarlier, this
would be a highly conservative assumption, since such a large pro-
portion of the lengths of picees within a grade contam knots con-
siderably smaller than the maximum or contain no knots at alk.

In this ecase, too, it should be feasible to relate the frequency dis-
tribution of knot sizes within & grade to a value of K suitable for use in
design. A study of a number of commercial grades indicates the
feasibility of such an approach. That study is discussed in the ap-
pendix.

Bach grade may be expectad to have its own characteristic distribu-
tion of knot sizes. Working stresses based on o statistical study for a
specific grade cannot, therefore, be translated into working stresses for
g dilferent grade or a different species.

1n establishing working siresses for random assembly of laminations,
it is suggested that they be based on a study of the distribution of the
rmaximom knot sizes in 3-fool lengihs by the method described in the
appendix.  Laeking such an analysis, it is suggested that the working
stress be based on the assumption that the maximum knot permilted
in the grade occurs in each lamination within at least one 3-foot
fength.  That is, the value of K for use with fignre 62 will be the
maximuir size permilied in the grade.

Botl the Southern Pise Assoelntion and the West Coast Lumber-
men’s Association have published working stresses for luminated con-
struetion that are based on the statistical procedure just deseribed.

1n eases where it is not feasible to sample the grade and Lo go through
{he probability analysis, but an estimate is desired of the sirengih
yatio that would be obtained by such an analysis, the foilowing pro-
cedure may be used.  Tirst, calculate the value of K applicable if
it were assumed that the largest permissible knot were present in
every Jamination. Second, multiply this value by the ordinate to the
curve of figure 63 for the proper number of laminations.  Then, with
this modified value of K/fb, determine the applicable strength ralio
from the enrve of figure 62, This procedure 1s hased on 2 cousidera-
tion of the relative values of K/b found by the twe methods, and the
factors shown are ouly approximate, In general, they are believed
to be snfliciently conservative lo provide a salisfaclory basis for
ostimating strength ratios that may be experted from a probability
analysis. For use in design, 1 of the 2 methods discussed earlier
should be chosen.

Where columns are of nore than ene grade, working stresses ap-
phicable to the lower grade should generally be used.  Where data on
the occurrence of knots are available, there are metheds of compu-
tation (see appendix) by which the smaller concentralion ol large
knots in the higher-grade luninations may be taken into account
determining values of Kb,

CRSS GRAIN IN COLUMNS

¥or columns with cross grain in laminations, the pereenlage of ihe
basic compressive stress to be used in design is in accordance with
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Fieure 63.—Relation bebween values of /b suggested for debermining strength
ratios for use in design of cvompression members and those that would have
been determined by considering the largest permissible knot present in every
lamination.

table 9. It is to be expected that all laminations in eclumns will be
of the same grade. When laminations permitling differing grain
slopes arve used, however, the strength ratio corresponding to each
grain slope should be weighted in accordance with the cross-sectional
area occupied by the corresponding laminstions to determine the
average strength ratio for the full cross section. .

Strength vatios based on o probability analysis of the occurrence of
knots in randomly assembled laminations (see appendix) are appre-
ciebly higher, because of knot dispersion, than for one-plece sawa
timbers of the same grade. If advantage is to be taken of these higher
strength ratios, more severe limitations on cross grain must be im-
posed, for all laminations, than is coniemplated by the grading rules.
This necessitates an additional inspection and segregation for cross
grain.  Such additional inspeciion should not ereate a serious problem,
however, since samples of a number of structural grades have shown
that high pereenteges of the pieces have cross grain of 1 in 20 or fAattor.

TeNsioN MuaBERS

Tension members are subject to the same provisions with respect to
arrangement of laminations, grading of laminations, types and spacing
of end joints, and evaluation of /b as are given for compression mem-
bers.

END JOINTS IN TENSION MEMBERS

The stress at a plain scarf joint in & tension member must notb ¢x-
ceed the percentages of the basic siress in tension peraliel to grain
given for members subject to fiexure. Stepped scarf joints may be
considered to have the same percentage of strength as plain scarf
joints of the same slope; but the portion of the thicknesses of the
taminations occupied by the sieps is disregarded in compuling the
effective cress scelion of the member, Spacing requirements indi-
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cated earlier for’ t-he tension portmn of flexure members should be
used also for tension members. Itis suggestcd that scarf joints bene
steeper than 1 in 10. '

It is suggested that bust jeints not be used in tension members.
If they are used, however, the procedure outlined for columuns can
be used in computmfr net aren, except that an additional reduction
of 20 percent should be made.

KNGOTS IN TENSION MEMBERS

The basie flexural stress as given in table 5 or 6, pp. 100, 102, should
be taken as basic tensile stress. Wor king stresses for dcs;gu should
be taken in sccordance with the curve of figure 64, Values of K/fb
for use with this curve should be determined in the manner described
earlier for columns., '

CROSS GRAIN IN TENSION MEMBERS

. Tbe strength ratio for cross graid In tension members is given n

table 9. As for columns, this effect, where laminations of different
grades are used, should be weighted in accordance with the proportion
of the cross section oeccupied by the various grades, and the effect
of increased strength ratios resulting from knot dispersion should
be reflected in more restricfive eross-gram limitations than ave normally
imposed by the grading rules.

MiscerLaneous Torics ReLarep o Wonkine STrESSES
CLOSE-CRAIN AND DENSE MATERIAL

The improved sirength resulling whoen material of some species
meets cerlain requirements with respect to rate of growth has been
recognized i American Lumber Standards (79), whick permit in-
erensed design slresses lor Douglas-fis and redwood meeting specific
requirements as to vate of growth (close grain), as well as for Douglas-
fir and southern vellow pine mesting specilic requirements as o rele
of growth and.percentage of summerwood (densityy. Tle increases
n.pply to stress i extreme fiber in bending, compression parallel to
grain, and compression pezpendmulm Lo yﬂ.m bul not to shear or
modulus of elasticity. ‘These incrensed stresses are applicable to
isminated construction, bub certain cautions must be observed.

Ik is obvicus that such incressed stresses would be applicable to a
beatn constructed wholly of close-grained or dense material, It is
obvious also that, in a beam containing & large number of lamnations,
with only the top and boliom laminations of close-grained or dense
material, the increased bending sbress would not apply to the beam:
as o whole. For example, if & beam contained 40 laminations, with
the top and bottom laminalions of dense maierial whose allowable
stress was increased by one-sixth over that [or nondense material,
the stress in the outer surface of the second lumination would be

"ﬂX/ﬁ I' 1 HI‘
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where F is the stress applicable to o nondense grade. Thus, in such
a case, excessive stresses would be present in certain of the laminations
near the top and bottom if the stress applicable to dense materin
were used.

The incrensed stresses pertaining to close-grained or dense material
may be applied to the beam as a whole only when such material is
used in a definite proportion of the beam. The number of dense
laminations on each side of the beam must be at least one-fourteenth
the tolal mumber of Inminations i order that the incrensed stress
may be applicable (o the heam &s a whole.

Similarly, close-grained Donglas-fir and redwood are granted
increases of one-fifteenth, and again a minimum number of lamina-
tions of close-grained madterial are required on esch side in order that
the increased stresses may be applied to the beam as a whole. In
this ease, & group of laminations on cach side containing not less than
one thirtv-second of the total number of laminations must be close-
grained.

Tt should be noted that the proportions given above are applicable
only when all laminntions are of the same thickness. For other cases,
the actual number of laminations showld be converted to an equivalent
number of laminations of a single thickness, Moreover, the propor-
tions given are divectly vulid only when all laminations are of the
same grade. When two diflerent grades are used, the stress in the
inner group of laminations should be checked by the method described
earlier to be sure 1t Is nol excessive.

EFFECT OF END JOINTS IN VARIOUS PARTS OF MEMBERS

Sinee the stress is quite low in a lamination near the neutral aais,
an end joint of relatively low efficiency is satisfactory at such locations.
Thus, within the central two-thirds of the depth of 2 beam, piain
senrf joinis as steep as 1 in § are generally satisfactory, since the
stress within this part of the beam is less than two-thirds the stress
in the outermost lamination. Similarly. for beams whose loading
is known to be such that cer(ain parts of their length will never be
subjeeted (o high bending moments, such as those parts near the ends
ol & simple beam, the stresses will be sueh that searf join(s of steeper
slope mayv be permitted. even in the outer parts of the depth, than
would he permissible nf poinls of high momenlt.

Regardiess of such possibilitios for (he use of less efficient joints
in corlpin areas, it mayv he found expedient o use only o single type
of searl joint in order 1o simplify manufacturing operations and to
lessen the chance thal joints of various types will be erroneously
placed in a heam. '

In general, a searf-jointed outer lamination on the tension side of
n beam will control the overall strength of the beam. Where the
strength of the jointed lamination is very low, however, as compared
with that of ‘Le continuous laminations. the load that would eause
failure of the outer lamination at the joint would e insufficient to
nause foilure in the remaining laminations. There is, therefore, a
“Hoor’* below which the strength of the beam would not be expected
to fall, regardless of the reduclion in strength crused by a joint in
the outer lamination,
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‘Thus, 2 beam of 17 laminations having a jointed outer lamination on
the tension side would be reduced in effectiveness to that of & beam of
A6 laminations if the jointed Iamination failed without causing failure
of the rest of the laminations, and it would then have some 8¢ percent

.- of the strength of the original beam. In such a beam, then, if the

- Jointed outer lJamination ou the tension side had less than 89 percent

* of the strength of & continuous lamination, the overall strength of the
beam would be taken as 89 percent, of that of an unjointed 17-lamina-

- tion beam rather than as determined by the sbrength of the jointed
lamination,

It is possible, but not probable, that similar relations exist in beams
‘with jeinted Jaminations of low cofficiency located near, rather than at,
the tension face.

In compression and tension members, the stress requirements in
different parls of the cross section and at differant points along the
length normally do net vary, so thaé the requireinent is the same at
ol points.

* . -As pointed out eailier, butt joints tend to concentrate shear stress
in the interlamivation glue joints near them. Both theoretical
copsideralions and lest data (see appendix) indicate o serious concon-
tration of shear sivess m the neighborhiood of a concentiated load on g
beam. It scems desirable, iu order to reduce the possibility of failure
by shear, lo aveid combining these (wo concentrations, It is sug-
gested, thercfore, that if butt joints are used in laminated beams, they
be kept-well away from the Jocation of any concentrated loads, par-
ticularly if the joints are in laminations located near the u pper surface,

EFFECT OF KNOTS IN VARIOUS PARTS OF MEMRBERS

The reduction in bending sivength caused by o knot in & laminated

. ‘beam is a funclion of the moment of inertia of the cross-sectional area

oceupied by the knot. A knot near the venter of the depth of a beam

has only a small fraction of the effect on bonding strength that a lnot

of the same size would have if it were located at or near the outside of
the beam.

Laminations of relatively low grade may therefore be used ix the
central parts of the depth of & beam without. inordindtely reducing its
strength. Efficient and ecconomical use of material may thus he at-
tained by using picces of high grade in the outer pirls of the deptls and
pieces of low grade in the inner parts of the depth, where their inlerior
strength is not injurious to the strength of the beam as & whole, The
relatively small effect of low-grade material oceupying as much as the
central three-fifths of the depth has heen demonsirated in the statis-
ticel studies of knot ellect mentioned curlier,

Stmilarly, lnminations of lower grade may be permitted in parts of
the length that will be subjected to small bending moments, such as
those near the ends of  simply supported beam.,

' The curve of figure 55 wus derived [rom tests on bearms in which the
outer laminations were generally of better quality than the inner
Jeminations. Although such an arrangement is logical nnd economi-
cel, the use of figure 55 for heams having the reverse of the usual
arrangement-—that is, with fow-quality outer Jaminations and higher-
quelity inner laminations—may result in an allowable stress for the
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[
beam that will produce an excessive stress in the outer laminations,
It is improbable that a designer would use such an ervangernent, TIf,
however, & beam were misassembled and such an arrangement ve-
sulted, it might be desired to attempt to salvage the beam. In such
& case, 8 new allowable stress can be computr_(l by means of figuve 55
but, in addition, the stress thus computed should be cheeked against
Lhe strength of the outer lamination.

MODIFICATION OF WORKING STRESSES FOR SPECIAL CONDITIONS OF LOADING

Working stresses com putvd by the methods here given and based on
{he basie stresses of table 5 or Lable 6, pp. 100, 103, ale applicable to
conditions of full duration (25 (o 50 yvm s) of maximum design load.
Since wood has the desirable characteristic of being able Lo support
higher loads for short than for long periods, higher working stresses are
applicable to conditions where the [ull desigm londs are of shorter
duration than 25 {o 50 years.

Figure 65 presents data by means of which adjustmentis for duration-
ofl-load eflects mey be made.  For example, il the anticipated duzration
of full design load were 10 yeurs, stresses could be mereased about 10
percent over (hose allow able for conditions of full duration. It has
been found that intermittent loading separasted by a period of rest is
cumulative as {ar as the durational effect is coneerned.  The duration
to which figure 65 s applicable is, therefore, the sum of the dwations
of the expecled loads. loads less than those that would produce
siresses at or below the permanent load level may be neglected in
computing suech durations,
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‘Working stresses computed from the basic stresses of tabie 5 or
table ' may be used without regard to impact if the stress produced by
pmpect does not exceed the allowable stress for permanent loading;
but the sum of stresses induced by any combination of loading, such

-&8 impact, dead, long-time live, and short-time live loading, cannot
exceed twice the allowable stress for permapent loading.

In no case car a structural member be used that js smaller than is
required for permancnt load alone.

Increases in stress for impact and other duration effects are not
applicable to modulus of elasticity.

Wood under eontinuing load takes on a contin uing increment of de-
formation known as plastic flow or yield, usually very slow but pot-
sistent over long periods of time. Deflection of this nature occurring
in timbers acting s beams is sometimes known as “set’’ or “'sag.”
‘This increase of deformation with time may become as much as the
initial deformation without endangering the safety of the timber.
This effect is of importance only where the long-continued load is at
or near the maximum design level, It js necessary, where delorma-
tion or deflection under long periods of loading must be Limited in
amount, to provide extra stiffness. This can be done by doubling
any dead or long-time loads when computing deformation, by setbing
an initial deformation Bmit at half the tong-time deformation limit,
or by using one-hall of the recommended value of modulus of elasticity
Is computing the immediate delormation. In any case, it must be
understood that the recommended values for modulus of elasticity
will give the immediate defloction of o beam, and that this defloction
will increase under Jong-continued load. The increase may be some-
what greater where the timber is subjected to yarying temperature and
moisture conditions than where the conditions are uniforimn.

DESIGN CONSIDERATIONS FOR LAMINATED WOoOD

It is beyound the scope of this publication to discuss methads of
structural analysis. Certuin features of design, however, especially
those peculiar to wood or laminated structures, are presented because
they need to be considered,

Attempts to cconomize too thoroughly by varying requirements at
different points in a structure can hecome complicated. Tt is true
that stress requirements muny permit the use of butt joints in somp
Jocations, the use of scar! joints of steeper slope in seme loeations
then in others, and so on. By taking advantage of all such provisions,
some savings in material and labor ean Le gained. Their use, how-
ever, necessitabes extreme care in fabrication to sure that all ma-
terial is properly placed,

. ENGINEERING FORMULAS

Engineering formulas applicable to solid-wood structures are gen-
erally applicable also to laminatad structures, since the glued joints,
if properly made, have shear strength approximately that of ‘wood.
The glued Jaminated member must accordingly behave as would a
solid member, Lamination, however, introduces two possible ensos
in which the usual formulas are not applicable, and which are not
encountered in structures of solid wouod.
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In the case of sharply curved flexure members, the ordinary equations
for stress in o beam sre not applicable and the specinl meshods relatin,
to curved beams should be used. Stresses computed by the usua
equations will be Jow by about 5 percent when the radius of curvature
of the center line of the member is about 6 times the depth of the
member, and by about 11 percent when the ratio of radius to depth
is about 3, with rapidly increasing percentage crrors as the ratio of
radius to depth becomes smeller (25), Limutations on the radii to
whicl laminations may be bent without damage will generully operate
to keep the ratio of center-line radius to total depth at a reasonable
value. Tt is probable, therefore, that few members will be designed
with ratios of racdius to depth small enough to require special treat-
ment, but all sharply curved members should be investigated to as-
sure that the error involved in the use of the ordinary egquations is
small. The cwve of figure 66 may be used to estimate, Tor flexural
members of rectangular cross section, the crror involved in the appli-
cation of the ordinary equations for stress to curved flexure members
having various ratios of center-line radius to depth.
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Clases may arise where it is desirable to use laminations of more than
‘one species.  If so, consideration should be given to the fact that, with
Jaminated beams linving laminations of markedly different moduli of
elasticity, the usual assumption of linear varintion of strain scross the
. depth will Jend to & nonlinear virintion of steess.  This will normally

Cbe of little consequence, particularly il the difference in modulus of
elasticity is small or if the material of low modulus of clasticity is
used in only a small part of the depth near the neutral axis, In the
case of & beam having material of high moduwlus of clasticity in the
outer two-fifths of the depth and low modulus of elasticity in the
central three-fifths of the depth, errors of about 5 percent and 11
- percent will be intraduced lor ratios of moduli of three-fotirths and
one-holf, respectively.  Such a case might arise where, for ressons of
economy, a specics of low sfrength and low modulus of elasticity is
used in the central part of & beam.

Irrecr oF lHicu Moisture Contexy

The working stresses applicable to laminated members must be
suitable for the general maximum moisture content that will be
reached by the wood under use conditions, YWhile most glued lami-
nated members are used under dry conditions, some must withstand
exposure to moisture.  The direct effect of meisture content on
strength has been consicered in establishing the basic stresses of
tables 5 and 6. There are, however, additionaf considerationsinvoived
where the use conditions result in. high Joisture content in the member,

The wood 1o glued laminated members intended for use conditions
invelving moisture and other conditions conducive to decay can be
made durable by the applieation of preservative chemieals if the wood
is not naturally durable. The wood may he treated in lumber form
with preservatives before gluing, or the treatment may be given to
the laminated member after the gluing has been cormopleted.  Such
treatients do not protect the wood from ahsorbing moisture, and
the moisture-couterntt revel of the treated wood under use conditions
is generally the same as that of untreated wood, although certain
fire-retardant treatments make the wood more hygroscopic than
wntreated wood. Conssquently, preservalively treated wood and
unireated wood require the same working sbresses [or similar use
conditions. The use of untrented wood that is not naturally durable
is not, however, recommended where 1lie conditions of use arc cop-
ducive Lo decay.

In general, design for copditions favorable io deeay should be on
2 more conservaiive basis than where such o hazprd is not present.,
In addition, attention should be given in design to the climinafion of
such features as might increase the decay basned, such as the encase-

~ment of wood members in masonry.  Tibers exposed to the hezards
of decay should be inspected at frequent intervals and removed il
decay appuars in or pewr highly stressed sreas.

Frrect oF Fhicy TEMPERATURE

It i known that wood has lower strength al high than at low
temperntures, and investigaiions al the Fores! Produrts Laboratory
have shown that wood that has been exposed to high tempbratures
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for long periods has had its strength reduced even though it may be
used subsequenily at normal femperatures. T4 is known also that
sirength reduction resulting from Uhe cifects of high temperature is
greater for wood at high moislure contenl. Available dava (14, 22,
23} are, however, too meager to permit the establishment of any rules
for the effect of high lesmperature on strenglh.

Caution is suggested i the design of glued Taminated structures
for use under conditions of elevaled lemperstures, pariicularly i
such Lemperatures arve likely (o peesist over long periods., Where
sueh conditions ave expected, some reduetion in working sivess is
desirable to reduce the possibility of damage 10 the struclure from the
effeets of high lemperature,

Since the temperature of the wood and not of the surroundiag air
delermines the amount of strength loss, il anyv, recogailion should be
given to the Taet that high air lemperatures do not necessarily mean
high temperatures in the wood. Wood is o good insulater, and,
theevcfore, high temperatures must persist for long periods before the
wood temperature rises much, particularly if the member is large in
eross section.  In considering the possible necessity for strength
reduction for high temperature, theretore, consideration needs to be
given not only to the Lemperniure to which the member will be exposed,
but also te Lhe anticipated duration of the exposure.

