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»Summary !

STUDIES OF THE STRENGTH OF GLUED LAMINATED

WOOD CONSTRUGCTI ONE

By ALAN D, FREAS, Engineer

Forest Products Laboratory. Forest' SerV1ce,
U. Se Department of Agriculture

Introduction

Glued laminated construction has had a long history in Europe, particu-
larly in Germeny, Sweden, and Switzerland., A wide variety of applications
were observed by a member of the Forest Products Laboratory staff on a Europeon
trip during which he inspected some 50 structures varying in age up to 25 years,
all laminated with casein glue. He reported that members used in buildings in
which normal atmospheric conditions prevail had not sériously deteriorated even
after considerable periods of service. Casein-glued members used under more
severe conditions, such as locomotive—repair shops, chemical plants, footbridges,
and railway-platform structures, also were reported to have given good per-
formance,

The use of glued laminated construction in the United States is much -
more recent, so that examples of extended service are not available. While
definite information on the first uses of glue in structural members in this
country is lacking, it appears that no extensive devélopment in this field
occurred prior to the installation of glucd laminated arches in a building on
the grounds of the Forest Products Laboratory in 1935, Since that time, how- .
ever, the number and variety of applications have grown s0 remarkably that a
new 1n¢ustry has developed.

Arches were among the first forms of glued 1aminated construction to
find wide use in this country. The inhorent structural efficicncy of this
form of support, together with the fact that it made available unobstructed
floor arca usable to a considerable height, rosulted in the use of arch struc-
turcs in industriél buildings, gymnasiums, snd aircraft hangars. The possi-
bility of varying’ ‘the form to give tho nocessary pleasing and traditional
offects, resulted in'thé application of considerable nudbers of laminated
arches in church architecture, The farm markot in tho past fow yoars has
absorbed an increasing amount of glued laminatcd construction in the form of
curved rafters, particularly for barns, but for machine sheds, brooder houses,
and other farm buildings, as well.

1p summa.ry of a papcr of the same titlc prepared for prescntation at the Pacific
Arca National Meeting, 4.5.T.M., Oct. 1034, 1949, San. Francisco, California.
ZMaintained ot Madison, Wis., in c00pcration with the University of Visco&sinf-'
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Military requirements during World War II gave considerable impetus to
the laminating industry., Not only did these requirements cover buildings of
various types, but many othcr uses as well, including parts for aircraft and
for wood vesscls.

Exterior applications in the United States aro less commone There are,
however, a few instances of such applications. A footbridge in Madison, Vis,.,
has given satisfactory scrvice over a period of about 9 years. ILaminated dredge
spuds in uso on the Columbia River have apparcntly performed satisfactorily over
a poriod of 3 or 4 years, The rajlroads have installed & number of experimental
bridges with a view to gathering service cxperience as to the suitability of
laminatcd members because of the inercasing difficulty of obtaining suitable
one~picce membersa

Advantages of Glued Leninated Construction

Advantages of glucd laminated wood construction are many and significant.
Thoy include the following:

(a) Ease of fabricating largc structural clements from standard commer-
cial sizos of lumber, Laminated arches have alroady been crected that provide
buildings with clear spans up to 170 feet, and, also, laminated beams of 80~
foot span. Arches with sections as deep as 7 feet have been progected.

(b) Achievement of excellent architectural effects, and the posslbillty
of individualistic interior. decorative styling.

- {c) Freedom from checks or other seasoning defects associated with large
one~piece wood members, in that the leminations are thin enough to be readily
seasoned before fabrication. :

() The possxbility of designing on the basis of the strength of seasoned
wood, for dry service conditions, inasmich as the individual laminations can be
dried to provide members thoroughly seasoned throughout.

(e) The 0pportunity to design structural elements that vary in cross
section along the length in accordance with strength requirements.,

(f) ‘The poss*ble use of 1ower~grade mater1al for less highly stressed
laminations without adversely affecting the structural integrity of the member.