The probability of long-continued high temperalures should be
constdered, also, in the chotee of » glue, sinee cerlain glues are ad-
versely alfected by such expesure (part 1}

Errecr or Sumixkact or SwiELLING ON Suare or CunvEy MuMBERS

A wood member tends to shrink or swell across the grain with loss
or absorption of moisture, bul practically ne change oceurs in the
dimension elong the grain. For a section of & curved wood member
such as s shown in figure 67, the angle & must change (0 accommodale
the change in thickiness, sinee the lengths £ and ! do notl change,

It has been shown (28 that i the thickness ¢ is changed to a thick-
ness ({145, the angle « changes o o valte «fi +¢), where g=—1k
(upproximatelyy, so that the change in angle is —ka,  Honee, if £1s
changed by o smadl peecentage £, the angle e will be changed by
approximuately the same pereeniage, but i the opposite direclion;
that is, radiad swelling cuuses o decerease, and radial shrinkage causes
an inerense, in the angle o between the cads of a curved member,

it may be noted that the pereentage ehange in angle is independent
of the length of the seetion, the dimensions of the cross section of the
picce, aid the radius of curvature. The loregoing relation may
therefore be used reguediess of (he forim of the member,

In deriving this relation, an approximation was used thni consisted
of ¢onsidering that —£& / (1-4k) was equal to —Fk, since £ is small
compared with unity.  Slightly greater aceursey will be obtained by
computing the change of angle 1o be — & o f (J +/k).

1t should be soled that, in the application of this method, several
gpproxunations eannot he avoided.  These include:

(13 An average value of shrinkage musl be assumed as applicable
Lo the member.  Fhe setual shirinkage may difter considernbly from
thie average value, and the value £ will be in error by the anount of
the difference,
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Fraore 67.—Diagram showing notation used in deriving the formula for change of
curvature produced in o surved wood member by radial swelling or shrinking.

(2) The relation used is based on the assumpiion that the percen-
tage shrinkage is the same 2t all points. In large cross sections, the
shrinkage near the outside of the evoss section may be different from
that in the inver part simply because of the greater time required for
the moisture conient to cl?:a.nge in the inner part. Similaﬂy, for
members varying considerably in depth, a thin section will reach
equilibrium throughout sooner than will the thicker section, and thus
the effective value of £ will be different al the two points. Wibh

-sufficiently long exposure, however, and reasonably constany condi-
tions, the value of £ for all points in the member will be the same.

The effects of shrinkage or of swelling should be considered in any

" computetion of deflection or of final position of a curved laminated
member. In the case of three-hinged arches of such shape that they
are horizontal, or nearly so, at the crest of a roof, such effects may be
of considerable imaporlance. In such arches there may be shrinkege
enough to formn a depression, or trough, at the crest of the roofl that
awill create serious drainage problems. For an arch of this type,
eonsideration should be given to the moisture conient of the member
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at the time of fabrication, the moisture conient to be expected in
service, and the change in angle between the two ends of the member
that will result from changes in moisture content and the consequent
shrinkage across the grain.

Consideration should be given to the provision of effective hinge
deiails in joints of arches where such joints have been assumed 1n
design.  With such details provided, the line of action of the forces
on the member will be as assumed, regardless of changes in shape of
the member.

Where deformation in a curved laminated member is restrained,
as in 2 boat frame counnected to a deck beam, the tendency to deform
will cause stress in the member, The method just outlined will
furnish the data necessary to calculate the magnitude of these stresses.

CoxsipEraTIONS N THE DEsicy oF Coxrinvous Beans

Caution should he exercised in the use of butt joints in continuous
beams bacause of the reversal of moment, and thus of the location of
the compression section of the beam, at points near the supports,
since the treatment of butt joints in design 1s different for the tension
and compression sections of beams.  Furthermore, in structures sub-
ject to variations in load, the point of moment reversal may vary
somewhat, so that the arcas in which hutt joints may be used will
also vary. In eddition, the use of scarl joints of steeper slope and of
laminations containing knots of larger size is rendered more difficult,
{or moments are no longer small near the supports, as in simple beams.

It is recomunended that butt joints not be permitted at any point
in a continuous beam, and that no attempt be made to vary the
requirements for slope of searf joint or knot size at various poiuts’
aleng the length.

Fasrening Drsicy

Allowable loads or allowable stresses and methods of design for
bolis, conneciors, and other fastenings that are applicable to Iasten-
ings used in one-piece sawn members, are applicable also to laminated
members.  However, it the design of fastenings in laminated mem-
bers, problems may arise.  For example, in connecting an arch rib to
a Toundation, it is commaon practice to bolt the rib to a metal ehannel
or shoe attached to the Toundation. With & rather deep section, the
bolts may be widely separated.  If a lavge decrease in meisture con-
tent cceeurs, the tendencey of the member to sheink between the widely
separated bolts will be considerable; and, if the bolts are held in
position by the metal channels, o consideralle stress in tension per-
pendicular to grain will be set up, and splitting may oceur.

This tendency will be reduced if the moisture content at the time of
ereetion is approximately the same as that to be reached in service.
Sormne relief may wiso be gained if the bolt holes in the steel channels
are slotted to permit movement of the bolts. It is probable that
friction on the bolts will be large enough to prevent free movement,
but such an arrangement may relieve the tensile stresses across the
grain somewhat. Cross bolts will assist in preventing separation if
splitting does cceur.
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Erasrtrc INSTABILITY

HEIGHT-WIDTH RATIO OF BEAMS

. According to the usual flexure formulas, sirength and stiffness vary
as the second and third powers, respectively, of the height of a beam,
but only as the first power of the width. Consequently, the amount
of material required for strength and stiffness is minimized by making

. the height as great as other considerations permit, within certain

limitations imposed by the effect of the height factor.
- . The extent to which strength and stiffness can be aungmented by
increasing the height and decreasing the width is limited, because
large ratios of height to width lead to lateral instability and to failure
by twisting and Iateral buckling at loads less than those computed
by the ususl flexure formulas. The critical bending moment or load
-depends on the modulus of elasticity and the modulus of rigidity (in
torsion}, the length and cross-sectional dimensions of the member,
location or distribution of load, and on the way in which the ends and
edges of the member are supported and restrained. :

Formulas for critical moment or load have been developed theoreti-
cally and checked experimentally for several combinations of these
factors (7). The formulas were derived for straight beams. Ade-
quate information along similar lines is lacking for curved meralers.
The following ratio has been suggested by the Torest Products
Laboratory (28).

The ratio of the depth to width in a curved member with rectangulas
cross section should not exceed 4 when 1 odge Is braced at frequent
intervals, as by girts or roof purlins, and should not exceed 3 when
‘such bracing 1s lacking. The length of members that are hraced
along onc edge is probably not important. Tt is suggested that the
combined bending and compressive stress in unbraced members be
limited to one-third of the stress that, according to the Euler formula,
would cause Iateral buckling in straight members of the same cross
section and of a length equal to the chord length of the curved member,

Formulas for critical moment or lond for benms having cross
sections other than reclangular are somewhat more complicated.
Formulas for a number of cases for beams of 1 section are given in
National Advisory Committee for Aeconautics Report 382 (26). The
formulas for beams of rectangular section may be used for beams of
box section if the appropriele torsion constant is used.

*For use in the formules mentioned above, o value of mean modulus
of vigidity may be taken that is equal to one-sixteenth the modulus of
elasticity,

WRINKLING AND TWISTING OF COMPRESSION MEMBERS HAVING ‘THIN
QUTSTANDING FLANGES

‘Compression members having thin outstanding flanges may fail by
wrinkling of the thin outstanding parts or through twisting of the
entire member about its longitudinal axis rather than by the usual
modes of failure appropriate to their length. Both wrinkling and
. twisting phenomena are governed by individual laws and differ from
the usuel column behavior. Failure of any kind, whether it be erush-
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ing, as for a short columr, flexure, as for a Jong column, wrinkling, or
twsting, will come from that particular stress or combination .of -.
stresses to which the member has least resistance. . :

~ Criteria for determining the critical stress for wrinkling or twisting
failure have been developed (7). These criteria may be used to deter—
mine whether the eritical stresses for these secondary modes of failure . .
?r{e} greater or less than the stress associated with the primary mode of
ailure.

SUG‘GESTED SPECIFICATION REQUIREMENTS

Specification requirements suggested here’n for glued laminated
structures and structural members must necessarily be general. Such
requirements can, however, offer guidance in considering the more
important points that affect a speciication for & particular structure
and may, in somne instances, be applicable in themselves, They are,
where possible, based on the best available test data; where test data
are not available, they are based on the best judgment of the authors
and others. Some of the provisions bave been taken {rom United
States Department of Agriculture Technical Bulletin 691 (28}, which
has heen widely used as a sowrce of specification requirements since its
publication in 1939. The fellowing requirements are presented for the
purpose of serving as general aids to specification preparation.

DEsicN

LOADS

Both the magnitude and the duration of the loads to be encountered
i servige shall be considered m design. The loading to be considered
in the design shall include dead load, snow load, wind load, impact,
earthquake, and others as applicable, and shall include such combina-
tions of these loads as are applicable. The types of loading to be
considered and the magnitudes of the various loads shall be determined
by the best usual practice or as dictated by applicable codes or
ordinances. Loads to be encountered in erection shall aiso be con- ~
sidered in the design. '

ATLLOWABLE WORKING STRLESSES

Allowable working stresses shall be determined in accordance withy*
the provisions of this publication. Allowable design loads or stresses
for {astenings shall be determined as for fastenings in solid wood -~
members. :

MATERIAL

GCLUE

A glue shall be used thet is adequate to develep and retain the full -
strength of the wood under the conditions expected for the anti-
cipated service life of the structure. (CGlue types suitable for use under’. *
various service condilions are described in part I of this publication,
in which some references to specifications for these glues are given.)
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LUMBER CLASSIFICATION

"“Hach pisce of lumber, before assembly into a glued laminated
Ariember, shall be classified and suitably marked or segregated to
- identifyits grade. Where a piece is resawed, ripped, or cut into shorter
~lengths, each piece resulting from such cutting shall be regraded and
-suitably marked or segregated so that its grade identity is retained.
. Moisture contentr-*'.%he moisture content of the lumber immediately
- _prior to sssembly into the laminated member shall be such that the
‘completed member shall have a moisture content as near as possible
to that expected in service. The range of moisture content of various
. .]aminations assembled into a single member shall not exceed 5 percent
-7 (for example, 6 to 11 percent or 10 to 15 percent) at the time of gluing.
' Limitations for siress grades—Laminations may be of material
graded under the rules for stress-grade material as given in the Wood
- Handbook (7) and in the grading rules of the various organizations
publishing grading rules and providing inspection, except:
-~ 1. For use in horizontally laminated members subject to bending,
~ the size of knot permitted at the center of the wide face of pieces of
}pist and plank grade mey be permitted at any location on the wide
face.

2. The rule limitiug knot concentration in the center half of the
length shall be applicable to all portions of the length.

3. Laminations sawed from material graded under the rules for
stress-grade material or edge-glued from such material shall be
Tegraded in the new size,

Lamdtations for other commercial grades.—Grades of lumber that do

. ot have limitations on all factors affecting strength shall not be used

- in glued laminated structural members unless they have been regraded

- in accordance with the principles set forth for stress grades or have

. been classified in accordance with the provisions of the following
‘section.

Limitations for special lamination classes.—Ib may sometimes be

necessary or desirable t0 use grades of lumber in which the defects are
- pot adequately limited to permit their use in structural members. In
common grades of lumber, for example, cross grain is not limited. The
clesses suggested below are essentially sorting classes, which may be
- used in a plant to classify commercial grades of lumber for use in
- laminations.
. Decay is not permitted in any piece in which the largest permitted
knot is required to be smaller than one-half the width of the piece. In
- pieces where decay is permitted, it shall, at its maximum point, ocoupy
& proportion of the cross section of the piece no greater than one-half
that occupied by the largest permitted knot, Pieces containing decay
shall not be used in the outer laminations of members subjected to
_bending loads.

Sep stain is permitted.

Sound, encased, loose, or pith Imots shall be admitted. Unsound
{(decayed) knots may be admitted provided the decay does not extend

~ into the surrounding wood to an extent greater than is permitted by
the requirement given above. Knotholes shall be measured and
Jimited as specified for knots.
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Enots may be measured as gpecified in the Wood Handbook (7) or
in lieu thereof, the following method of measurement mey be used.
The size of a knot in a typical flat-grained piece is to be taken as the
distance between lines touching the knot and parallel to the edges
-of the piece on the face on which the size of the kuot is the greater,
except that the grestest dimension of the remaining portion of o knot
that is partially cut away at the edge of the piace shall be taken as the
size. In the case of & spike knot or of a knot extending across the
wide face of an edge-grained picee, the ratio of the maximum cross
section of the knot to the cross section of the piece shall not excead
the fraction specified for the ratio of the size of a knot to the width
of the picce.

The sum of the sizes of all knots within any 8 feet of the length of
n. piece shall not exceed 4% times the maximum permitted size.  When
knots are in tandem or partially so, as in fAgure 68, the measurement
a may be used instead of the sum of the incdividual sizes.

)
a, @
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&

Ficure 68— Measuremenl of “tandem® knots. The distance « is to be taken
as the size when b is 6 inches or less.

ZMEI102BF

The slope of grain is to be measured over a distance sufficiently
great to determine the general slope, but disregarding slight local
deviations. Particular attention is to be given to spiral grain, which
is defoectable on tangential (fat-grain) surfaces only.

Laminations shall be free from checks, shakes, or splits that make
an angle of less than 45° with the wide face of the piece, and free
from pitch pockets whose width measured on the wide face excoeds
1Y% inches or one-cighth the width of the pisee, whichever is the losser.

Wane is permissible if its greatest width does not exceed the finished
t}ﬁ(:}mess of the piece or one-cighth the finished width, whichever is
the lesser.
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CLASS 0 shall be free from knots grepter than * inch In size or one-
sixteenth the width of the piece, whichever is the lesser. The slope
of grain shall not be steeper then 1 in 20 for members stressed primar-
ily m bending or tension por steeper than 1 in 15 for members stressed

_primarily in compression,

CLASS 1 shall be free lrom krofs ereater in size than 1Y inches or
one-eighth the width of the picce, whichever is the Jesser. The slope
-of grain shall not be steeper than 1 in 18 for members stressed primar-
ily in bending or tension nor steeper than 1 in 14 for members stressed
primarily in compression.

CLASS 2 shall be free from knots greater in size than 3 inches or
one-fourth the width of the picce, whichever is the lesser. The slope
of grain shall not be steeper than 1 in 14 for members stressed primacily

in berxling or tension nor steeper than 1 in 10 for members stressed
primarily In compression,

CLASS 3 shall be free from knots greater in size than 3 inches or

- three-etghths the width of the picce, whichover is the lesser.  The slope
of grain shall not be steeper than 1 in 10 for members strossed primarily
in bending or tension nor steeper than 1 in 8 for members stressed
primariy 1 compression.

CLASS ¢ shall be free from koots greater in size than 3 inches or

one-half the width of the piece, whichever is the lesser.  The slope of

grain shail not be steeper than 1 in 8.

FangpicaTioN
TECHNTOUES

Technigues used i fabrication shall be in accordance with part I
of this publication.

QDUALITY OF GLULE JOFYFS

Glued joints bhetween laminations of memhers of all types and glued
edge joints in laminations for vertically laminated members shall he
of such quality that they will mect the requirements appropriate to
the conditions expaeted in serviee, as given under Methods of Evajua-
tion of Product in part I of this publication. Glued edge joints in
laminations for horizoatally laminated members and for compression
and tension members should preferably also meet the foregoing roquire-
ments.

JOINTS IN THE WIDTH OF LAMINATIONS

Laminations composcd of 2 or more pivees edge glued to each other
prior to final surfacing may be considered as 1-piece Inminations. In
vertically laminated beams, sl laminalions required for shear resist-
ance shall be 1-piece. For members to be exposed to the weather
or equally severe service, it is preferable that all laminations be one
piece. In horizontally laminated members for interior use, lnminations
may be 1 picce or may be of 2 or more picees, not edge glued.  Edge
joints in adjacent laminations, particularly for severe conditions of
exposure, shonld be separated by not less than the lamination thick-
ness.
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- JOINTS IN THE LENGCTH OF LAMINATIONS

Types—Butt joints moy be used. They should preferably not be
used in the laminations of tension memnbers, i the laminations com-
prising the tension section of fexure members, nor in any laminations
of the curved section of o member. Due account shall be taken in
design of the effect of butt joinbs in reducing the effective area of axi-
ally stressed members and the net moment of mertin of fexure mem-
bers.

Plain or stepped scorf joints may be used.  Scarf joints steeper than
1 in & for interior use or 1 in 10 fov exterior or equally severe service
shall not be used.

End jeints of other types may he used provided (@) adequate infor-
mation is available on which to base limitations of slope, spacing,
and placement, and on which to caleulate allowable design sbresses
for mambers having laminations containing such joints, or (b} they
are placed and treated, in the design of the member, as if they wore
butt joints. ’

No end joints of any type shall be permitted in the laminations of
the outoer one-fifth of the depth of 2 flexure member where the radius
of curvature to which the lamination is bent is less than 125 times
the thickoess of the lamination,

Spacing.—DButt joints in adjacent luminations of axially stressed
members shall be spaced not closer longitudinally than 50 times the
lamination thickuess unless account is taken in design of the effect of
closer spacing.  In flexure memboers, the minimum longitudinal spacing
shall be 19 times the lamination thickness.

Where searf joinds occur in compression members or in the compras-
sion portion of flexure membors, there are no limitations on the spacing
of joints I adjacent laminations, but some dispersion is deseable.
In tension membors or the tension seetion of Hoxure members, searf
joints in adjmeent laminations shall be longitudinally spaced, center
to center, ot least 24 times the lamination thickness where the design
stress is at the full allowable value. Tor lesser values of siross, t%e
minimum requiced spacing may decrease linearly to zere in areas of
zZero sbress.

ARRANGCEMENT OR DISTRIRUTION OF TAPER

The tapering of members that vary in depth shall be accomplished
by one of the jollowing methads:

1. The member shall be built up Lo approximalely the desived depth
and formed to the desived shape.  If, by this procedure, the slope of
grain with respeet Lo the outer surfaces of the member becomes steeper
than the grain slope permitted in the outer laminations, one of the
following procedures shall be used. _

2. A group of outer lnminations totaling st least one-fifth of the
depth of the member at the point of maximum depth, or one-half the
depth of the member at the potnt of minimum depth, shall run paral-
lel to cach [uce of the member, with the remaining laminations so
arranged thal 16 will not be neeessary to taper their cods to a slope,
with respect Lo the grain dircetion, steeper than thal permitied for
searf joints in the outer group of laminations. Such lapering shall

2470:00°—54——-10 '
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-be done by the use of techniques that will insure that glue joinss be-
tween the inner and outer groups of laminations will have a quality
equal to that between laminations.

3. All laminations shall run parallel to the center line of the member,
-exeept the last one ai each face, which shall follow the curvature of
the face. Fitting of the ends of the eentral group of laminations shell
be done by the use of teehniques that will insure that glue joinis
between the outer laminations and the central group will be of o
quality equal to that between laminatiouns.

- 4. The total taeper shall be divided with approximate uniformity
among ali laminations; that is, each lamination shall be tapered in
the same proportions as the member itself.

INSPECTION

Plant or other inspection io insure quality of the finished product
should cover at least the following points: (1) quality of materials,
(2) proper fabrication techniques, (3} quality of glue joints, and {4)
proger placement of edge and end joints and material of various
grades.

GLOSSARY

Afr-dried or air-sensoned. See Seasoning. .

Arch. A stracturnl element whose general form is that of & curve and which is
so supported that horizontal as well as verticnl motion is resisted. When the
ends of the arch are fixed in pesition with respect to the abutmenis and the
member 15 continuous between sbutments, it is known as & fixed arch; when it
is supported at the abutinents by connections ineapabie of transmitting moment
and the member is continuous between hinges, it is known as o Z-hinged arch;
when it is supported as is a 2-hinged arch, but is made of 2 parts joined at an
intermediate peint, usually the conter of the lenygth, by & conngetion incapable
of transmiiting moment, it is known as & 3-hinged arch.

Busic sfress,  Bee Stress.

Beam. A strucburat element, supported at one or more places nlong its length,
the prineipal function of the element being to suppert loads acting meore or less
transversely to the long dimension.

Bulf joint. See IEnd joint.

Check. A scparation along the grain extending, generaliy, across the rings of
annual growth.

‘Chord.  ©One of the principal members of a truss, usually horizonial, broced by
the web members,

Close-grain rufe. Raules for classification of lumber on the basis of rate of growth
(rings per ineh). The rules at present apply enly to Douglas-fir and redweod
and ditfer slightly. Structural material of these species meecting the reqguire-
ments of these rules is assigned somewhat higher working stresses than is
materind not meeting these requirciments,

Column. A vertieal compression inember on whieh the principal loads are paratlel
to the axis {n line joining the venters of gravity of all cross sections) of the picce.
Bhort- columns are those which fuil primarily by shearing or erushing; inter-
mediaie columns are those which fail by 2 combination of shearing or crushing
and flexure; loag columns are those which fail in flexure; simple columns are
those whose cruss section at sll poiats is g closed zres: spaced eolumns are
those composed of two or more simple columns spaecd soine distance apart
and connected abt fwe or more points, usually with metsl connectors ot the
juncture of the simple column and the spaving clement.
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Cross grain. Lack of parallelism between the longitudinal eleinenis of the weod
and the axis of o piece. Applies to cither diagonal or spiral graio or {o & com-
bination of the two.

Dingonal grein. A form of cross grain resulting from sawing at an angle with
the bark of the tree,

Spiral grain. A form of cross grain resulting from ihe growtih of the longi-
tudinal elements of the wood spirally about instead of vertically zlong the
bole of the tree.

Defecl.  Apy irrepularity in or on wood that may lower iis strength.

Delomination. Separation of two laminations due to fatlure of the adhesive.

Density rule.  Rules for classifiention of humber based on pereeniage of summer-
woed and rate of growth (rings per inchl. The rules at present apply only to
southern vellow piue and Douglas-fir and differ stightly. Structural material
weeting the requirements of these ruies is assigned somewhat higher working
stresses than is maoterial not meeting Lthese requirements.

Diagonal grain.  See Cross grain.

Hedge joint.  The juncture of two picces joined edge to edge, commonly by gluing.
This may be done by gluing two squared edges as in o plain cdge joiné or by use
of machined joints of various kinds, such ns tongue and groove.

Edge gratn.  Lumber that has been 50 sawed that the annual growth rings form
an angle of 45 degrees or more with thie wide surface of the picce.

End joini. The juncture of two pleces joined end to end, commonly by ghiing.

Butt joinl. An end joint forined by abutting the squared ends of two pieces.
Beecause of the inadequacy and variability of glued butt joints, they are
noé generally giued.

Searf jornt.  An end jeint formed by joining with glue the cnds of two pieces
thal have been lapered to form sloping plane surfaces, usually to a feather
edge, pnd with the same slope of the plane with respeet to the length in both
pieces.  In some cascs, o step or hook may be machined into the scarf to
fgeilitate alinement of the two ends, in which case the plane is discontinuous
and the joiut is known as o stepped or hooked searf joint.

Flet grain.  Lumber that has been so sawed that the annual growth rings form an
angie of less than 45 degrees with the wide surface of the picee.

Form factor. A faclor Lo be applied to the vsual formula for resisting moment in
o beam te take asecount of the difference between the stresses developed in
beams baving certain cross-sectional shapes and those developed in a beam
having a solid 2- by 2-inch cross section when computed by means of the usual
enpineering formulns.

Grade. The designation of the quulity of & manufactured picce of wood.

Hardwoods, The botanieal group of trees that arce broadleaved. The terin has
1o referenee fo the actual hardness of the woud.  Angiosperms is {he botanieal
nome for hardwoods.

Height factor. A factor Lo be applied Lo the vsual formula lor resistitg moment in
# beam to Lake account of Lhe dilference hefween the stresses developed in benins
of various heights and ihoze developed in o beam having a solid 2- by 2-inch
cross seetion when eompuied by means of the usual engincering formulas.

Joist and plunk. Pieces (nowinal dimensions 2 to 4 inches in thickness by 4 inches
and wider) of rectanpuior cross scetion praded with respect to their strength
in bending when loeded either on the nurrow face as joist or on the wide face
as plank,

K n-dried. See Sensoning,

Anoi. Thab portion of a branch or lhinb that has been survounded by subseguent
growth of the wood of Lhe trunk or other part of Lhe Lree; also a cross scetion of
such o branch or limb on the surluce of & piece of wood,

Decayed Fmot. A kuot which, duc to advaneed deeay, is softer than the
surrounding wood.

Brncased knol. A knot whose ringg of annual growth are not intergrown
with those of the surrounding wood.

Intergrown knol, A knot whose rings of aununl growth are completely
intergrown with those of the surrounding woed.

Puth Enot.  Sound knol having pith hole nol over ¥ inch in dinmeter.

Round fnol. A koot whose sawn seetion i= oval or circular,

Sound knoi. A kool which is solid across its fuee, at least as hard as the
surrounding wood, and shows no indication of decay.

Spike knot. A kuob eut approximately paralicl to its long axis so that the
exposed section is definitely elongated.
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Laminated wood. An mssembly made by bonding layers of veneer or lumber so
that the grain of ali laminations is essentially paraibel.

Horizonlally laminaled wosd. Lominated wood in which the laminations are
s arranged that the wider dimension of the lamination is approximately
perpendicniar to the direction of the ioads,

“Vertically laminated wood. Laminated wood in which the laminations are so
arranged that the wider dimension of the laminstion is approximately
parallet to the dircetion of the loads.

ZLaminalion. One layer in, or {0 be used in, laminated wood. It may consist of
& single piece or of a number ol pieces in width or Jength, with the edge and end
joints glued or unglued.

Afoisture content. The amount of water contained in the woad, usuelly expressed
as a percentage of the weight of the oven-dry woed.

Plain-sawed, Another term for flat grain.

Phywood. A cross-banded assembly made of layers of veneer or veneer in
combination with o lumber core or plies joined with an adbesive, Two types
ol[ plywood are recognized, namely: (1) veneer plywood, and (2} lumbercore
plywood. .

Nors—Generally the grain of one or more plies is approximately at righs
anglles to that of the other plies and almost always an odd number of plies are
used,

Quarter-sawed.  Another term for edge grain.

Radinl. Coineident with 2 radivs from the axis of the tree or log o0 the
circumference.

Ruie of growth. The rate at which g tree has grown wood, measured racdially in
the trunk or in lumber cut from the trunk.,  The unit of measure in use is the
number of annual growth riuys per inch.

Ring, annual. The annual growth layer as viewed on a cross section of a stem,
branel, or root,

Searf joint. Hee End joint.

Seasoning. The removal of moisture from green wood in order fo improve its
serviceability.

Air-dried or air-scasoned. Dried by exposure to the air, ususlly in 2 vard.
without arlificial heat.

Kiln-dried. Dried i 2 kiln with the use of artificial heat.

Shake. A separation along the grain extending, gencrally, between the rings of
anaual growth,

Softweods. The botanieal group of trees that have needle or sealelikte loaves, and
are evergreen for the most part, baldeypress, western lareh,'and tumarack being

-exceptions. The term has no reference to the actual hardness of the wood.
Boftwaods arc often referred to ss conifers, and botanieally they are calied
E¥MnOsperivs,

Spiral grazn.  See Cross grain.

Split. A lengthwise separation of the wood extending from one surface generally
aeross the rings of annual growth through the piece to the oppusite strfuce or
to an adjoining surfacy; & through check,

Springwoad. ‘The portion of the sanual growth ring that is formed during the
early parl of the seasoa’s growih, It is usually less dense and weaker mechan-
ically thao stwinmerwood, :

Strength. The term in ifs broader sense einbraces collectively all the properties
of wood that cnable it to resist differcnt forees or londs.  In its more restricted
sense, strength may apply to any one of the moechanical properties, in which
eveni the nawe of the property untler consideration should be stated, such as
streagth in compression paraliel to the grain, strength in bending, or hardness.

Strenglh ratio. A ratic representing the sirength of a picee of weod remaining
after making aliowence for the maxiwum etfect of the permitted knots, cross
grain, shakes, and other defects.

Stress. Torce per unit of aren,

Busic stress. The working stress for delect-frec materinl. It has in it all
the Inctors approprinte to the nelure of structural timber aud he condi-
tiovs under which it is used exeept those that are nceounted for in the
strenglh ratio.

Woerking stress. The stress for use in design of & wood nember that is op-
propriitte to the speeies and grade, Tt is obtained by wultiplying the hasie
sbrc.-l;s for the species and strength property by the strength ratie of the
grade,
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Swmmerwood. The portion of the anmial growth ring that is formed- after the
springwood formation has ceased. If is usually more dense and stronger wme-
chanically then springwood.

Pangeniial., Strictly, coincident, with a tangont at the cireumference of a tree or
log, or parallel to such a tangent.  In practice, however, it often means roughly
eoincident with a growsh rine.

Timber, gne-piece sewn. A thmber consisting of o single picce of wood and formed
to its fnel dimensions hy no other inanufacturing operations than sawing or
sawing and subsequent planing of one or moere surfaces. ’

Tryss. A framewerk consisting of strajght members, with axes all lying {u the
same plane, so connected as to form a triangle or serics of triangles.  [n some
cases, 85 in & bowstring triss, the chord members nay be shightly curved, but
the curvature i5 generally so slight that it eomplies essentinlly with the defini-
tion,

Veneer. A thin laver or sheet of waod.

Rotary-cut sencer.  Veneer cub in a continuous strip by rotating a log or holt
agningi u knife.

Saaed veneer.  Veneer praduced by sawing.

Siiced vencer. Venoer that is sliced ofT hy woving a log, bolt, or flitch agaiust
a knife.

Vertical grain,  Another term Tor etlze grain.

Wane. Bark, or lack of wood or bark from any cause, on an cdge or coruer of a
picee.

Working siress. Bee Stress,
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APPENDIX
Errecr or Exp Joints
JOINTS IN BEAMS

Laminated beams with end joints in the laminations have been
tested at the Forest Products Laboratory. The types of end joints
tested and their locations are shown in figures 69 and 70.

The variation in longitudinal strains within beams having joints in
lamingtions was measured in typical beams of all types for londs below
the proportional limit. Ip every instance, the variation of strains on
a cross section was essentially linear, except in the immediate vicinity
of the joint, and the point of zuro strain was at or very near the mid}-
Leight of the beam, These [acis indicate that, under working loads,
the deflection of the beams and the general stress distribution are
determined by the properties of the quil cross section, with the joint
aeling as o stress raiser to cause local variations in stress.

The strains in the neighborhood of a joint were found to reach
measured values as mueh as 2} times as great as the strain at the seme
vertical position in a cross section that was at some distance from the
joint and subjected to the same ymoment. It was not possible to
measure the strains on the most highly stressed fibers, and it is there-
fore safe to say thati strains in excess of measured values exist.

These findings are consistent with mathematical investigations
(21) dealing with stresses in beams of orthotropic material, The in-
tensity of stress at the extremnities of the major axis of an elliptical
bole with & ratio of mujor to minor axis of 50, and oriented with the
major axis perpendicular to the direction of principal stress, is shown
to be some 240 percent as great as the stress at seme distance from
the hole. Buch a condition is somewhat analogous to that of a butt
joint in a lamination.

Data for each beam with joints are plotted in figures 71 and 72.
In each diagram the sbscissa is the ratio of f,, the net moment of
inertia (computed as if all jointed laminations were totally ineffective}
of the jointed beam, to 7, the moment of inertia of the full cross
section {or moment of inertia of the control beam}, with both moments
of inertia being taken about the axis at micdheight of the cross section.
The ordinate in each is the ratio of the load on the jointed beam to the
load on the matched control beamn. The heavy dotted lines represent
the load ralios to be expected from the ratios of moments of inertia.

Butt joinis.—The dingrams indicate that the proportional-limié
ratios for beams with butt joints in the bottom [aminations are much
lower than the ratios of moment of inertia would indicate, although
the ratios for modulus of rupture approximate the expected values,
Beams with bith jomts in the laminntion next to the bottom one fell
somewhat short of expected load ratios. liven with the grentest spac-
ing used, joints in the second and third laminations from the bottom
appeared Lo lower the strength bolow that estimated by sssuming
both jointed laminations to be totally ineffective.

. 147
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F1curE 69— Jointing patierns for laminaled beams. Patterns 3, 2, 5, and § are
butt joints in single laminations. Paltern 3 is an Onsrud joint.  Pattern 4 is
a serrated scarf joint,

Expected load ratios are approximated by beams with butt joints
i the top lamination or in the lamination next to the top. Data for
beams with butt joints in the second and third lnminations from the
top mndicate that, even with the greatest spaeing used, the streuvgth
was o greater than would be estimatoed [rom the assumption thal both
leminstions were ineffeetive. .

These data indicate Lthat butl joints have somewhsat more serious
effects when in the tension than i (he compression half of a beam.
‘Table 10 aflords a compuarison of the effects of butt joints in the two
locations. Average ralios of Lhe properties of beams conlaining buts
joinig to those of beans gontaining no joiuts are shown for comparable
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Frevne 70— Joiniing palterns For laminated beams. Palterns 7 to 9 and 13
through 18 are butt joints in wore than 1 famination, with various spacings
Letween joints in adjacent laminations. Puatierns 10 to 12 are scarf joints of
varieus slopes in single laminations, :

locations in the tension and compression portions of beams. Also
shown are ratios of the values for beams containing joints in the
tension half to those for beams coutaining joints in the compression
half. Values of this ratio lower than unity indicate a more serious
eflect for joints on Lhe tension than for those ou the compression side.

The datn of table 10 are somewhat erratic. It is apparent, never-
theless, thal the ralios tend to be lower than unity, particularty for
butt joinls in the outer lamination on the tension side. ‘This fact,
together with the crratic nature of the data, indicate the desirability
of avoiding hutl joints in the lension half of a Bexure member. If
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FrguRre 71— Ratie of proportional-limit load for beam with joints to proportional-
Hmit load oa control beamn. Ne{ moment of inertia computed #s if all jointed
teminations were folally ineffcetive,
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% SOUTHERN YELLOW PINE

— MVERAGE STRENGYN RATIO FROM TESY fDOUGLAY -FIR)
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@ JNNTING PATTERN (WHERE TWO NUMBERS APPEAR,
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Froune 72.—Rsatio of uitimate load for beam with joints to ultimate load on
control beam. Net moment of inertia computed as if al! jointed laminations
were totally incffective.




butt joints pre used, an additional factor should be considered in
- computing the strength-reducing effect of butt joints beyond that
used for butt joints In the compression half. Considering the data
of table 10, it appears that & reduction of at least 20 percent should
be applied to the moment of inertia computed by considering the
jointed Jaminations ineffective. Where a butt joint is located in the
outer lamination on the tension side, the reduction should be at least
* 40 percent,.

" TaBug 10.—Comparison of properties of beams having butt joints in
tension laminations with those of beams having buti joints in compres-

sion laminations
B-LLAMINATION BEAJMS

]

: Fiber stress at proportional

limit Madulus of rupture

Ratio of jointed Ratio of jointed

to nonjointed to unjointed
beams. Joints beams,  Joints

Location of joints in— in

; _ Ratio | Ratio
| Comn- & | com (8)/(5)
I pres- | Tension pres- | Tension
! sion | lamina- ston | lamina-

i lainina- |  tions laming- | tions
tions tions

3 e @ | @ e

Qutside lamination._._, 0. 70 . 0.40 0.9l
Second lamination
from outside . - 1.12
Average. . .__ .76

1-LAMINATION BEAMS

Qutside lamination___ . 0. 84 0.33 0. 40
Second lamiination
from oufside. ______ . . 1. 00
Becond and third lami-
nations from out-
side: )
Spaced 10¢ . . .99
Spaced 20¢ . . L%
Spaced 30¢ v . . 89
Average .81

17-LAMINATION REAMS

Qutside lamination ____ 0. 84 G 42 0. 50
Seecond Jamination :
from outside_ __ ____ . . 1. 06
Avergge ! .78
Averagoe of all ' .80 ;
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“I'o supplement the joint spaeing data discussed above, an additional
set of 12-Jamination beams was fested. ‘The second aund fourth
laminations from the top contained butt joinis in the same cross
section, and the third and fifil lnminalions conlained buit joints in &
cross secfion 4, 7, or 10 Umes the lamination thickness distant from
that containing joints in the second and fourth laminations.

The results of these tests are shown graphically in figure 73; shown
also ave the data from the carlier series.  The horizoutal dashed lines
in the figure are dravwn at levels representing the ratio of strength of
jointed to unjointed beamns, by assuming that the strength of the
jointed beam is pmpommml to the net moment of nertin <omputed
by assuming certain combinations of laminations ineflective. The
upper dashed lines in the left balf of the fGgure o 81.5 percent have
had the second and fourth laminations frem the top omitted from the
computation of net moement of inertia. The lower lines at (9.3
pereent have bad the seeoud, third, fourth, and fifth laminations
omitted. The corresponding lines m the right helf of the figure have
hiad the second and the third famivations rom the top omitted in the
compuintions represented by the lines nt 85.5 and 77.3 percent,
vespectively.  The upper lines vepresent the strength when only the
butt joints al a single cross seelion contribute to streagth reduction,
while the lower lines represent the strength when all butt jeoints
contribute to strength reduction, as i all were at & single eross section.

In the left halfl of figure 73 the trend iz Lloward the upper line with
inereasing spacing, wilth the av ernge ralio correspondizg essentially
with the wpper line at a spacing of 10 times the lamiination thickness;
thus, a joint spacing of 10 appears adequs‘r.  In the right half of the
ﬁgure, the trend is generally downward.  The reason for this decline
is not known, but it mav result from the concentration of shear stress
in the vicinity of Liie load pointsas diseussed lnler. At a joind spacing
of 30¢, the joints were only about 1.65 inchies [rom the load points. 1t
is possible, therelore, that the stress coneentration near (he load peints
has contributed to the strenzth veduetion at the greater spacings and
that, had the joinls been {arther from the load points, higher values
would have been obinined. It appears desirable, from this, to keep
butt joints in beams woll away from concentrated londs,

Modulus of clasticity appears to be unaffected by but(-joint spacing,
although there appears to be some lowering when the joints arc near
the load points,

Ongrwd joinis—Beams with Onsrud joinis in the botliom lamina-
tions were no betler in modulus of rupture than those having bult
joints similarly located: at proportional linif, the two {ypes guve
essentially (he sime results. Mher tests (7.2 have shown low eoffi-
ciency in teasion for joints of this (ype. so that they cannot he expected
to bie essentinlly different from butt joints -with respect to their be-
havier in & beam.