(g) The, fabrication of. 1arge laminated structural members’ from smaller
plecesy which is increasingly adaptable to future timber economy, when more
lumber will come: in smaller sizes and lowor grades from smaller treese

On the other hand, there acpear to be no dlsadvantages of leminated
construction as such. Modern vlues and gluing tcchnlques prov1de both adequate
in. strongth to a single~piece membqr of equivalent section, Thoy may bo
sclected to provide a laminated assembly that is water-resistant or watorproof,
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es conditions of use may dictate. When properly glued, laminated nembors

m2y be given preservative treatment by prossure methods much as solid members
are treated, which will improve their resistance to decay when used under ads -
verse exposurc conditians,

~ 'There are, however, certain factors involved in the production of
laminated timbers not encountered in producing $olid timberse A number of
these ares [ AL ' - '

. (a) The preparation of lumber for gluing and lominating usually raises
tho cost of the final product above that of solid green timbers.

(b) For constructions in which green timbers are satisfactory, more
time is required to cut and season lumber and to laminate the timbor than is
required to cut solid green timbers.

(e) Sinco the value of a laminatod preduct depends upon tho strength of
the glue joints, the laminating process requires special additional equipment,
plant facilities, and fabricating skill not required for producing solid green
timbors,

() since considcrably more éporations arc involved in monufacturing
lominated membors than in menufacturing solid membors, there are morc possibil-
ity for orror, and special carc must be cxerecised in cach operation to insure
a product of high quality, '

(¢) Large curved members are difficult to ship by common conveyances.

Background of Regearch

.. The first research at the Forest Products Laboratory on tho strength
propertics of glued laminated construction was begun in 1934 on curved members.
This roscarch, which covered a périod of scveral yoars, studicd a numbor of
factors affccting strength, including the effect of curvature, end joints, and
defectss It culminated, in 1939, with tho publication of U, S, Dept. of Agri-
culture Technical Bulletin Nos 691, "Tho Glucd Laminated Wooden Arche® This
bullctin,not.only'presented'the.resultswofcan‘extensive~serics of tests, but
presonted also recommendations on working stresses and design procodurcse . It
has had extensive use, since its publication, as & basls for design &nd spoci~
fication of this type of construction. . i £ AR il

During World War II, it becane increasingly apparent that additional
rescarch was necessary to answer the quostions that arose with tho devclopment
of this method of construction. Accordingly, with the cooporation of the War
Production Board and industry, further work wes undcrtaken at the Forest Prod-.
ucts Loboratory, including the testing of a large number of fullesize bearis
and colurms to provide ddditional design data and informotion for technical
phases of spocifications, Factors investigated included the relative strength
of members containing end joints of diffcront types, the effect on strength of
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defects in different laminations, the effect of varying the thickhess of
laminations, and like factors. :

: While th:s paper has for its. gajor purpose the presentation of informa-
tion on the strength of glued laminated construction, the author would be _
remise if he did not mention the developments in glues and gluing techniques
that have made this material mo promising for the futures Prior to World war II,
casein glue was the only adhesive reasonably acceptable for use in structural
membersy and its limitations under severe exposure were recognizeds During
World War II a number of synthetic resin adhesives suitable for use under
severe exposure and capable of béing set at room or intermediate temperatures
(between room temperature and about 200° F.) -were developed by the adhesive .
industrys Coincident with those developments, the Forest Products Laboratory
pursued an active and continuous program of research on the properties of
these adhesives and on the techniques of applylng them for optimum resultse

Results of Research

End Joints

Avallable léngths of lumber are frequently not adequate to provide
full-length laminations for the larger structures. It is necessary, therefore,
to. join two or more lengths: of lumber end to end to provide the necessary
lamination lengths.