Scarf joints—'The daia indicate thai beams with searf joinis (ser-
rated scarf and plain searf with slopes of 1 in 12, t in 8, or 1 in §) are
nearly equal in strength to beams with continuous laminations, and
consulcmbls betior than the predietion based on the assumption that
the jointed lamination is totally inefiective. The data afford little
basis for differentiation among the 4 kinds of joints, but the efficiency
of plain scarf joints in tension in another series of tests (12} averaged
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about 95 percent at a slope of 1 in 20, sbout 85 pereent at a slope of
1 m 10, and decreased rapidly with further increase in steepness of
siope to an average value of less than 70 percent at & slope of 1 in 5.
A serrated searf joint of the type used in the beams averaged about
64 percenk.
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Fraure 73.— Katios of properties of beams with spaced butt joints to corresponding
propertics of unjointed begms,

In these tension lests and in the tests of beams, end joints were
formed by cutting a Iamination or board in two at approximately the
desired slope and, after machining the parts, by ghung them together
in approximately their original positions. This was done in order to
get the best possible matching between jointed specimens and those
without joints. It resulled in summerwood being glued to sumnmar-
wood and springwood to springwood more consistently than can be
expecled gencrally. In commercial febrication, summerwood will be
ioined to comparatively weak springwood over part of the sr s of the
jomnt. Even with the best technique in fitting and gluing, thercfore,
lowered cfficiency is to be expected.
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In seme beams with joints in the cuter lamination on the tension
side, the strength of the jointed lamination is very small as compared
to that of a continuous lamination, The load that would cause failure
of the outer lamination would, in such beams, be insufficient to cause
failure of she reduced beam formed by considering the failed outer
lamination {0 be inaffective. There would, therefore, be a “Aoor”
below which the strength of the jointed beam would not be expected
to fall regardless of the reduction in strength of the outer lamination
caused by the joint. These floors, represented by the strength of the
reduced beam, would be at 77, 83, and 89 percent of the strength of
an unjeointed full-depth beam for 8, 11, and 17 laminations, re-
spectively.

The expected strengths, compuled on this basis. are shown in table
11 as caleulated for efficicncies of 82, 84, and 70 percent for plain scarfs
having slopes of 1in 12, 11n §, and 1 in 3, respectively. and 64 percent
for 8 serrated scarf (712). These expected strengths are given in table
11 as percentages of the strengths of unjointed beams, together with
the average ratios {rom tests.

The lack of agreement between expected and Lest values may be
explained on the basis of errors in choosing the efficiencies for ealeu-
lating the expecled values. The range in cfficiencies ot any given
slope of searf is great, and he actunl efficiencies of the jointed lanii-
nations of the beams may have been considerably grealer than those
chosen for the ecaleulations, In only three instances were the test
averages below the expected values,

Tapue 1l—Lrpeeted strength of beams with serrated and plain scerf
Joinds in vuler tension laneination. and test values for the same beams*

Plain seart strenglh
Ferraled seorf
strength

Slope 1:12 - Slope 1: 8 Hlope 1:5
Nuamber of
Inminaiions

Aver- Aver- Aver- © Aver-
i Iix- age . EFx- age Ex- © ape Fx- | ape
cpeceled - from pected [ from  pected - from | peeted & from
i 10ats - tests ~ tosts  tests

iPercent Pereent Pereent  Prreent Pereont Percent |Pereent , Percend
- P 77 05 . ne . 1] BB O 77 a0
| ) 43 1 H LY Nl a7 83 a1
17.... © Rg 84 02 - 492 0 NG 42 89 | 96

! Expressed as percentapes of Lhe strenglh of comparable utjointed beams.

Il appenrs reasonable e require thal the stress m o jointed lami-
nation be no greater than some specified percentage of that for an un-
jointed lamination, and Lo enlenlate the strength of beams containing
jointed laminations as outlined above. Considering the range in
efficiency demonsiraled in tension tests of jointed specimens and the
probable lowered elliciency of jointed laminntions in genersl as com-
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pared to these tested, lower values than the average cfficiencies found
from test should be used in calculating the percentage reduction in
" strength of a jointed lamination.

- In the original series, no tests were made of beams containing searf
joints in adjacent lominations at various spacings. A supplementary
series of tests were made to investigate this variable. "Pweive-lamina-
tion beams containing scarf joinés in the lower five laminations ai
spacings of 0f, 5¢, and 7 were tested. The data are shown in figure 74

The results indicate little choice bebween the spacings investigated.
The average strength at all spacings is on the order of that to be
expected of a beam countaining scarf joints al a slope of 1 in 5.

The failure to develop higher strengths wilh increased joint spacings
may be explained on the following basis. When the joint in the outer
lamination fails, this lamination tends to peel away from the re-
mainder of the benm and, at the location of the adjacent joint, the
beem is effectively shallower, so that the stress on that joint is im-
medintely excessive and it fails, Had the adjacent joint been suffi-
eiently far awny from the failed joint s that the ‘“*peeling” extended
only a fraction of the distance between the two joints, the full beam
depth would bave remained effective, and sitress on the second joint
would not have been excessive.

The data arc not extensive enough to show what the spacing should
be. In view of the fact that 2 spacing of 24 has been used for some
years, this spacing is suggested until test data are available to permit
modification,

Modulus of elasticity appears to be unaffected by scarf-joint
spacing. .

JOINTS IN COLUMNS

Figure 75 shows the (ype and localion of joints in laminated columns
tested in compression. In figure 76, the average ratio of the maxi-
mum slress on the gross eross seclion earried by & jointed column to
thatl carried by a matched control column is ploited against the gross
eross-seclioual area minus that of {wo laminalions.

Buit joints—The diagrams in figure 76 for columms with butt
joints in the 2 outer laminalions at the same level show that the ratio
of loads is at least as great as the ratio of vet to gross aren.  For those
in which butl joints m the 2 outer laminations were spaced 30 limes
the thickness of o Iamination [rom join(s in the adjacenl laminations,
the load on the jointed column was less than would be expected from
the ratio of net lo gross area.  Thab is, the overlap of 30 times the
laminalion thickness was wmsuflicient (o Lransfer and distribule the
load from jointed laminations.

Additional data on butl-joint spacing in columns were oblained from
a supplemental series of tests of short columns in which joints in ad-
jaeent laminalions were spaced 104, 208 and 40f in addition lo the
30¢ spacing of the carlier series, The resulis of these tests (g, 77)
indicate that a spacing of 501 is required lor oplimum results. At
lesser spacings, joinls m adjacent laminations tend (o act as if they
were ot the seme cross section.  Considered in another way, the cross
section of » Jamination adjacenl Lo one conlaining o butt joint is only
partinlly ceffective. This consideration was used in adepling the
data of figure 77 Lo the curve of figure 61,
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Froune 74.— Ratios of propertics of beams with 1-in-5 searf joints to corresponding
properties of unjointed beams. Designations 1245, ele., are specimen numbers,
Jineh bar represents Lest on one beamn.,
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BUTT JOINTS
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Figune 75— Jointing patlorns for laminated eolnmns tested in compiression, show-
ing spacing of jeints: A, Buit joinls in 7-lamination columns: B, searf joints
with slope of 1:3 in 1l-lamination columng: C) searf joiuts with slope of 1:5 in
8-laminulion columns, All 3 types of joinls testod jn 8-, 11-, and 17-lamination
columns eub from 13-foot Ivngtﬁs as shown and compared with unjeinted con-
trels adjacent to jointed ecolumps, Culling plan allowed ¥ ineh st ench end

of each specimen for squaring hefore lost,
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Ficore 76.— Columas with joints in laninations compared to eolurmns with all
laminations continuous. Jeints in outer two sefs of laminalions spaced 30
tines the lamination thickness,
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Frorre 77— Relation between ralios of strength of bult-jointed 1o that of eontrol
votumns and the joint spacing expressed in muitiples of the laminabion thickness,
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Secarf joints~—The diagrams for the 4 scarl-jointed counstructions
indicate thet, with the possible exception of the 8-lamination eolumns
baving joints with a slope of 1 in 3, there is no deficiency iu strength
a5 compared to the control columns, which have gontinuous lamina-
tions. It is doubtful thai the small deficiency in these instances is
significant. From this, it appears unnecessary to modify the strength
of » Jaminated column for scarf joints as steep as 1 m 5, and possibly
for joints with slopes of 1 1n 3 as well.

Supplementary data on the offect of scarf-joint spacing was ob-
tained from tests of short columns containing scarf joints (slope 1 in 5}
spaced 0t, 10¢, and 24¢ in adjacent laminations. The resuits {fig. 78}
indicaile no loss in strength cven where the joints are immediately
adjncent (0f). These results, indieating high efficiency for scarf
joints stressed in compression, indicate also that no rostrictions need
be made, from the standpoint of strength, on scarl-joint spacing in
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Fravee 78.-~Ratios of strength of J-bt-d searf-jointed Lo control columns for
various joint spacings expressed in multiples of Lhe lmination thickness,
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comprossion members.  Since Lhe tests were made on members con-
taining relatively steep scarf joinis, it must be assumed that similar
resulis would be obisined for joints of flatter slope.

STRENGTH OF END JOINTS OF VARIOUS TYPES

The {ests of beams and compression members upon which the limita-
tions on joints were based, included ondy a limifed number of types of
joints in & limited number of locaiions. Joint types studied included
butt, Onsrud, serraled scarf, and plain scarf with slopes of 1 in 12,
1in 8, and 1 in 5. In Lesis of beams, only butt joints were included
al or near Lhe compression face, while all types were ineluded at or
near the tension face. ()n]\ butt joints and plain scarf joints of
slopes of T in 3 and 1 in 5 were included in the tests of comproession
moembers,

Many types of joinls have been used Lo Join laminations end to end,
Some of these types have been tested i compression and tension, and
data from these tests 1712) are included bere Lo serve 2s 2 guide in the
choice of joints as well as in determining the pereentage of Tull sirength
thet may be assigned (o a lamination contaming such a joint.

Figures 79 through 85 indirale ihe ratios of strength of jointed to
pajomnted speeimens,  Table 12 indicates the range of ratios for those
specimes Lypes for which ranges are not shown in the figures.

In the tests 1o which these data pertain, end joints were formed by
cutling a board in lwo al approximately the specified slope and, after
moclining the parls, gluing them together in spproximately their
original posilions.  This was dane in vrder 1o get the best possible
matching hetween jointed specmmetts and speeimens without joints,
It resulled in summerwood being glued Lo summoerwood and spring-
wood to springwood more (E]Ilhl‘sl(‘llil\' than ean be expeeted gener al]y
in actual fabrication. summeorwood will be ghued to springw vootl over
part of the area of a joint and the strength of that parl will be depend-
ent on the strength of the wealer springwoed, so that, even with {he
best techunique in Oiting ~nd gluing, lowered t‘ﬂi(-ivuv_\' is to be expected.

In spite of the care with which the joints were made, o considerable
range in eflicieney was found for all joint types.  Becruse of this range
and the probability thal factory-made joints in general will be some-
what less elficient than those of the tests, the dvc.wn ratio of strength
of & jointed to an unjointed lamination probably should be based on
vilues sormewhal below the average values shown.

ErFect or Kxors
FLEXUHAL DESICN FOR HORIZONTALLY LAMINATED MEMBERS

Tn figure 86 are plotted the results of tesiz on 90 Douglas-fir beams
with knots in the horizontalls placed laminations.  Eseh point
represents Uhe value derived from o Lest of an individusl beam plotted
vesteally agninst ST Cireles conpeeted by dolited lines each
represent m'mum- values for a group of 10 beams, Curve (4) s drawn
a8 A average relation between modulus of rupture and ' f g,

it was Tound that, lfor siress at proportional Tanit and for modulus
of rupture, the vertical dispersion of the individual points inerenses
on & pereentayge basis as Jo Fy inereases. Phe dispersion shown &t the




Tasre 12.—Ratios of tension- and compression-parallel-to-grain values of specimens with end joints to those without Joints—
Douglas-fir and white oak :

TENSION-PARALLEL-TQ-GRAIN
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Specimens i Ratio of strength of jointed to control specimens based on—
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J Matched pairs of specimens Matched boards !

Species and type of end joint Average

s f all i
Jointed | Control § © *

test | Average . Afigi. L Averagel sy, . o

values | of all Maxi- | Mini- of all Maxi--1 Mini-
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Douglas-fir; Number i Number | Percent | Percenl | Percent | Percent | Percent | Percent | Percent
Plain scarf 37 37 53 56 94

7% 82 108
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COMPRESSION=-PARALLEL-TO-GRAIN

Douglas-fir: i
Serrated searf.....; Cim e : 15 100 104
Square-toothed searf , i 1: i 15 97 ( 103
Fingered . 15 70 ¢ : 90
Onsrud . ! 15 100 115
i 12 74 85
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White oak:
Serrated searf : ‘ 15 102 107
Squarc-toethed scarf ; ; 15 95 95 | 109
Fingered B ‘ 15 08 | 0¢ 142
Onsrud....: 15 99 100 112

i §

t Each board furnished 3 specimens with joints and 5 controls—ratios therefore based on average of specimens from a board rather than
on matched pairs, .
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FilcurRE Bl.—Maximum strength in tension parallel to grain as related to
slope of plain searf joint in Douglas-fir and white oak.
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Ficure 82.-—Strength in tension parallel to ithe grain of white oak specimens with
various end joints compured 1o corresponding controls.
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F16ure 83.—Strength in tension parallel to the grain of Douglas-fir specimens with varioﬁs end joints compared to corresponding controls.
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in’ compression parallel to the grain of Douglas-fir specimens with various end joints compared to corresponding
i controls. :
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Freure B5.—Strength in coinpression paralle! to the grain of white ork specimens
with various end Jnints campared to eorresponding controls.

left edge is considered to be due principaily to variability in the
strengthy, of the clear wood, and the inerease in variability as Joff;
ingreases results from inerease in the variability of knot cffect as the
size of knots increnses. Allowance {or variability of clear material
has been made in deriving the basic flexural stress; iv connection with
design stresses for beams witly knots in the laminations, however,
consideration needs Lo be given to the variability in knot effeet.
Consequently, to form curve {7}, the average curve has beoen depressed
by a percentage that increas.s untformly from zero al the left edge to
25 percent at Ig/l;=0.50. Curve (€} is then the basis for a suggested
desigu curve (fig. 55). .

The depression of curve (€) below curve {A) represents about 1%
times the estimated standard deviation ol the knot effect ss found
from o study of the variance due to variations in clear material and
that resulting from kuot effect, The rquation of curve (4) is

Y=90907 () +3x) (1—5) (7}

where ¥, I‘-l the modulus of rupture and r=7gl; The equalion of
curve () is

Y9=9,907(1+3x)uﬂ.—)ﬁ(1ﬂ§) (8)
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where ¥; is the value of modulus of rupture as read from this curve.
Conversion of the ordinates of this curve to a uait basis gives

FK=(1+3;¢)(1—»:::)3(1-—;-) (9)
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Troune 86.— Variniion of strength properties of horizontally Inminated Douglas-
fir beans with knots with the ratio fxffq.
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as the equation of the design curve shown in figure 55 where Fy is the
~ratio of the allowable stress to the basic stress in flexure. The cor-
relation of flexural strength with 7/7, implies that the strength is
reduced by o knot at anv point in the oross section, and the form of the
average curve (eurve (4)) implies further that the percentage reduc-
tion exceeds the value of the ratio of I to I,.

Similer relations were found for siress at proportional limit. Ac-
tually, both modulus of rupture and stress at proportionsa] limié were
considered in fitting the average curves. While the curve for modulus
of rupture is slightly high and a corresponding curve for stress at
proporéional limit is slightly low for the data, it is considered that,
when both sets of data are considered, the average curve shown
is an acceptable representation of the average.

A somewhat different concept has been used as the basis of design
by some fabricators of laminated construction. Aecording to this
- congept, when the outer laminations of a beam sre clear, no reduction
"in the strength of the beam is caused by & knotty interior lamination,
provided that the ratio of its strength to that of a clear board is as
grest as the ratio of the distance of its outer face from the neutral
surface to the hali-depth of the beam, which latter ratio is equal to
the stress at the outer surface of the lamination divided by the siress

in the outermost fiber of the beam. According to this comcept, if it
is assumed that laminations with knots equel in diemeter to one-fourth
the width of the beam have three-fourths the strength of elear lami-
nations, such knoity laminations could occupy the middle threc-
fourths of the depth of a beam heaving clear laminations in each outer
one-eighth without detrimens to the strength as compared to a beam
composed entirely of clear luminations. Figure 87 has been prepared
to eomperc computations from this coneept with the results of tests.
Values of modulus of rupture are plotted agsinst I, the computed
?qﬁ"cen tage or proportionate strength deficiency, which was found as
OLGWS!

Lot b represeat the widsh of the beam, K the diameter o7 2 knot in
the nth lamination from the neutral plane, N the total number of
laminations, and B the computed ratio of the strength of the besm
to that of & beam composed of clear larninations. Then:

b—K
R=T+§ (10)
2

From. the recorded datu on knot sizes, width of beam, and number
of laminntions, o value of B was computed for each lamination (in-
cluding the outer one) on the tension side of a beam and the minimum
was taken as the value of R for that bearn. Then

D=1—R.. {11}

where D is the velue plotted as abscissa in figure 87. The straight
line shown is drawn from the poins representing the average for control
beams (modulus of rupture equals 9,907, D equals zero) to the poin
representing zero strength at D=1.00. The trend of the plotied

i
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points should e along this line if the coneept is valid. It is obvious
that the majority of the peints are below Lhe line, Morcover, for
all but 1 of 14 beams for which 1) equals zero (J/fg is not scee for
these), the modulus of rupture is helow the average for control beams
and 3 of the 14 are below the minimum fer controls. The vertical
spread of points that are within a limited range of the abscissa, further-
more, is considerably greater than i figure 86, and, consequently,
conformity with any curve that could be drawn in figure 86 would
be less good. The concept, therefore, is much less valid for design
purposes than the one that assumes the sirength +f 2 heam with knots
in the laminations to be correlated with the value of J:/ 7.

It is evident, {rom figure 86, that modulus of elasticity decroases
with inereasing Telle. The txpe of curve relating strength properties
bo Ixfdg descends too rapidy with inereasing 7c'f to be applicable
to modulus of clasticity. A linear regression line (shown as o dashed
line) indicates too high a valuce ai low values of T/l The curve
shown is considered to be an acceplable representetion of the data.

ESTIMATION OF fgffg

Sinee the factor ¢/ is the determinant of the effect of knotls on
the strength of laminated beams, means muost be developed to estimate
the value of this factor for beams of various grades or combinations of
grades. One approach s to assume thal the meximum koot per-
mitted by the grading rules s present in every lamination within the
1-foot length contered at the critical eross sertion and o use the cor-
responding value of /Ji/fle in design.  Obviously, some degree of
dispersion of kuots would oecur, and the dispersion would make the
probability of such a conecentration of knots quite low, [t is desirable,
therefore, o find soine means of evalualing the probability of eceur-
rence of various levels of £/, and Lo use, in design, & value of fi//,
gt some reasonabie level of probubility. A study made by the
National Lumber Manufaeturers’ Association and the Forest Prod-
ucis Laboratory has led to a procedure for estimating values ol Fiffe.

Data on kuot size and location were gathered in the fiold on several
commercial lumber grades by mupping knot size and loeation lor each
picce. Each grade was represeuted by from 50 to about 200 picces,
with the samples for each grade heing taken from o number of sources
in order Lo gel o more adequate represenlation of tie mrade,  Sample
pieces were chosent in sueh o way as Lo be sure of random sampling,

The teste d:osertbed eartier had shown that the propertios of lam-
imated boems were affected by the knots within o i-{oot length een-
tered at & critical cross seetion. 1 was necessary, therefore, to study
the sums of knot sizes within various I-foot lengths.

It was assumed that any point in any piece could be at the midpotai
of 2 1-fool lenglh eentered al a single cross section of an assermbly.
Hence it was not suflicient to use the 1-jool lengths established by
measurements {rom the ends of Lhe picces.  Instead, sums of knot
sizes were measured in the feel beginmdng al each %-inel point, thus
approximately meeting the eriterion mweationed above and consider-
ably increasing the number of leel availuble for study.

The first procedure for establishmen( of probabilities ol occurrence
of various values of J¢//; that was studied consisted of compuiing
values of Jx/fg Tor » considerable number of assemblies with randomliy
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chosen laminations and then studying the distribution of computed
values. Compuintions were made [or 100 asscrmblics, each of 2, 4, 6,
. 16 laminations. The feet Lo be assembled for the various
“beams’’ were randomly chosen by means ol o table of random num-
bers from the various feet of length selected as deseribed above.

Cumulative frequency disiributions of fe!fy resulting from such
computations are shown in figure 88 for | of the grades studied.
The ruling of the graph is such that a standard frequency distribution
would plot as a struight line intersecting the 50-pevgent horizontal
at the average value of the abscissa. The graph for 16 laminalions
conforms reasonably well to these criterin, while for lesser numbers of
leminations 1he conlormily is less good.

From these curves, Lthe values of F/f, ot various levels of proba-
bility ean be chosen.  The irregularity of the graphs makes diflicult
any positive ehoice pl a value at a specilic Tevel of probability.  The
ranges it values computed in several ways from single sanples of 2
commercizl grades are shewn in figture 89 for an exelusion limit of 1
percent. By o l-pereent exclusion limit is meant the value of Ix/le
that will be exceeded not more frequently than about onee in 100 times.

The ranges shown in figure 82 indicale a downward trend of fx/Te nt
the 1-pereent level with inereasing numbers of taminations.  The same
general trend is apparent for both grades.

The procedure just deseribed is Loo laboricus for easy application.
Accordingly, a second procedure was evolved. It was concerved that
if the distribution of knot sizes in each grade of lumber weore studied,
it would be possible to use (he rharaeteristics of these distributions in
aecordance with established statistical provedures Lo compute limiting
vilues of FfTgfor assemblies made up of a single prade or of a specifiec
combination of grades.  This concept farmed the basis' for the method
inally adopted.

IT the distribution of knot sizes were normal, il would be completely
described by the two parameters, 7. the average. and o, the standard
devintion. Further. any combination of items drawn from a number
of normal distributions and individually weighted would be normally
distributed, and the avernge and standard devintion ol the combina-
tion could be readily compuled.

Assuming a normal distribution, the computalion of a 1-percent
exclusion limit for F il would proceed ns shown in the lollowing
example for a G-lamination assembly.  Values of F=1.546 and o=
2,271, which will be used in the example, correspond with the sample
Tor which ranges of J/7¢ ave shown in figure 89, . Values of T and
g are in Y-inch units,  The weighting lactors (table 13) rellect the
effect of the position of the laminetion in the assembly with respeet to
the neutral axis. _ :

Then I, the average value of Tg, would. according to the accepted
siatistical procedure, be laken as 54% and the standard devialion o of

Tx 85 +/8220%  Tn a normal distribution, 99 percenl of the values are
less, nndd 1 percent is preater Lthan the average plus 2.326 times the
slandard devialion.

Hence, the I-pereent exclusion limit for £ woukl be compulted as

Tet 2.3267 =547 +2.326+/822¢* (12)
247040154 12
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For the particular sample chosen,

@ Tr4+2.3267=>54¢1.54612.326 %< 2.2714/822=234.9
Dividing this by the value of I{I,=303F=30354=1,620) gives
Ielic=0.145 or 14.5 percent.

as & l-percent exclusion limit.
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Ficrre 89.— Comparison of various methods of determining limiling values of
Ixila. Kanges shown by brackels represent range of estimates of 1-percent
exciusion limits based on 100 individual computstions of R{(Igf/Is). CTurves
andhufircles represent e¢xclusion limiis based on cemputations by siatistical
methods.
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Tanps 13.—AMethod of applicaiion of weighting factors in computing
certatin statistical chardcteristics of @ laminated beam containing knots

; | v
Average value | Stasdard | q;:::{.'_’a:f::{ i?l:-(i-
Weighting factor F ; of Fz deviation ||

| G=knotsize) | (K | 8rd doviation

107 | 19 |
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Comparison with figure 89 indicates that this is lower than was preo-
dieted by the other method. That is, the factor 2.326 is incorrect fos
the distribution of Jx/I; for the sample considered. The product
2.3260 represents the difference between the value of T at the 1-per-
cent level and the average value. 1t may he noted from the cormpuia-
tion above that 2.3265=2.32604 3 ¥ Therefore, the product
2.326¢ represents the difference between the knot size at the 1-percent
Ievel and the aversge value. Since the Tactor 2.326 is incorrect for
this nonnormal distribution, we may replace the product 2.326¢ by
the difference between the kno( sizes at the 1-percent level and ai the
average actually taken from a plotted distribulion. Thus IelTqut the
1-percent level would be

P 2 F A m—Ty D (13)

I '

where m is the knot size at the t-pereent level,

Such eomputations have been made for the (wo sampies for which

ranges in I/J, are shown in figure 89 and are shown in the same figure

#s gurves 1 and 2. Reasonable agreement between the two methods
is evident, indicating (he applicability of the method,

Simifar computations were carricd out using, instead of the date
for the particular samples involved, values of m and 7 for a combina-
bion of all samples of the two grades. These computalions are repre-
sented by curves 3 and 4 of figure 89, 1t will be noted that these
curves are, in many cases, lower than (ke maximums of the ranges
shown for computations by the first methed. The samples of a
particular grade varied considerably in their characteristics, and thus
1t is apparent that I-pergent exclusion Bmits of fo/f,. compuied on
the basis ol all samples of a grade would be exeecded more than 1 pes-
cept of the Lime by assemblies made from one of the pooves samples,

Curves 5 and 6 of figure 89 reprosent H-pereent exclusion limiis of
Ixlle and are, in general, whove the plotted data.  Thus, it is recom-
mended that, as a brsis for design, values of Jo/f; based on the
characteristics of sl samples of a grade be computed ab the ¥-percent
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level. Even oun this basis, values of fiffy so computed may be
exceeded more than 1 percent of the time for specific lots of lumber.

The method just deseribed appears, therefore, to be suitable for use
in estimating values of Foife for use in design.  Following is & step-
by-step deseription of the procedure to be used 1n applving the method
to any particular grade,

1. Obtain data on knot size and location. 1t is suguzested that not
less {han 80 pieces of a grade be used as & sample and that theyv be
randomly chosen Trom o number of sources 80 as {0 be representative
of the grade. No speciat selection of the pleces Lo he sampled should
bLe made.  The only requirement is that they meel the sules for the
grade. A eonvenient form for recordimg knot size and location and
other pertiment datla is showo in figure 90, The method of recording
the data 15 indicated on the {form ond is dlustrated by the sample data
shown thereon.

2. Tally the sums of knot sizes in the 1ol lengths in the sample,
Tn order to take inlo account the facl that any 1-foot longth i any
hoard may be al the critical eross seetion of a member and, effeetively,
to increase lhe size of the sample, it is desirable to sum knol sizes m
1-foot lengtbs at closer inberva L than the 1-four marks on the grid of
the data sheet (fig. 90). 1t is suggested, therefore, that the Jaiots be
summed in all the 1-fosl loneths formed by tulun(r the heginning of
the Teet ol 2-inch intervals on the grid.  To take into sccount the
kuots at the end of the board, consider it 1o be hont to form a eircle
and tally the knots i the Teet thus formed.  Table 14 shows & sample
tadly for the 12 pieces shown In figure 96, The figures 1o the left in
each column show Lhe ndividual cecurrences of (he partieular sum
for that piece.  The number to the right of the equality sicn shows
the totnl number of oceurrences of o particulur sum in o particular
picce. 1t is conveniont to show the number of 1-foot lengths 1o each
picee in order to cheek the tallving: the number of 1-foot lengths in
each picee must equal the totsl of the tallios.  Sinee the feet. for pur-~
poses of summing, are taken as hoginping at 2-inen intervals, the num-
ber of 1-Toot lf\n«r[hs equials 6 times the Tength of the pieee in foet.

3. Summarize the date on occurrence of the various sums of knoi
sizes as tallied In step 20 A sample sunuuaey is shown i kable 15,
The particular sample shown in figure 88 and tallied in table 14 is
shown in flie summary as sample 4. Sueh o surumaey {ore ol samples
of e grade gives an overall view of the frequeney of oceurrence of
various knol-sige suims,

4. Compute the average sunt of knot sizes for the grade.  The total
of colwun 33 (table 15) divided by fhe tota of columup 10 gives the
average sum of kot sizes,  For the sample shown o table 15,

Av. s of knot size=="Total > sumflotal
=R0,081/17,114
=1.17 (Y toeh units)

5. Plot, on aritiuncticsl probability paper, the cumulative {re-
quencies in percent against the corresponding knot-gize sums. A
sample plot of the data swnmarized n-table 15 is shown in figure 91,

6. Approximate the plotted points by a straight fine.  Arithmetical
probability paper isso ruled that o normal frequency distribution plots
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TaBLE 14.—Sample tally of sums of knot sizes in 1-foot lengths

Number Sum of knot sizes in 1-foot lengths in ¥%-ineh units

Piece No. of 1-foot
lengths ¢

S4

90
84 : e
84 646461-6=24
84 8+56+5=15
5S4 ; - 6= 6 e
84
84
84
90
54
S4

1,920

L Length of piece in feet multipliad by 6.
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Tisin 15.—Sample summary of distribution of saims 6f kitot s z’es“inyixjfovf lengths
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17,110
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es a straight line. This step, then, defines the normal frequency dis--
tribution that approximates the actual distribution.

7. Pick off, from the straight line dravwn in step 6, the sum of knot
sizes at the J-percent exclusion limit. Following up the 99.5-percent
vertical from the lower scale to the straight line and reading off the cor-
responding sum gives the sun that has a probability of being exceeded
not more than once in 200 times. For the sample shown in figure 91,
this sum is 8.6 units of ¥ inch. Other exclusion limits could be
chosen, but study has indicated that the ¥-percent exelusion limit is
suiteble. _

8. Using the values of aversge sum of knot sizes (step 4) and the
sum of knot sizes at the ¥-perceat exelusion limit (stop 7), compute
values of {x/I; for the member.

For a member having all laminations of a single grade,

oy 3o
b ST

where B(p; 2n)=value of I/ forabeam of 2n laminations of grade v at

an exclusion limit (epending upon the cloice of
the value 4.

z,=average sum of knot sizes in grade ¢ (step 4)

fy=ifference between sum of koot sizes at the exclusion
limit chosen {step 7) and T, -

b=finished width of laminations.

F=wcighting factor depending upon the number of
laminations in the member. Values of F, 37 F, etc.,
are given in table 16,

Roamy=Z24 (14)

For the grade of table 15 and figure 91, and ‘or o member containing
16 lnrainations, fhie computation would be as follows:

T,=1.17/4=0.2925 inch (step 4)
ho=(8.60—1.17)/4=7.43/4=1.8575 inches (step 7)
b=7.5 inches

V3 S F=0.334 (table 16)

. 2025  1.857
12(1;;16)=p~17-(’52i’+-1w-§‘-’;f§><0.334=0.122

.0

For o member having a group of clear, stralght-grained laminations
on each side, with the balance of the laminabions of another grade,

- s Svd e
Rlo, 032N, amy= 2o 2 kb 200 T (15)

where R{o,0;2N 2n)=:value of Ix/I; for a beam of 2N laminations,
of which the central 2n arc of grade v and the
others are clear and straight-grained (grade o)
and the other terms are as deseribed earlior,
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Tasre 16. —ZFuctors for use in computing values of I o [I; from chargeteris-
tes of knot distributions

Number of ! for Ml lamination
lamination 1 from neuiral axis : !

= : == - ) !
PN R AN | SP=2NS {3 P=HNON SN D)

Weighting factor 1‘ For 2N tlaminations

Hs

2
213,
! 104}
5 4 3215
4 ) 822

8. 37 3, 550
1 : o 5 11, 002
27, 564

H9, 822

116, 934
211, 122
358, 004
577, 126
202 344
1,332, 266
1, 534, 684
2, 727, 808
11, 504, 008
35, 125, 010
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The computations would be as follows for 2 beam of 16 lami‘nations,
of which the outer two on each side are defeci-free and the others are
of the grade illustrated in table 15 and figure 91.

0.2925 X 4324 1.8575 /27,564 _

R{0,9;16,12)= 7 551094
- ¥

0.057

For & member having a group of outer laminations on each side of
one grade, and the inner luminations of another grade,

TSRS RS F
22 Ll

where £{w,p;2N,2n)=value of Iz/I; for o beam of 2N laminations,

of which the central 2n are of grade ¢ and the
others of grade w

T =averpge swn of knot sizes for grade »

To=average sum of knot sizes for grade w

ho,=difference between sum of knot sizes at the ex:
clusion limit chosen and 7,

h,=diflerence between sum of knot sizes for the
exelusion limi$ chosen and %,

H]

i3

Blw, v;2N, 2n)= (186)

The computations would be as follows for s beam of 16 laminations,
of which the outer 2 on each side are of the grade llustrated in table
15 and figure 91, and the inner Iaminations are of a lower grade.
For the inner laminations, £,=0.5225 inch, and h,=2.4275 inches.

B (0 16, 12) = 02925 (10240 ~432)-40.5825 X439+ /L8575 (110,048 — 27, 504) 12 40757 27,503

TR 00 =014

8. With the values of Jx/I; computed in step 8, enter the curve of
figure 55 to determine the corresponding strength rativs. ITor the 3
examples of step 8, the strength ratios are 0.87, 0.96, and 0.84, re-
spectively., For convenience in design, strength ratios for various
grades and grade combinations inay be computed at suitable intervals
end plotted. Sirength ratios for » member conigining any given
nuwmber of laminations may then be picked off the curve without the
necessity for computiog each case. Samples of such curves are shown
in figure 92, A4, B, and C.

10. With the strength ratios computed in step 9, working stresses
may be computed by multiplying the appropriste basic stress by the
strength ratio. For members composed of more than one grade, the
basic stress to be vsed is that applicable to the outer group of laming-
tions except as indicated below, :

The strength ratios found in step 9 are applicable to the member as
& whole aad may result in overstress in $he inner group of laminations
of a member composed of 2, grades if (g) there is o considerable dif-
ference in quality between the laminations of the 2 groups, (b) the .
outer groups constitute & very small proportion of the total depth of
the beam, or {¢) the laminations of ihe outer groups are close-grained
or dense while thosc of the ianer group sre not.
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Figure 92,—Sample plots of strength ratios for laminated
bending members containing variotis numbers of lamina-
tions as based on a survey of knot size and lpeation. A4, Two
typical grades; B, a typical grade in inner Jaminations com-
bined .with defect-free outer laminations (curve numbers
indicate number. of ¢lear laminations on each side); C, two
typical grades in various combinations (curve numbers in-
dicate number of laminations un each side that are of higher
grade, except curve Qa representing beams in which all
faminations are of higher grade, and curve Ob in which all
are of lower grade).
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Tao check for overstress the following procedure is suggested:

{a) Determine the strength ratio for a beam having the number of
laminations and grade of lumber conteined in the inner group
of laminations.

{b) Alultiply this strength ratio by the basic stress appropriate
to the grade of lumber contained in the inoer group of lam-
ination. This gives the working stress appropriate to the
“inner beam.”

(¢} Determine the stress in the extreme fiber of the “inner eam:”
that would result from application to the complete memberof
the working stress (for the whole member) as detertiined in
the eariy part of step 10. By assuming linear distribution
of stress through the depth of the beam, this may be done
by multiplying the working stress for the member as a whole
by the ratio of the number of laminations in the inner group
to the total number of laminations in the member.

{d) If the stress caleuiated in step ¢ is higher than that calculated
in step b, the working stress for the member as o whole must
be reduced to ti. pomt where the stress of step e is equal to
or less tnan that of step b.

11. Sirietly speaking, the survey and computations just indicated
should be made {or each standard width of stock for each grade. It
is probable that no excessive error will be encountered if some median
width, say 8 mnches, is surveyed and the results applied to any width.
It mey be expected that the results will be somewhat unconservative
for narrower widths and somewhal conservative for wider widths.
It should be understeod also that a change in the grading rules will
wmvalidate the results and necessitate o resurvey and recomputations.

The procedure explained ahove provides & method by which a man-
wincturer may sample the stock he uses in his product and develop
data from which he may establish strength ratios for use in design.
Also commercial grades, in addition to these for which data are given,
may be similarly studied.

It is recognized that beams may be made of specics and grades
cther than those studied, and that estimates of applicable strength
ratios may be desired. No feasible means of extending current data
ta additional grades is apparent. Figure 56 presents ratios of values
of I/l; by the method outlined, as determined from the grades
studied, to those which would result if the largest knot pernmussible
in the grade were assumed to be in every lamination. For the
arades studied, the range in this ratio is nol excessive. It seems
{easible, for preliminary eslimates, to assume ratios as represented by
the curve of fizure 56 and from these Lo cstimate the values of J¢/lg
thet may be used as a basis for design. While such a procedure ap-
pears to be reasonably conservative, Its use on more than a temporary
basis is not recommaended.

A method of Bmiting the number of knots to not more than 2 of - ° et

the largest permissible within 6 inches of any gross section was dis-
cussed earlier. The curves of figure 57 are for use in determining
values of Ix/fz when such Limitations are observed. The equations
of these curves are given below for the convenience of those who may
wish fo construct them more aceurgiely or to extend them. Im the
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~ equations, A indicates the number of the lamination, beginning with
1 for the outside lamination, 2 for the lamination next to the outside
1, and so on. The number of laminations is represented by NV.

For A=1,
I Io=ggs (AN*—6N+4)
For 4=2,
szfc=§ﬁ (3N —18N--28)
For A=3,

Dl o=rry (3N*—30N+76)

For A=4,
' I.,,’IG=% (3N*— 42N+ 148)
For A=35,

L/;@:J_{ﬁ (AN2— 54 N-+244)

Or, in more general Lerms,
I,;/IG=N2~3 [BN*—OCN(@ZA—1)+4(3A42—-34+1)] (18}

LAMINATION GRADES

The principal determinants of the strength of a laminated beain are
the slope of cross grain and the size and location of knots in the lamin-
ations. Safe and efficient design requires that cross grain be definitely

limited and that the size of permitted knots be related to the widih

of the lamination.

Many commerciad grades of lumber that might be used in laminsating
are bascd on general appearanee and do not Hmit cross grain at all
and limit knots without respect to bonrd width. While the rethed
of anslysis described in the preceding section ean be applied to such
grades to evaluate the effect of knots, it is believed that considerably
greater efficieney will be attained by further sorting and classification
of the material with o direet view to use in laminating. In any event,
sorting of such material with respect to cross grain prior to its vse in
' structural members is a necessity,

Further, lumber is often lowered in grade by the presence of sap
stein, pitch pockets, and like fealures thot affect appearance but have
Little or no effect on strength. In addition, knotholes and encased
knots are limited to one-half the size of sound, intergrown knots, even
though they are no more detrimental to strength when of the seme
size and may be cven less o if the grain deviates less around them.

In view of these considerations, as well as of the fact that grading
with relation to laminated construction has not yet been undertaken
by she lomber industry, it is believed that the fabricator of laminated
consiruction ean much more cficiently and cconomically utilize avail-
able strength velues by soriing and classifying the lumber he uses.
A system of lnmination classes is therelore proposed for consideration
by lumber manufacturers,
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Five lamination classes, numbered from 0 to 4, are proposed, eclass
0 being free of significant strength-impairing features and classes 1 to
4 permitting such featuves in magnitudes differing between classes,
with defeets being limited most in class 1 and least in class 4, with
classes 2 and 3 intermediate.

The classes of beams would be designated in accordance with the
classes of laminations of which they are composed. Classes such as
0-G, 1-1, and 2-2 would designate heams composed throughout of a
single lamination class, while classes such as 0-1,0-2, 1~2, 1-3, 2-3, and
3-4 would designpie beams with the higher elass of laminations in
top and bettom parts and the lower elass in the remaindor of the cross
section.

A more complete deseription of the proposed lamination classes
and their limitations is given on p. 138,

Combination of Laminations to Form Beems—Advantageous use of
laminations containing knots, sueh as elnsses 1, 2, 3, and 4 outlined
above, requires that knots should be well dispersed and uot coneen-
trated at any one cross section. If, in forming beains from oune of these
grades, no attention whalever were given to the position, chance wounld
of course provide various dogrees of dispersion, as descrihed earlier for
commercinl grades. Material elussified in accordance wills (he sorting
classes deseribed could he sampled and studied by the statistical pro-
vedure outlined to take advantage of chanee dispersion in evaluating
working stresses.  Lacking such a sludy, il appears necessary to
assume the worst koot in the worst position i each lamination.