.. Butt joints are .simple to mako, since they requlre no. special Prepara—
tion of the ends of the pieces to be joined. Obviously, howover, they have
no strength in tension when not glued, and tests have shown that cven when,
glucd they are very low and- erratic. in. strength, even tho best gluing tochr
niques affording no more ‘than & fraction of the tensile strength of the woede
Further, cven with the best techniques in fitting, butt joints can be expected
to bo, .only partially effective in transmitting compressive strosse

The longltudlnal stress in a buht—Jointed lamxnation xs, of course,
zero, inmediately adjacent: to the joint and increascs by transfer through shear
from the adjacent laminations as the distance from the joint incrcasess Hence
the excoss of longitudinal stress in' the continuous laminations over that in .
tho jointed ones is a meximum at the joint and, consequently, the shear stress
is o2 maximum at: the joint, where it is very concentrateds : The rosult is that
shear failure starts adjacent to the joint and progresses as more of the
length of tho jointed lamination is rolieved of its stresss Progréssive
failure of this character was observed in tests of beams containing butt joints.

Strain measurements made in the vicinity of dutt joints: in laminated
beams indicate that -the .joints tond to cause considerable concentration of *
stross in:the unjointed laminations, - For cxample, strain in the region of a-
Joint in the top lamination of a boam was found to reach a measured valuc as
high as 2-1/4 times as groat as the strain at the same vertical position in
2. cross section that was at sone distance from tho joint end subjccted to the
same fanments - -
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Butt joints are vndesirable, therefore, not only becausc they fail to
transmit longitudinel stress, and thercfore rqpresont an ineffective 'arca in
a beam or colum, but also because they concentrate both longitudinal and
shear stress. Butt Joints arc additionally undosirable in curved laminations
‘bocauso 6f théir effect on intorlamlnatlon contacts in théir vicinity. It is
impossible to produce curvaturc right to the cnd of a squar0~ondc& picces
Honeo, in the vicinity of butt joints, contact between adjacont: laminations
can result only from pressuro sufficient to ‘crush the wéod and cxpel tho glue,
an occurrence that makes the JOlnts ‘betweon 1am1natlons 1oca11J deficicnt in
rcsistanco ‘to ‘shoar,

¥hen butt joints occur in adjaccnt 1am1nat1ons, tests have showm that
the joints must be woll soparated if their offccts arc not to be- addltlvo.
fven with o spacing as grcat as 30 timos tho lamination thickness, it appcars
necessary to consider both laminations 1neffoctive In columns or in the -¢om-
pression portions of boamss Vheon the joints arc 'in the teonsion port;on of & _
boam, a2t thc gpacing menticned abtove, tho strength'is‘lovcr than would bo
estimated by considering both laminations ineffoctive, a fact thot indicates
the undesirabliity of using butt joints in mowbors subject to tenston stresses.

" Tests have indicated that a scarfed joint, if carcfully proparcd, well
glucd, and’ of SUfflClePtlf flat slope,'can have &' considerable proportion of
the surength of an uncut plece. Beams, archea, and columns containing scarf
Joints gave test results neatrly as high as did- §inilar members having continu-
ous laminationss Tests of in&1V1dua1 Joints indicate consLderable variability,
so that some conservatism is desirable 1nassign1ng ‘allowable ‘stresses to
jointed members. Tests of members contzining scarf joints in adjacent lamina-
tions indicate the desirability of separating such joints, but have not pro-
vided a firm basis on which to establish spacing rules.

Many other types of end joints have been proposed and some are in use.
The data available are generally inadequate t6 establish the stresses that
should be assigned to them. These joints generally have a form that is
designed to facilitate alinement of the two pieces and to prOVide addltlonal
gluing areas leflculties in accu“ate machining of the matlng parts, ‘and
small chengés in shepe due to moigture changes,. may actually resalt in less
effective gluing area than in a plain joint.