FLEXURAL DESIGN FOR VERTICALLY LAMINATED MEMBERS

The resulis of tests on vertically lnminated members indicated that
the design curve of figure 55 is inapplicable, The results did indieate,
however, that the average of the strength ratios of the Iaminations as
determined by the methods deseribed in the Wood Fandbook (7) could
be used to determine the strenglh ralio of the vertically laminated
beam. The increase in strength ratio permitted by the Wood Fand-
book for thin members used in dry locations is not applicable, since the
elfectsof drying have beenincorporntedinto the basic stressesof table 5,

DHESIGN FOR COMPRESSIVE STRENGTH

Figure 93 shows a plot of the results of iests ou laminated short
columns containing knots.  Values of the strength properties are
plotted as ordinates, while Lthe abscissae are values of K78, where X is
the average of the size of the largest knot in each lamination in the
column and & is the width of the lamination.

Yalues are plolted in Ggure 93 for each specinien, with 8- and 17-
[nmination columns being indicaied by different symbols, The same
symbols with numerals slongside represent avernges, with the numeral
indicating the number of values averaged. Grand avernges lor cach
group of specimens having knots of similar size arve indicated by dots
with numerals of similar significance slongside. ’

The plots of ligire 93 show a definite decroase for each of the three
properties with increase in Afh. In each plol, also, the points repre-
senting grand averages are very nenrly in linear relation. In each
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Ficore 93.—Relation of properties of coliinns with knols in laminatious Lo Afh.

instance, however, straighi lines averaging the grand averages would
interseci the left-hand scale al values higher than ave to be expected
from material of the same density but {ree from knols, and henge
such lines cannot be considered as being representative of the effect of
imnots., Shown as curves @, I, and 7 are the parabolic curves that best
fit the three grand aversges in ench plot.

The ntercept of ciuve & on the left-hand scele s at & value of
2,360,000, which is approximately 30 percent higher than the average
valne found from tests of control columuns. No adequate explanation
is available for this diserepancy, nasmuch as the metbod of measuring
strping was essendlally the same in all instances. The presence of
knois and severe cross grain hiddew within the columms, but near the
strain gages, may bave aficeied the distribution of sirains to an
unknown extent, and thus accounted for ithe diserepuncy., ‘The
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intercept of curve H is in good agreement with the results of tests of
columns without knots, but the intercept of curve I is somewhat
hjgher1 than the average fiber stress at proportional limit for the
controls.

Curve oJ is suggested as a basis for design. It was derived in a
manner analogous o that used in deriving the design curve for the
effect of knots on bending stress. The sirength retio, or factor y, by
which to multiply the basic stress to determine the allowable com-
pressive stress for a column with knots would have the equation

y=[1— (KB [}~ H(K )] (19)

where ¥ is the ratio of allowablle stress in compression to the basic
stress, or the strength ratio, € is the average of the maximum knot
size in the several laminations, und & is the wideh of lamination.

The term in the first bracket represents the average offect of knots,
and that in the second the allowance mace for increased variation in
strength that accompanies increase in size of knots.

Estimation of Kfb.—As has just been indicated, the factor Kfb is
the determinant of the effect of knots on columm strength. With
random assembly of laminations, some assumiption must be made as
to the value of K for use in design. The relations [rom test are based
on the average of the largest kuols in the various laminations of 3-foot-
long columns. A conservative assumption would be, therefore, that
in af{ least one 3-foot length of any column, each lamination would
contain & knet of maximum permissible size. General experience, as
well as the resulls of the statistical study on beams discussed earlier in
the appendix, indicate that such a concentration is unlikely to occur.
Accordingly, statislical procedures [or estimating, from the Lnot
distribution charneteristics of a grade, an appropriate value of XK7/b
for use in design has been developed. 'The step-by-step procedures are
described below.

1. Oblain data on knot size and location. The procedure is, of
cotse, exactly the same as deseribed earlier for beams.

2. Tally the largest knots occurring in the 3-foot lengths in the
sample. Since the relalions from test are based on 3-foot columns, it
scems necessary to use 3-foot lengths as the basis for tallving, Since
any 3-foot length in any piece rauld be located at any point in a col-
umn, it is necessary to tally largest knots in 3-foot lengths beginnin
more frequently then at 3-fool intervals on the grid of the recor
sheet, Trials at verious intervals indicate that it is sufficient to
tally knots in the 3-foot lengths beginning at 6-inch intervals. To
take into account the knots near the end of o piece, consider that the
piece is bent to form a circle, and tally the largest knots occurring
mn the 3-foot lengths thus formed. Table 17 gives a sample tally for
the 12 pieces shown in figure 90. The method of recording the tallies
1s similar to that described earlier for bending members. The number
of 3-foot lengths in each picce is equal to twice the length of the piece
in feet, since the beginnings of Lthe lengths are taken at 6-inch intervals.

3. Summarize the data on occurrence of the various maximum knot
sizes as tallied in step 2. A ssmple summary is shown in table 18.
The particular sample shown in figure 90 and table 17 is shown in the
_ summary as sample 4.

247040 °——Fd——18
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Tasre 17.—Sample tally of maximum knoi sizes in 3-foot lengths
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Tasue 18. -Sample summary of distribution of mazimum knot sizes
in 3-foot lengths

. i

. Frequencey of oceurrence of maximum knot sizes

' “ in satnple niinber— All samples

Maximom | __

knot sizes

in Y-inch
units

; Per-
cent-

age of

whole

 Total

i2, 303 ; 36.
, 145 - 2.
503! 9
Lo700 | il
11, 151 1 18,
631 | 10,
468 1 7. 46

i
|
i

7
2, ¢
I
0
&

-3
fri

Total_...2,052 ; 560 381 364 1,392 6,272 imo‘
: 1 I { i '

ol cooooooo

4. Compute the mean of the distribution summarized in step 3 and
certain other statistical characteristics. A sample computation for
the distribution shown in table 18 is given in table 19, Column 1 of
this table represents simply the array of maximum knot sizes in 3-foot
lengths found for the grade. Column 2 represents the last column of
table 18 divided by 100. The meanings of other columns are self-
evident. The mean maximum knot size (m) is represented by the
total of column 3. The factors m, ms, and m, are the totals of
columns 6, 8, and 10, respectively. These values, and the quantities
computed from them, are useful in later steps. They nre also statis-
tical measures of the distribution. The factor +/m., for example,
is the standard deviation of the distribution about the mean, 8 measure
of the scatter of the varicus knot sizes. For & normal distribution,
the factor mfmeym. would be exactly zero and the factor m,/m,?
would be exactly three. The closeness of these factors to these values
mdicates whethar or not the actual distribution epproximates a normal

distribution.
© -Steps 1 through 4 provide data on the characterisiics of the dis-
tribution of the maximum-siz¢ knots in 3-fool lengths of the grade.
Subsequent steps will illustrate the application of these characteristics
to particular members.

5. Compute, from the data of step 4, certain statistical character-
istics of the average of the largest knot sizes occurring in & member.

(a) The mean value of the largest knot sizes will, of course, be the
same as the mean value for the grade computed in step 4 {or & member
composed of only one grade. Other characteristics will be dependent

LI




TasLe 19.—Sample of calculation of statistical characleristics of the distribution of maximum-side knots in 8-foot lengths

Frequency ifs (E—m) (i—m)? G=m)2; (G—m)® | G—=m)¥;: (F=m)* (i; m)f;

@ @ (€Y (5 ©) 0 ® O (10)

Maximur, knot size (7)

0..3672 0.0000 | —2.5704 ..6070 2. 4261 |—16. 9826 | —6. 2360 43,6524
. 0231 . 0231 ' —1.5704 . 4662 . 0570 — 3.8729 | — .0895 6. 0821
. 0046 . 1892 — . 5704 . 3254 .0308 |— .1856 | — .0176 . 1959
. 1116 . 3348 . 4206 . 1846 . 0206 0793 . 0088 . 0341
. 1835 . 7340 4296 .- 0438 . 3750 2. 9218 . 5362 4. 1771
. 1006 . 5030 4296 . 9030 . 14. 3419 | . 1. 34. 8454

. 0746 . 4476 4296 . 7622 . 40. 3366 . 138. 3493
. 0293 . 2051 4296 . 6214 . 86. 9150 . 384. 9993
.0126 . 1008 4296 | 29, 4806 N 160. 0679 . 869, 1058
. 0000 4296 41. 3398 . 265. 7984 . 1708. 9791
.0010 ¢ . 0100 4296 . 1990 . 410. 1065 . 3046. 9296
. 0000 4296 . 0582 . . 9922 . 5049, 2678
. 0019 . 0228 4296 . . : 7906. 3040

1. 0000 2.5704

PONIORL N

m=2.5704; my==5.5518; m3==>5.2207; n,;=71.0764
Vmy=2.3561; nafmsyma=0.3992; m;yfm?=2.3064

FUATTOOTHOV 20 "LAEA 'S "0 ‘6907 NITATINE TVOINHOHL . 861
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upon the number of leminafions in the member. These may be
eomputed from the following formulas for members composed only

of one grade,
a=~'ma/vn (20

o= {ma/may/mas) [n (21)
a=3(n—1)/n+ (msfms?) fn (22)

For example, for o member containing 16 laminations end of the
grade illustrated by table 19,

=:2,3561/4=0.5850
43=0.3992/4 =0.0998
a,=3 x 15/16+-2.3064/16
=2.8125+0.1442
=3.9567

For a normal distribution, the latter 2 faciors would be exactly zero
and exactly 3, respeclively. There is no method of eveluating the
effeet of the differences in the values of these factors from zero and
from three on the validity of the method of computation. Computa-
tions by other methods, however, indicated that even where sizable
differences oceurred, the computations were satisfactory.

{b) When the member is composed of two gredes, the methods of
compuiation are somewhat different. For example, consider 8 mem-
ber having a fotal of n laminations made up of n, laminations of grade
@ having & mean maximum knot size m, and standard deviation
oq and n, laminatiions of grade & having a mean maximum knot size of
m, and standard deviation . Then

m =fs?f‘..ﬂ::'?'_”?‘ff"_° (23)

a=% gt ey (22)

where n==n,+ny.

For example, for a member consisting of 20 laminations, of which 8
are of the grade for which the data were worked out in step 4 and 12
are of a grade for which the mean is 4.3596 and the standard deviation
3.1399, the computations would be as follows:

Mmy=2.5704, 7,=2.3561
m,=4.3596, 5,=—3.1299
_ 8X2.5704-4-12X4.3596
—8X2.5701-+12¢4.550C
=3.6439
o= VEX (235617 L 1ER (B 1560
=0.6378
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(c) When one of the grades in the combination contsins ne knots,
m, end o, both become zero, and equations {23) and (24) reduce to

LM,
o

pry {25)

1 )
d’=‘}—1' ‘\-’r‘??:,t}'a' (26}

6. Compute, from the data of steps 4 and 5, the aversge maximum
- knot size at an exclusion limit of ¥ percent. This knot size equals the
sum of the mean and a multiple of the standard deviation. Thus,

K(4%)=m-+2.575¢ 27

The factor 2.575 is taken divectly from the mathematical properties
of a normal distribution. At other exclusion limits, the faclor is
different—for a 2-pereent exclusion, Lhe faclor would be 2.054, and for
& 1-percenl exclusion, 2.326.

For the example of step 5 in which all laminations are of one grade,

K4%)=m+2.575¢
=2.57+2.575X0,5890
=409 units of Y inch
=1.02 inches

For the second example of step 3,

F(%%)=3.64+2.575X0.6378
=5.29 units of ¥ inch
i =1.32 inches

7. Compute the value of A/b for usc in design. For the examples
of step 6, the lamination width was nominally 8 inches. Thus, for the
two examples,

Klb=1.02/7.5=0.136
Kb=132/7.5=0.176

8. With the value of K/b computed in step 7, enter the curve of
figure 62, p. 122, to determine the corresponding strength ratio.  For
the examples of step'7, the strength ratios are 0.95 (or £/6=0.136 and
0.03 for K/b=0.176. For convenience in design, strength ratios for
various grades or grade combinations may be computed at suitable
intervals and plotted. Strength rasios for o member containing any
number of larminations mey then be picled off the eurve without the
necessity for computing cach case.  Such curves would be set up in a
form similar to that shown in figure 92. '

9. As has been indicated earlier, in the discussion of bending mem-
bers, the analysis just described should be carried out for each standard
width to be used. Rensonable results may be expected, however, if
the analysis is pased on some medinn width such as 8 inches. A
change in geading rules will require a complete roanalysis,
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10. The procedure for tcnsion members will be exaelly the same as
just described for all steps, inclnding caleulation of K/fb. Strength
ratios for tension will be talen from figare 64, p. 126.

As was true for bending members, there appears to be no feasible
way fo extend the results of an analysis sueh as Lhat outlined above to
other speetes or olther grades.  Figure 63 prosents ratios of the values
of K/b determined by the method oullined above for several grades to
the valne of K/b derived on the assumption that all laminations eon-
tain & knot of maximum permissible size In every lamination in af least
one 3-foof length, Again, the vange of values of this ratic is not
execssive.  Thervefore, 1t scems feasible, for preliminary estimates of
values of Kfb that mev be used as a basis for desigs, to use ratios as
rapresented by the curve of fizure 63, The use of this proecedure on
more than o temporary basis is not recommended,

Frrect oF Fory avn Ilzicnt ov Buaws
FORM AND HEIGRT FACTOKS

Beams and eccenirically loaded compression specimens develop in
test higher computed siresses in compression than are obtained when
compression members are uniformly or concentrically loaded. This
is {rue also of beams of eircular seetion and of square heams placed
wilh a diagonal vertieal instead ol with the normal orienintion, both
of which develop higher compuied flexural slresses than rectangniar
picces.  On the other hand, beams of [ or box seetion show lower
stress valnes than do reetangular beams.  Also, among beams of
rectangular section the computed unit strength deerenses as the
height inercases,

All available fest results are In ngreement with the hypothesis
(&, 15) that the minate elements of the weod structure behave as
Tong, slender eolumms subjeet Lo buckling uader load and that, in any
instance of nonuniformiy disiributed compressive stress, as in a
beam or an cecenlrically loaded compression specimen, the more
highly stressed elements are resteained Trom buckling by those that
are less highly stressed. This may be tormed the hypothesis of
supporiing action. 1In the cuse of the civenlar and disgonal-vertical
scetions, the support is ineveased by the inerease in width of seetion
with inerease in distance {rom the oulermost fibor. T and box sections
are inferior because, as compared {0 rectangular seetions, part of the
support is lecking. High or deep bonms give lower values than
shallow ones because less support resulls frem the smaller rale of
decrease of siress with distance from Lhe outermost elements.

The conclusion from this hypothesis is that flexural unit strosses are
not aelual properties of wood but are manifesiations of behavior in
compression under varving  cireumstances, Obvisusly, bowever,
such a conciusion is modified somewhat when defecls are present that
reduce the tenstle strenglh below Uhe compressive,

The form-factor formula (7, 19} for T and box seclions was developed
from the concepl that the modulus of rupiure of siueh noseclion ¢onsisis
of two parts that can be added Llogether.  These ave:

i, The compressive strenglh of the material.

2, The excess of madulus of rupture of a rectangular section of the
same height over the compressive strength maltiplied by o factor that
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expresses the ratio of the support afforded the outer fibers in the I or
box section to the support afforded them in a rectangular beam.
This concept may be expressed in symbols as follows:

Be=C+(BE-()S (28)

where R it the modulus of rupture, O'is the compressive strength, and
8 is the support {actor.

Since B varies with the height of the beam, the manner of that
variation must be comsidered, The formula originally presented

6,7 is .
Fr=1.07—0.07 ﬁ (29)

where F, is the ratio of the strength of a beam of height H to that of
8 beam 2 inches high.

It is now recognized that this formula is inconsistent with the
hypothesis presented, inasraueh as it implies that, at large values of
H, R is less than €, wherens the hypothesis put & as the lower limit
of R. TPurthermore, the formula is n+t consistent with recent dats.
Consideration of these data has resulted in 2 new formula for F,, The
data and graphs of the new formula are shown in figures 94, A and B,
ang ghe corresponding relation of R to € is shown in figures 95, 4
and B.

The data are from tasts on Douglas-fir beams. Obviously, which-
ever curve is taken in figure 94, A, or figure 95, 4, it should be coor-
dinated with that in ficure 94, B, or figure 95, B, and inasmuch as the
data do not justify differentiation between proportional limit and
ujtimate, the curves in the four graphs are essentially identical. There
are noticeably large departures of plotted points from the curve in
each graph, but with all four graphs considered together, points below
the curve are reasonably well-balanced by points above the curve
and the fit of the curves is as good as may be expected. The fact that
R, as found from tests of 2- by 2-inch air-dry specimens of Douglas-fir,
has averaged about 1.6C (or 0=0.625R), wr., made use of in corte-
lating and locating the curves.

The curve in figure 94, B, has the equation

o o—eraf 85 \_sg HIF143
Fy=5/8 (fﬁ+ss+l)—5/8 7T 88 (29)

and is asymptotic to 5/8, the value of CfH,, the ratio of the compressive’

strength of Douglas-fir Lo the modulus of rupture as found from tests
of 2- by 2-inch air-dry beams. Then

e HE143 amm
Ry=5/8 ez R (30
where R, is the modulus of rupture for height of 2 inches and Ry is
modulus of rupture for height /4. Also from figure 95:

_EP4143

¥4 ¢ (31}

" Irsg
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This expressmn for Ry in terms of H and 0 can be used in the form- .
factor equation, which becomes o

Rur=C+(Rg—O)S (32
where Ry, is the modulus of tupture of au I- or box beam of any height.
Dividing by R, .
R

L Rﬁ( )S T, (335

where Fi, is the form and height {actor for an I- or box beam of height .
- H and Bgr cquals multiplicd by B,. '

Using the values of R,;{Rn and P{Rn as derived above from the curve
of figure 94, the resulting equation is

H4143 No H4143
F.'s;z-*-5/8‘r(5/8 s ) —s8 [1+ i 1)8] 34)

where, as previously stated, 7, is the form and height factor for an

I-beam or box beam of hcltth FI and is the ratio of the modulus of
rupiure of such o heam fo that of & rectangular beam 2 inches high.
The basic flexural stress of lable 5, p. 100 is for & height of 12 inches.
Hence for use with these stresses o value of Fyps is needed. '
By anzlogy with equation (33)

RH’F'__ ¢ By ¢

7. =g, ry) S= e (35)

! 239
From equation (31}, ;; :é%;

12

4 2 Lk 2
From equation (30), %‘{ =_§_g__?_ %1;1348:}“

12

Subsituting these values,

‘?32 H’+143 .

which is se{,n to be identical with equation (34} except that 5/8 is re- - e

y which can without significant error be taken as 0. 81,

Ly
Fia0.81 [1+(H “43%1) s] 37
IL may be noted that, for a le{‘tangular beam, § equals 1 and equa- |

tion {34) reduces to eqnn{;on 28). Likewise, oqu&t:on (87) reduces to

F*4143
H™88

placed bv 5’87
and

=081
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. Iuspection of equations (32) and (34) shows that:
1. When 8 becomes very small, as with shallow flanges, R approaches
- (7 a8 a limit.
2. When H becomes very large, the fraction in which it appears
. becomes neezly equal to unity and R approaches € as @ limit. Thus,
- because of height and form factors, the value of Aexural stvess to be
- used in design never becomes less than the compressive strength.
The formulas for height and form factor and for height factor are
based on the assumption of failure in compression, whereas the
factors for end joints and for knots provide for any deficlency in tensile
‘strength. Hence, therc is no need to apply factors of the two types
consecutively,

SUPPORT FACTOR FOR I-BEAMS AND ROX REAMS
) The supporting action that the fibers at various levels give to the
. extreme fibér in compression has been empirically represented (5).
A close approximation to this original relation is given by the curve
" of figure 96 which has the cquation

Y=(1—2)%
=z— 22’27 (38}
where Y equals the support given to the extreme compression fiber by
a fiber at a distance x from the extreme fiber.