/

Effect of Knots

In solid timbers, the position of defecta within the cross soctzon of
2 membcr is essentxally fixed~by the . 1ocabion of the defects in the tree. In
laminated nembers, .however, . the. lacatlon of defects can . be.more or loss con-
tralleds This fact opens. up -the. possiblllty of produ01ng members combining
high-strength and lowe~strength material in 2 single mermber. It would appear
that a beanm of relatively high strength could te nroduccd if the defective
naterial were placed near the neutral axis and the high~strength material in
the outer portions of the depthe.
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This possibility was explored in tests of curved members by combining
defective and clear material in various proportions, The results indicated
that up to about 60 percent of. defective material in the central portion of
a 1am1nated arch would not seriously reduce the strength below that of members
consistlng entirely of clear laminations, -

The same problem.was studied in somewhat greater detail by feans of an
extensive series of tests on beams and columns containing knots in various
combinations of size and placements The data from these tests afforded a
somewhat more complete relation between strength and knot size and placement.

Inasmich as the strength of a beam depends upon the moment of inertia
of its cross section, it seemed valid to assume that the reduction in ‘strencth
caused by knots could be related to-the moment of inertia.of the parts of the
cross section occupied by the kmots. Obviously, knots that are reasonably
near to each other longitudinally would have nearly the same effect as: if they

were at the same cross section. XFor each beam, there was computed a value of
Ig: $he sum of the moments of inertia of all knots within 12 inches of the

central cross section.

A study of the data revealed a relation between bending strength and
the ratio IK/J , where Iy is the gross moment of inertia of the beame Both
modulus of rupiure and fiber stress at proportlonal limit decrease with
increasing values of I /I., with the rate of decroase becoming larger at the’
greater values of Iy/IG. Contrary to expericnce from tests of solid timbers,
the modulus of elastlcity was found also to decrease wth increasing valucs of

Ig/Ige

" Recommendations for Desiesn

- Time limitations have permitted covering only two of th¢é more important
phases of research on this subject, A considcrablo number of additional
phasocs, however, have been studied in more or less detail. Among those are!
effect of lamination curvature on stremgth, strength of curved members in
radial tension, the shear strength of members in which gluing pressurc was
obtained by nailing, shear strongths of both lmotty and clear beams where
gluing pressure wvas applied wvith clamps, and the effect of both knots and
end joints on the strength of columns, The data fpom theso studies form the
basis for a manuscript currently in- proparation and presonting-recommondations
6f the Forost Products Laboratory with respoct to the design of glued laminated
construction, It is expected that these ‘recommendations, together with those
of the Iaboratory on methods of fabrication, will be published as a technlcal
bulletin of the U, ‘S Department of Agriculture.
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Future Research

Vhile the research discussed herein represents a considerable body of
knowledge on the subject, which permits the designing of laminated structures
with reasonable confidence, there still remain problems to be solvede

During the past year, the Forest Products Laboratory has made additional
studies on the spacing of end joints in laminations. The results, while afford-
ing useful information, were not conclusive, JFurther, the possible combinations
of  joints are myriad, presenting an endless array of possible tests if all were
to be investigated, Some attempt should be made to develop & theory of joint
action to simplify the problem.

It has long been known that deep beams develop, in test, lower stresses
than do shallow beams, and that box or I-beams develop lower stresses than do
beams of solid section. Two independent investigations of the effect of depth
have developed two different expressions for depth effect, vhich vary consider-
ably from each otheres The maximum beam depth tested was 14 inchess Yet beam
or arch depths of 3 feet are not uncommon, and an arch with a depth of 7 feet
has been dprojecteds In designing at such depths the Laboratory is on uncertain
grounds It needs, therefore, to investigate the effect of depth over a consid-
erable range and to study the fundamehitels of this phenomenons

The weakness of somg Douglas-fir in shear has been noted in tests If
it wvere found that Douglas-fir were markedly stronger in shear in the radial
than in the tangential plane, it might be advantageous, for cases where shear-..
strongth requirements are high, to use laminations so cut that the plano of
shear would be radiale The Laboratory proposes to study this problem and to
irvestigate the possibilities.

_ The itcms mentioned above represent only a few of the more urgent
problems still to be solveds Thore are meny othorse.
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