The support. %jven to the extreme compression fiber by all the
fibers down to a level p will be given by

Support= J ’ (z—2x2+2%)

2 9.3 q
e (39)

The support given by all the fibers over the full depth, considering
the depth equal to unity, will be given by

1
Full support:f (r—222+ 29

supparh

Support {actor= full supporb—

=6p*—8p°+3p*
= p*(6 —8p+377)
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Fiaure 96—Curve of relative supporling influence on exfreme fiber in com-
pression of fibers at various points in (b depth of a rectangular heam, S
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- Inthe ease of an I-bearm {fig. 97), full support will be given over &

. width equal to that of the web, while partial support, as represented
by equation (41}, will be given over 2 width equel to the width of
7 the bedm minus the width of the web. Therefore, the support
- - factor for the I-beam (or for a box beem, taking the thickness of the
. two webs as that over which full support is available) is givea by

S=p(6—8p+3p%) (1—g)+9 (42)

whers S is the support factor, p the ratio of depth of the compression
- ﬂanﬁe to the full depth of the beam, and ¢ the ratio of thickness
of the web (or webs) to the full width of the beam.

REcaTioN oF STrENeTH PropERTiES TO CURVATURE

Figure 98 presents vesulis from tests of curved laminated members
(28) plotted sgainst the velative curvature of the lamin.tions, The

" plotted points represent average and minimum values as determined
{rom end-thrust &ests of members built of soutliern yellow pine and
individual vesults of tests of halves of two large building arehes, also
of southern vellow pine.

Figure 99 presents the data of figure 98 veduced to & percentage
of the strength of straight members, and includes also the results
of similar tests of Sitka spruce and Douglas-fir members, The vesults
for the smallest velative curvature (0.00125, fig. 99} were taken sas
the base for the southern yellow pine members, while the results for
straight members matched to the curved members were taken as the
base fur the Sitka spruce and Douglas-fir members.

* The eurves shown in figures 98 and 99 are csseniially ideniical.
In placing them, consideration wns given to the plotted points of
these figures, to the number of tests represented by each plothed
point, and te oitber periineni informaiion. Furthermore, more
weight has been given o the values at the proportional limit than
“to those at the maxumum moment. It had been found that the
full ultimate bending strengih at the seclion of maximum curvature
had not been developed in the tests of the half-arches. Consequently,
the points representing tlhese arches in the upper part of figure 98
are oo low.

If half-aveh D-2 alone is considered, the curve for the propoviional-
limit values in figure 98 would scem to be too high. The value for
arch D-2 is counterbalanced, however, by values reprosenting nearly
a8 great curvature and lying, in general, well above the curve in
firure 99. .

The arches were of various heights, so that the results would have
been somewhat more comparabie if each value had been divided by
its appropriate height factor. In many of the tests, however, the
variation in beight was small enough lor such o procedure to make
no large differences. For the half-arches, an upwirrd adjustment of
aboni 10 percent would make the results more comparable to those

- from the other tests and would bring the points representing such
‘tests considerably nearer the curve.
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Tigone §7.—Cross section of I-heam -

In the end-thrust tests, curved members were subjected to bending ~
stress combined with stress in compression parallel to grain. Since
siresses in compression parallel to the grnin of woed, both ab proper-
tional Hmil and nltimate, are considerably low cr than bending stresses,
the velidily of adding longitudinal compression to the compression «
resulting from bending may be questioned. 1In the tests, however,
the bending stress had been {rom 78 to 98 percent of the total; and -
a previous invesligalion hins shown that within this renge the combined
stress is not significantly lower than bending stress alonc ab etther
proportional limil or ultimate. o

Some share of the inercased deficiency of strength with increased -
gurvature has come from the use of equations for computing stress
that are spplicable to straight membess, but which give results -
somewhat in crror when applied to deep, sharply curved members. -
The indications sre, however, that this has been a velatively small |
factor in the lests reported, so that the larger share of the deficiency
?hown results from stresses induced m bending the Jaminations te .
OLIm. :
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.. StrENeTH oF GLUED LamiNatep ConstrucTion MADE OF ToiN VENEERS
During World War II, the shortage of Sitka spruce suifable for

solid wing spers in aireraft or for spars laminated from sawed lumber
prompted an invesbigation (7/) of the feasibility of Inminating spars

. .and spar flanges from veneer, so as to avoid some waste in sawdust

.. and shavings. Included in the investigation werve siudies of the
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.strength of such material and of the effect on strength of cross grain,
- searf joints, and the orientation of laminations.. The resulis of this
“investigation are presénted in tables 20 through 23.
*  ‘The veneer was fabricated into 2-inch-thick stock, most of which
. was straight-grained and made with continuous laminations. Some
‘'was purposely fabricated with the grain slopes in adjacent plies
crossed, 8o as to meke planks with grain sloping at 1in 16 or 1 in 15.
- Other planks were made from straight-grained veneer with scerf
joints having a slope of 1 in 15 in alternate lominations.
. The hiquid glue, together with possible slight densification of the
wood from the pressure applied in gluing, added about 7 percent to
the unit weight of the laminated material. :

The tests included static and impact bending, compression parallel

" to grain, and toughness.

- In these tesis the straight-grained laminated Sitka spruce gave
average values essentially similar to averages from previous tests on
solid Sitka spruce (table 20), except that in work values in static
bending, & measure of shock resistance, the laminated stock was
definitely lower than the solid. This excepiion was not, however,
confirmed by impact-bending and toughmness tests, which are also
measuves of shock resistance, :

Whether straight-grained or cross-grained, beams tested with
laminations verfical were essentially as strong as beams tested with
laminations horizontal, except for height of drop in impact bending

~and work in static bending (table 21), in both of which they were
consistently lower. The tests, therefore, confirmed previous eon-

- ¢lusions that a given slope of grain has the same effect regardless of
the orientation of the planc in which the slope lics.

Laminated material with grain sloped 1 in 15 showed no significant
deficiency, as compared to sunilar straighi-grained material, 1n those
strength properties used in aireraft design (table 22). Deficiency in
work values in static bending is apparent, and particularly so for
specimens tested with third-point loading, wherein the stress is
constant between the two load points. 'That this deficiency is cot-
robated neither by toughness nor impacl-bending velues is veey

. posgibly due to the fact that these tests were made only with center
loading.

Stlll']e%gth values of laminaled material with grain sloped 1 in 10
were not sufficienlly high to justily use of such material in parts that
are highly stressed in compression, or bending (table 22), or in tension
parellel to the grain (considering modulus of rupiure valucs in teble
22).

© < It has frequenily been thought that, by interlacing the grain

(reversing grain slope in adjacent laminations) in stoek built up Trom
thin laminations, the deleterious effects of cross grain on such prop-
erties as bending and tension could be overcome and wood with steep
“grain slopes could be made equal lo straighl-grained material. This

- wes not confirmed by these tests. It was, however, definitely in-

- dicated thet, under flexure (as in stalic- or impact-hending or tough-

ness tests) beams with grain sloping opposilely in adjacent laminations
- were superior to those with grain oricnted througliout at the same
.. slope. :
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Beams with. glued scarf joints at a slope of 1 in 15 in alternate
laminations and at the same point in the length were deficient as.
compared to beams with all laminations continuous (table 23). ‘The .
reduction was particularly large in those properties indicative of shock -
resistance. The low value of joint efficiency resulting from tension
tests of scarfed and unscarfed veneer strips and the consistent failure
of the test specimens in the scarf joints indicated that the gluing
technique could have been improved. Scarf joints are being success-
fully used in aircraft parts formed of sawed laminations. Rotary-cut .
veneers, because they are thinner, afford opportunity for better joint.
distribution than the thicker sawed material; and, for this reason, .
the effect of a jointed lzmination al the tension face of a member
stressed in bending would be less.

The general conclusion is that, on the basis of strength values,
Sitka spruce laminated from rotary-cut vencer is satisfactory as an
alternate to solid membérs or members laminated from sawn veneer,
provided the same requirements for straightness of grain and limita- "
tion of defects are obsecrved.

ConcENTRATION OF Suear STra1Ny Near Loap PoiNts oF BeaMSs

Sgrain measurements on one beam indicated that shear strain is
highly concentrated in the vicinity of points of Iead application,
Figure 100 shows the distribution of shear strain as determined both
by strain measurements and {rom theoretical considerations. In
addition to evidencing strains far higher than those that would be
computed by the usual methods, the distribution is considerably
different, in that the larger slrains are located near the surface of the
beam Lo which load is applied rather than at the neutral surface. In
addition, the data indicale that shear exists between load points,
whereas the usual theory indicales no shear in this zone.

This matter needs further exploration, but it may serve as at least
a partial explanation of why [ailures of heams n horizontal shear are
ordinarily at computed values {using the usual assumnptions) much
lower than are found in shear tests ol small clear specimens, It may -
serve also to explain, in part, the results of tests of beams gontaloing.
butt joints near the upper surface and close to the loading blocks -
(fig. 73). :

Shear concentration as described above, together with that exisiting
solely hecause of the presence of butt joints, may, in combinaliun,
result in shear failures. It appears desirable to keep butt joints; if
used, well away from any concentrated lond on a beam.



http:betwe.en

NORMAL PARABOLIC ) NORMAL PARABOLIC
1Y NV
DISTRIBUTION DISTRIBUTION.

HORIZONTAL AX/S .
1 X
-4 -3 -2 < o / 2 3 -3 =2 o o 2 3

1

RATN) OF MEASURED TO NORMAL MAXIMUM SHE, ARING * STRESS RATIO OF THEORETICAL TO NORMAL MAXIMUM SHEARING -STRESS

[ﬁ——LDAD POINTS LOAD POINTS
44"

aq
IL‘ENTEH LINE_OF. BEAf g CENTER LINE UFBEAA!-

0" ‘TAAQ 'S "0 6901 NII

~ -.\
| 3

23'-0" 13'-0"

LOADING DIAGRAM SHOWING POSITION OF LOADING ODIAGRAM SHOWING FOSITION OF
CROSS ' SECTIONS INVESTIGATED CROSS SEGTIONS  INVESTIGATED.

BYALTADTHOY

~ ZM7I825F U f
Ficure 100.—Distribution of measured strains (left) and of strains computed from more precise theory (right) compared to the usual
assumption of paraholic distribution. L




TasLE 20.—Strength of laminated Sitka spruce® compared to that of solid materiul

Shesar ;
Toughness parallel’
to grain

Impact | Compression parallel to

Static hending bonding ol

.

‘ i Hoeight
Work '

| of drop

Modu-{ Modu-"' causing .

prgf,m_ tus of } lus of complete at wim

o Tnetio. : propor- |. ¢crash-
tional | TUP (.I:_le;u Provor- | Maxi- failure tional o
limmit ture ity P (50- 5

tional mum imit |strength
limit load

Toaded
on
tangen-
tial
face

Kind of beam | Stress | Stress | Maxi-

Maxi- -
mum

shearing -
strengthe

Modu- | Loaded
Ius of on
elastic- | radial
ity face
pound
haimmer)

@ (3 ) (5 (6) ) &) )] (10) (11) (12) (13) ) -
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1,000 per per per speci- speci- L
Pogi|P.sdlp s il cu tn | cuin | cudn | Inches | Pos. i | P.sdi | Posi men? men? 1 P 8.1
TLaminated 35._.} 6, 620 {11, 500 | 1, 788 1. 36 8.52 ] 12.24 24.9 1 4,520 6,590 { 86.8 | 1545 1,200
‘Solid 4 6, 700 {10,200 1 1, 570 1. 62 9.4 17. 2 25.0 | 4,780 { 5,610 . .. ..... 73.5 1 113.4 1,150 -
Solid 4 5 7, 340 {11, 000 | 1, 620 1. 88 9.9 17.0 2501 5260, 6,180 . . ...} 986091310 1,190

i

Ratios of laminated to solid material (pereent)

90 t 104 ) 110 ‘ 72 86 | 72

o

100 86| 106 | 101 118 101

1 Based on 40 tests for static and impact bending, 37 for compres-  loading and 14 under third-point loading. Averages for work. prop-
sion parallel to grain, 80 for toughness in each dircction, 152 for  crties include only values from specimens tested under center load- .
shear. - Moisture content .at test was approximately 10 pereent. ing. ) s T :
Specific gravity, based on weight when oven-dry and volume at test, i Data from U. S. Dept. Agr. Tech. Bul. 479, “Strength and -
was approximately 0.41, excluding the weight of the glue. Related Properties of Woods Grown in the United States,” except -
2 8pecimens % by % by 10 inches, tested over an 8-inch span, center toughness values. : . U
7. loading, o 5 Adjusted -to correspond to the moisture content of laminated
3 Averages include values from static-bending and impact-bending  material. RS .
- -gpecimens, ‘irrespective of whether laminations were horizontal or 6 Adjusted for specific gravity, assuming toughness varies as 2%
B ical..: - PR . power of specific gravity. No reliable- method  of adjusting’ for~"
ding specimens, 26 were tested under center . moisture differencesis available, L L L
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at

tional
limit

(5) ©)

]

propor-

Modu-
lus of
clastic-
ity

Modu-
lus of
rup-
ture

(8)

Maxi-
mum
load

Propor-
tional - |
limit

(9) ‘ (10)

Total

an i

' Tests

(12)

.

Specifie |
grav-
ity 1
exclud-
ing
glue

Moist-|
ure
con-
tent

(13) 1. (19

Héigﬁt

of drop
-causing
complete

failure’
(50~
potund

hammer)

(18

Straight. . . Vertical .

. Horizontal

1:15 parallel.. " Vertical.

Horizontal .:
- !

1:15 c-rOssed_,: Vertical.

Horuontal :

Straight__ ... ¢ Vertical.

Horizontal.

ber

; i
» Num-

Per- |

Cocent

forBe o]

Ty S oL

10 .
10

10

10

10 ¢
10 .

9

9

P. s 1.
0. 107 . 6, 720

xowe 160 |

6, 350 ¢
6,240 |1

6, 400 |1
6, 690 |11,

. 408 | 6,620 1

405
.405

cA15
cobld

S412 6, 530

L1, 763
£ 1,769
1,661
1, 646

1, 804
1, 764

1,774
1,770

In-lb.
L 1,000
s il

In.-ib.
7)0T
cu. in.
. 30
. 28

. 61
. 89

. 60
9. 09

. 53

per
cu. in.

1. 43

1. 22

1.36
.33

i. 27
1. 42

.38
.35

.01

In.-lb.
per
cu. in.
11. 16
13, 66

12.
12

0l
2]
33
51

10.
12,

. 76

1176
12.91

P Num-
ber
10
10

10
10

10
10

10
10

Per-
cent
10
10

10
10

10
10

10
10

'

_@EALINDIEOV J0 “IAAd 'S N 6901 NIA"

Inches

24,2
26. 6
25.8
26. 0
23. 2
26, 4
24,0
24, 8




1:10 parallel..| Vertical. . . { . 407 | 6,230 ]10,070 | 1,529 | .42
Horizontal. L4111 6, 190111, 260 | 1, 567 . 36

. 1:10¢rossed .| Verticeal. , 4181 6,78G {11,080} 1,765 1. 46
, Horizorntal. T . 415 | 6, 840 |10,790 | 1, 702 . 53

Ratios ¢ of horizontal to vertical laminations (percent)

Straight 102 99 99 100 99 ] 100 99 :
1:15 paraliel... 100 {100 ¢ 102 99 3 . 119 99 100 103
1:15 crossed.. . 103 | P 103 98 138 i 101 97 114
Straight 96 1101 ¢ 101 100 ¢ 104 0 | 99 100 103
1:10 parallel. . 98- 112 102 1 96 140 : 100 100 107

1:10 crossed - 100 0] 97 96 | 10z 98 ! = 98 08 | 110..

\

! Based on oven-dry weight and volume at test. ‘
2 These ratios are based on actual moisture content, not on figures Tounded off to nearest percent as indicated in upper part of table,




TABLE 22 —«Sztka spruee beams composed of laminations with, slopes of qram of 1in 15 and 1 in 1 0 compared to beams fwzth

\Siraight-grained laminations !

Direction ‘o(
gmin

3

Ortentation | Method !

of
laminations
(static and
impact
bending)

londing
{static
and
fmpact
bending)

®

Static bending

Impact
bending

" Toughness

&

|

Stress |- Mod-
at ulus
propord  of
tioxml rup-
i limit ture
)

c
1
f

(4) (&)

Mod-
uhis

‘Work
(center-load tests)

Work
(Y5-point load tests)

of
clns-
tleity

6y

Maxi-
mum
lond

Propor-,
tional
limit

Total

(9}

Propor-

tional
Himit

(10)

Maxi-
mum
load

(m

Tatal

a2

Height of
drop
causing
complete
nilure
(50-pound
hammer)

(13)

Loaded
on
face

(s

tangen-
tial

-at
Dropor-
tonal
Iimit

(16)

Stress

Maxi-
mum
crushing
strength

a7

Straight ........

Average., . !

1:15 parallel. ..

" Average.. ..
1315 crossed

Average. ...

Vertlcﬂl cenne

; Horizon tal’”

|
]
f Center.

134 point .
¢ Center.

ner
cwam.

T, |

1116 ¢

1.

per
cu, .,

i

{590 0 10,520 |

1,79

12.23

In-th,

per
cu,m,

In b,

per

cu, in.
RPN B TS RE T TR S
PRAG

b s

Tnches
24 9

25.4

per

men.
155. 5

154.7

157.9 |

In,-h, !

speci-- |

1585. 5

Vort}ml cem
Horizontal ’,

: Center..
;35 poin .o,
. Center.

04 10,710 1
o3 10, 250 |
6,240 - 10,920 |

166}

1,686 ;.

1, 646 1

L.36

1.33

25.8

2.0

158.0
143, 3
154.8

6, 'HD 1() 640

mmi

L35

Vert{cﬂl .

..o
Horlzenital

+ Center
;b8 point
¢ Center.

2.9

154.5

N 30 1
7,360 : 10, :40{

6,690 11,730

“aps !
18154
1,764 |

L27

RN N}

23.2

Cany

145, 6
158.9
155.8

6,450 § 11, % 1

1,795 g

133!

24.8

15,7 ¢

i, 620

Straight........

Vertical

i Centet

6,620 1 11,550 ¢

1,774 ¢

1.38 1,76

24.0 ¢

87.9

162.9 |

6, 600



http:16.:J.IO
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SO | TS 4point. .| 6,740 0 10,870 | L7908 §..... ... B P - 5 4,440
Horizontal ...} Center>. ] 6,530 1 14970} - 1,770 3 12,91 |... RS - 5 . . 4, 280

AVOrALC. .o famciowalvmmnomsfamceine | 6,650 1 11,400 | 1,782 o4 . 1224 1. . : - . 5 3. 4,420

110 parallel ... Center.... 10,070 | 1,520 3 1. 04 - - . . 4. 133. 4, 520
14 poing... 9,170 1 1, 599 eieen . 24 . 3 4,100
Center. ... 3 13,260 | 1,507 . 11.29 . . . Y 4,240

AVerige .o nlecacsi i icaamnfaac 10,000 | L 567 L 8 |5 P9 € 1 SR . 3 « 4,330

1:10 crossed . Vertieal Center.. .1 6 11,080 1 1,766 . . 10,30 4.0 .. . . X 4,300
e tlo L) Yapoint. . | 6.400 § 10,120 | ‘1,718 e 5 A 3, 950
Horizontal. .. |-Center... . 5, B4 10,780 | 1,702 . 12,14 FUDUURII . g . 4, 300

Average. ... 10,620 ] 1,730 L4 3 1L 07 : e 8 4 . 4,210
i i}

Ratlos of sloping Lo stright graln (bercent)

: |

1:15 parillel_._ . .. R : 80 97 1 | 60 107
1:15 crossed . : 092 ! 4 98 97
1:10 parallel.. 70 B 7 ! i 92 96
13

0 crossed . 92 7l 04 W0 92 97

i

1 Each value based on from 5 to 18 tosts. Moisture ¢onfent at test approximately 10 t Speelmoens %6 by 56 by 10 inches, tested over an 8-inchr span, center loading.
percent; ‘specific gravity, based on weight when oven-dry and volume at test, approxi- ’
matuly 0.41, excluding the weight of the glue,

.
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1;':15§ i alt‘ezrnatqflémimt ns compared to b
conlipyous - oD

‘ . Static bending?

" . Orientation g , Work 7 N : dHeighb of
'ype of specimen of Stress at ; . rop causing
laminations propoli— Mogl;]lu_s I\gfocei]l;l;s - c?mlplete
tiona P ailure -
limit rupture ticity tional (50-pound
limit hammer)

o @ @ (®) @ | ® (9)

In.-lh, per | In-lb. per | In.-lh. per e

; . 8. P.s.4 - posoi cu. . ~U. T, cu; in. Inches =

With searf joints ; 10, 380 1. 21 571 7. 61

Without, scarf joints (matching 11, 120 ¢ 1 1. 24 7.93 11,13
one end). 3 ‘ !

Without searf joints (matehing ! 11, 000 ] 5 1. 35 7. 49 10. 66
other end). i

Propor- Maximum

load

LTINS TVOINHDE

61 I

ho

Average 1,060 1,778 1800 7.70|  10.90

With searf joints : : 5,940 ¢ 8,910 1 1,738 | . 4. 05 . 95

Without searf joints' (matching | | 6,170 11, 040 ¢ 1,793 | 1,19 7. 31 . 01
one end). 3 : j

Without searf joints (matching 6,350 11, 240 1, 762 .27 8. 61 . 27
other end). ; :

"LAEA 'S

§

718 1. 23 7.06 64

Average. .o ___ f 6, 260 L‘ 11, 140

Ratios of jointed to continuous laminatiors {pereent)

Vertical 96 94 98 93 | 74 70 - 81
Horizontal._ . 95 80 98 93 § 51 63 76

AYOTTNOIEOY JO

t Five specimens of each type were tested at about 10-percent ? Failures at scarf joints were very largely in the wood; .
moisture content, and at 0.39 specific gravity, based on aven-dry 3 A control specimen adjacent to each end of each beam containing
weight and volume at test. scarf joints was tested. -




Accelerated delamination test ..
Air-dried, defined__ ... _..

Tamber— . _.__.
Axnimal glues, water resistance of.
Arch{es), defined

Des:gns

Horizontally laminated

Nailed

Piywood in

Searf joints in._.. ..

Sepmental

Three-hinged, effeet of shrink-

ing and swelling . .

Arcmg, in high- frequencv

Il(,:ﬂ.t.-

L:wm:t. of
Open . o
Pcrwd(s)‘_____-_-_ -
Time. ... A
Axis, pravity, of full eross sec-
tion . e -
Basic stressfes).._. - ... .
Beam(s), continuous, dmijm of
Cross grafn in_ . .. .
Curved, glued aminated ..
Metbads for corputing flox-
ural stresses_ .. --. - ..
Defined . .-
Deflection of,
loads
Tond joints in
Height-width ratio. ..
I- and hox, suppori “factor
for_..___..____-__,-___ ..

under \\‘urking

Plywoad.
Bearmg stresses perpenrhmhr to
grain .
Beds, gluing
Beuding, laminations for cnrved
members .
Tamber.
Strength, influence of form and
height of cross section on.
BEresso ..o aaann .
Bent members, [)0‘}][10“ of imm-
nations in .
Bleeding of eressote .. ... ..o
Block-shear, speeimens, stand-
Brd e e o
Tests, oo .
Boiling tesfo v -
B

ol .
Buckling, lateral ... .._.....
Buit joint{s). .- ..

Coneentration of shear stress

U

Defined

82,

INDEX

Page
81
144
30
18
142

133

n4
a7
54
9, 54
it

104

- 08 Qa4

135
186
89

131
142

147
147
1346
200
i
02

120
77

98
34

G2

125, 203

]

88

82

84, 87
87

16, 88
136
7

125

Butt joint{s}—Continued
1n adjacent laminations
i compression
Tn dontinnous heams
Spacing
Specifications
Sirength of
Rtress concentration at____. . -
Cunopy, for heating clamped
assemblies
Casein glue.

Chamber, curing
Chart, compresseomeicr
Cheeks, speeifications_ . ___._._

in heated waod
Chiord, defined
Ciamp(s}, gluing

For edge gluing .

Hefaining

Spacing

VIS e mmmm e mmm e m
Clamping equipment
Clamping technigue . . ..
Close-prgin vule, defined__. o
Cold-water sprays for bumidifi-

(niumn{ﬁ} defined .
Commercial grades, specification.
Compression, cover plates i ..
End joinis in
Members, arrangement of jam-
inations e moeal
Stress{es) . oo i mmmmeae
Comnpressoneior
Condensation on timbers. .o __
Conditioning test speeimens. _ . _
Converors, rolier
('rancs, fAoor
(‘roomie preservative .
Critiea] moment fermnla
Cyoss holts ., -
C'ross grain, ns affecting «;rrength
Defined
Eifect on fexural stresses
Effect on strength
In columns
In eompression members. ..
Ia computing working stresses_
1n searf cuts
In tension members
iimitation of
Specifications
Cup, in boards
Cupping of resawed lumber..___
Cuaring glies oo oo 5
Towmperature, of adhesives._...




- INDRX -

) P_uge.
104
117

202
85

an'vatam, effect on working
Of lamma.tlons, effeet of
‘_ Relation of strength properheﬂ

-{o

Organisms
. Bpecifications 138
“_Defect@} _______ 28, 32, 82, 96, 143, 105
“Defect-ree laminations 99
Deflection of beams 134, 147
Deformation, under load_ _______ 130
Degrade, seasoning
- Delamination, defined
) 'Testi_ accelerat?d, equipment

~ For exterior-use members. .
“Density
Rule; defined

- Depth, ‘of cross section

Computing w orking stross____
- Design_

Basic stresses

Considerations for laminated

Factors of a laminated siruc-

Fastenings. ... __ ... ¢
For conditions faverable to
decay
For use gt elevated tempera-
tures - oo .
Load(s}, hasic stresses__.._.._
For fastenings, specifications
for_ e ... 137
Bpecificstion requirements._ 170
Of laminated members 9
Recommoendations 14
Diagnoal grain, defined 143
Dollies 78
* Drainage, probloms caused hy
shrinking and swelling ol
arehes_ .. .. _.
- Drying, effects of on basic stress. 187
Dev kin(s) o .. 76
Edge gluing 33, 43, -8, 03, 138
- * Edge grain, defined 143
-+ Edge joint(s)

133
G4

133

In high-frequency heating_ ___

Location of

Specifications

) Strength of ______.___ . ...

- Electrical moisture metors.,
_Enclosure, ecanvas, for curing.

" operations_ o .. _._____

. End grain, on searfed surfnco___

" 'End jeint(s)

Accuraey of fit

71
105

T

End Jmnt‘.(s)--Contmued Page

Inspection

In tension members

In tension portion of oross
seekion

" 37
06
141

T’I'(‘j,hlln}_, for E\lorlor use.._._
‘%peclﬂcatmns
Strength of in taminated mem-

Iuclor(cs) affecting flexural stross .
Form, shape angd height 118, 195

%p;mrt for' E-heams and box
beams 204
Fasiening, design 135
Fire-retardant chemicnls . . 87

Treatments, in laminaied mem-
132
143

98
161
187
117
104

Flud prain, defined
In horizontal laminations
Flexural design, for horizontaily
laminated mmuhors
For verticaliy laminated mem-
bers__ o .
Flexural stress{es), in
members

curved

Effect of cross grain on
Tnit
Value(s) in design
Flexure formula
Fareed-air eirewlntion systom_ __
T‘orm in beams |
Effcet on st ress
Fuclor. defined .
Formuta (
Forms, 1_,1||mtr 39,78
l'Ol‘InlIllL(w) for lnminnted con-
struelion L. . _______ 05, 130
Euler 136
; 136
136
195

60
69
a1
23
18
18
i
i I

Form fzu.tor dev elnpment of ..
Frequeney bands. for heating

apparatus_ . ... _.
Furniture pancls, hending of o __ .
(l[!.i..(“': -hp -G




Glue(s), animal—Continued

Cagein——Continued
Constituents of

Choice of

Combinations with species,
preservafives. __ _.________ .

Curing

Determination of type

Bouble spreading__ .. ______

TDurability

Iquipment for epplying

For edge glning

Tortifed . o ..

High. frequeney heating

Hot-setting

Tnjurious to body fissues_ . ___

Intermediate-temperature-
setting resin. -

'\Ielammmfornm]dchvdc resin__

Prga

Strength
Mixing

Egquipment
Phenoel-resoreinol resin

Strength
Preservative-treated wouod,
offect on
Protein. . |
Resorcinol-f nrm«.}deh\ de resin.
Tor end joints__ .. _. i3
Tn high-lrequency heating_ G4
In humid, acid atmosphere_ a
Resoreinol-maodified phenols,
for bonding treated woor..._ 88
Selecvion of 9, 14, 26
Specifications :
Spreading 5]
"\prc-ad(k)_,___-__--_ﬁ 18, 26, 16, o‘?
Stareh
Storage life_. .. .-
Htorage of pliand materinl
Huitali= for laminating strue-
tural wood __ . . ..
Urea-formaldehyde resin. . 2 i7, 20
\e[.,etahlo___-_---.,. 17
Vinyl-ester resin.
Waterproof .. _ ..
Woortworking
Clne joints_ oo ..
Effect of pr("-.t*r\'all\ os on. - . .
Open 74, 82 85
Qualiiy of, specifications. .. 140
Reqmrr\nmm'?. ______________ . 85
Sefling temperabureSa .. 25
Shear bestS - e 81,89
Glaed assemblies o .o ... 37, 89
Gluing, edge joints
Equipment
Laminated assemblios________
Moisture added to wood in.__
Preparation of lumber for_.._
Pressure 19, 54, 56, 5
Treated wood
Grade(s):
Commercial lumber.

3,17, 24

INDEX

Crade(s}—Continued ' Pagp -
Defined__:

Factor, average strength ratio_

Laminsation

Bpecifications

118

Gravity sxis
Hardwoods, bending radins._ ...
Defined
Hearswoad, durahbility of
Heating
Checking of wood due to
Dense spocies
IEnd joints. oo
High-frequency
Moisture content of wood. o __
Rate of, in larze assemblies.__
hhrmka;..c of wooad due to__ . _
ttrav-field .
fleight, effcct of in beams. 98, 136, 195
T:Lclor for 118, 1%3

‘uring, in ~mrt’ jolnts o _....
Dicleetrie heating
Grenerator(s) . o - coooon

7 T-fui:-‘.t-s, overhead

TTumidification
TTumidicy 16, 30 74
Induction coils. o oo __.-o_ )]
Inertia, mamoent of
in:-‘.pm‘finn,.
Of lumber.
Spoecifivations . .. .o o --s
Inslability, elastie, lateral
I-spcetions, stress values of
With plywood
.lmnt.(e), cdge, glued. .. 29, 93, 140, 161
En 34, 40, 93 142 147
4 120
153

HuLt in eompression_.._. 10
Onsrud

94, 98, 120, 141, 15'3 ln() 160
Tongued- and- grooved 93
In eolimns
In laminations
Planed or sawed
Speeifications . ..o oo oas
Jointing equipment___ . ._
Joist and plank, defined
iKiln-died, defined
Drying
Kiln=, dry
T\not(q'} _____________________ 14, 143
Cloncentrations of 108 HLQ
Dispersion of in Jaminations_. 187 .
Effeet, in horizontal lamina- o
(RT3 ] 1T IR .
On flexural stresses
On laminated besms of var-
ious grades
On modutus of elasticity.--
On working stresses
Variability in
In beams
In eolumns
In compression members

143
7,186
g

31 45 69, 01,



i0i{s}—Continued . . . Fage
- Ini computing working stresses.
«Jn laminated mernbers
-1 tension members
" Maximum permissible
"Probability of occurrence.. ._
“Procedure forestimating Iy/l5_
. Procedure for estimating K/b. 189
" Sizes.and location of 186
. In  commercial
- ¥ grades 172
. Specifications 138
" Laminated arches 84
Iaminated assembiies, gluing. __ H3
;- Layout of 37
-Laminated members. _ 17, 89, 130, 144
- Knpofs in o7
id

97
125
108

. 108
172

“Seasoning lumber for
" Vertically laminated, fexural
: design
~ Laminating
.. Lamination(s), assombling
. - Checks in
Classes, proposed svstem
CQurved L. . 01, 03
i |
e gluing
Ens j'gir.t-ing R
For curved members.._._____ 37,97
- @Grades._ ... 37, 186
i 118
97, 187
Number and thickness of .__. 97, 69
Duter, edge gluing of ________ 93
Preparation of
Bpecifications for
Staching prior to gluing a4
. Thiekmess ___.._L___ . ___.. 36,97
2 Layout of laminated assembly__ 37
- = Load, buekling____._____ 124, 136G, 195
Loading, long-time___ 99, 129, 135, 158
. Longitudinal’ shesr, in cdge
- " joints
. Lumber, classification
-+ Bending radius_________.__..
Commereia) grades__._______ 108
For curved Iaminatod membors 29
Grade(s), in laminations...__ 82, 172
" Preparation for laminating. __ 28, 75
. Preservative-treated 8
‘Resawing
Resurfacing prior fo gining___
Selection for Iaminating. _
Storape-_.____._.._. _ ...
~. Burfacing e
Thickness, for laminating
Machine spreader_ ___ .. _____
‘Maghining, end joints
. Maellinery, laminating
" Moeebanical, fastenings
. _ ‘Bpreaders, glue
Melamine-formaldehyde
: glues. Bec Glue(s).
- Members, constant strengthi. ..
o Carved_ - o _____ ... ...__.
* " Bending laminations for.___

35
37
.- 28
_ 3),36
32, 36

89

regin

184 |

g | Pressure, gluing

(O

Members, constant strength-~Can,  Pase
Curved—Continued )
Clamping technidues for.___
Gluing of
Working stresses
Floxure in 131
Herizontally laminated______ 91, 161
Ratio of depth to widih 136
Relaining elampsfor_..___._. ~ 55
Shrinking, effect of :
Straight,

-Strength requirements
Micrometers_____.____________
Mixers, glue
Modified glues 21
Modulis of elasticity .. 115, 130, 132
Modulus of rupture._ 118, 147, 170, 105
Moisture content 16, 30

Defined . ...__.... .. . 144
Determination of . .. 31,76, 80
Effects of __.____..... 89,99, 130, 132
In bigh-frequeney healjng 70
Tamber. ... ..., .. 30
Pereentage added in gluing. | . 52
Moibsture meters.._. __.._..... 31,80
Mold resisiance, ensein glue. . _ . 19
Moment, eritieal, formulas for. . 136
Moment of iwertin, net, in ten-
107
104

sion portion U
Net, In compression portion_ _
Reversel of, in  continuous

beams

Nailed arches
Nailing pressure
Oi-horne preservatives
Onsrud joints, strength of
Oven-drving_ ... __..__..
Paraliel heating. . .____ .. ...
Permanent loaed .. L. . .__
Perpendicular heating. . ... ... 46, 69
Phenol-formaidehyde resin glues,

See Glue(s).
Plain-sawed lumber 32, 144
Planer, portable.. ... . .._..__ 386, 8D
Pilastic How 98, 130
Plvweood .. . ._.._ 14, 17, 22, GO, 42, 144
Potentiometers._. . _. .. 73,81
Preservativels). .. 18, 87, 31, 132
Pressing period, glee . 656

54

08
81, 142

Proportional-limit

Quality, glue-jnint
Cuarler-sawed lumber 32, 144
Radinnt heating . G7
Radins, bending.__ ______._ .. 39, 131
Rate of growth 125, 144
Ralio, beight-width, of beams.___ 136

sla-. 172

Of K/h 187

Of radius todepth._______.__ 131

Redwood, design stresses______ 9%, 125
Reletive humidity, in heated

74

chambe
98

Hegin giaes,  Sec Giues,
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Resorcmol—formaldeh yde res:n . Page | :
- [ Steam, coils

. glues, See Glues.
- Ring, annial, defined:
TRoller conveyors
Rotary-cut veneer, defined
Round knot, defined
Sag in heams
Sap stain
Sapwood, durability of
Preservative trestment
Sawed veneer, defined
Sawing equapment
Scales
Searf joi int(s), defined
ficiency in tension
For exterior exposure
In arches
In continuous beams_________
Maximum allowahie stress____
Placement of
Preliminary layup

130
i04
207
106

Slope(s)__.__ 37, 64, 06, 104, 141, 156
104, 106, 141, 160
93, 98, 105, 144
144

Spacing of
Strength of
Seasoning, defined

In ﬂat-grameci laminations_ __
Specifications

Shapers, timher

Shear blocks testing of
Concentration
Longitudinal, in edge joints___
Parallel to grain
Resistance___________ §1, 93, 94, llﬁ
‘ipf-c:ﬁcahon rcqwrements__-_ 137
Btrength____.__________ _ B3, 89,07

Shrinkage of heated wood Fd
Effect on curved member. ___
In fixed arch ends

Sizers, timber

Slope, in scarf joints
(Smcress grain
Of plane, in searf joinis
Of searfl joints

Specifications_______________
Softwonods, defined

Spacing, butt ]omts__________-_

Species

Specifieations

Specimens, shear

Spike l\not defined

Spiral gmm

Bplits, defined_________________
Spec:ﬁcatzons for

Sprays, curing-chamber

Spreaders, glue

Spreading giue

Springhack, in curved members.__
Springwood, defined

Standing waves

‘For curing chambers i
Bprays, }mmld!ty _______ —— _

| Stepped searf joing

Stifiness, of beams

Storage, bmldmgs -
Of test specimens_ __._______~-

Straight members_ ... _.___ .
Clampiag technigue for
Gluing of

Stray-feld heatmg
End joints
Working stresses of
Si'rains lengitudinal, variation
Strengt.h beams
(‘onstanb strength members__
Deﬁned

Of rate of growth'on
Flaxural, effeet of knots
Glue-joint, testing for
In jointed laminations
Or edge joins
Of end joints
Of laminated heams

Of searf joinis
Of Bitka spruee, material for
ajreraft wing spars
Of wood, basic stresses
Ratiols}, for beams
For dry loeations
Limited by cross grain. ...
Limited by knots
Of knotty to clear iamina-
G ONS e
Procedure for estimating. ..
Requirements
Stress(es), allowahle 98, ..
104, 114, 135, 144 147, 170
36 203

Bending g e
3, 136, -
105 -

Compressive
Eecentric
(‘oncentration

Workmg, calcuiation of
Summerwood
Bunken joinis
Support. factor
Supporting action
Surfaces, sawed
Surfacing

[Eanipment

Finsal

Synthetie resin ghues
Tangential, defined
Taper, speclﬁcatlons

124,188 -




" Treated-wood gluing
-, Twisting, of beams

INDEX.

’ ’ Paxe
emperature(s}, cunng_-_ -~ 13,54, 88
: ﬁ'eut:a on deﬂect.mn B

v Reduct:on by defects
. “Tension, scross she grain

- 'y

“Tesats, strength
Weat.h'er exposure on chemi-
... eals

Thermocouples
"Thermoplastic glues_._________
Thermosetting glues. . .___.____
Thickness, caul

Laminations ... —___ a6, 38, (ii
Timber, defined_ . ... ._.___._. 145
- Torsion, in box-sdetion beams _ _ . Igﬁ

i
1435
136
98

Truss, defined

Tltimate stress, in heams_______
Urea-formaldehyde resin  ghies.
See Giues.

Vegetdble glues
{Veneer, defined . _ .. ______.____

In laminating

Rotary-cut, use of

Sitka spruce for wing spars. _ _
Vertieal grain__________ . ___. ‘32 145
Vertical laminations
Vertically laminated beams

Members
| Vinyi-ester

Glue(s).
Wane_ __ . ______________.__ 139, 145
Water-horne chemicals 87
Water-resistant glues

resin ghie,  See

7 | Water sprays

Wet-hulb temperature . .
Wood-failure values. .
Wood-prescrving chemicals
Working stress, defined.
319 (1 T
Working stress(es). . 98, 108, 123, 144
Computing of 104
In eolumns with knots . ___.__ 123
In preservative-treated woods.. 132
Maodifieation of . . _ 129
Restriction of 107
Wrinkling,
136
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