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INTRODUCTION

For many centuries the arcl has been an important element in the
structural and artistic design of buildings and bridges.  Structurally
it is 4 means of supporting londs mer an opening between supports.
As distinguished from the truss or the sigaple beam that mav serve
this same purpose, an arch earrving vertical loads exerts hortzonisl
thrust as well as vertieal pressuve on it supports,  An areh may
eonsist edthor of a solid vib or ring or of a4 Tramework similar to a
truss,

The areh of masonry blncks was one ol the earliest forms but laclk-
ing strengih in tension it had to he vhick and heavy in order to avoid
tensile stress.  Later, metals and more recenily, reinforeed concrete,
materials with tensile and hending as well as eompreseive ahorw[h
permitted more officient, less massive, and more graceful (.mmtr‘ur-[-mn.

Wood s guod resistance to tension and comproession and to the
bending to which arch ribs max he subjected, but its use in arches
has been retarded by the difliculty of making the required shapes
without inewrring certain disadvantages  Ribs of the nee CREA IV Size
andl ewrvature eannot be made by hml(lln&' a single piece of timber,
Thex ean be Torned onlv by assembling pieees s sawed fo shape or by
superingposing hent lavers or laminee,  Both methods have been
practiced but the arches have laelked efficieney: the lirst pe beenuse
the wssemibhy is wenkened by the neeessary joinis and by nonp: rallef-
ism of wood fibers to the axis: the second boeanse available mechanieul
conneetions such as nails, secew s, bolts, or dowels nermit sliding of one
Innuna on another and fhos do not eaise the assembly of Inminations
Fooact as g unil.

Efficient laminaied scooden areh ribs i other menibers nre now
availabie through the e of gluss of proven durabitiiy (e bond laminae
together ax aounit so that resistanee to siiding or shear 15 ns great
hetween the lnvers as within fhe wood ifsell,

PURPOSE AND SCOPE

The purpese of this hulletin i< to diseuss reeent resenrelt on the
strenglh of eloed oninated consteaction as coredneted at the Forest
Produets Lahoratory and to present the resulting recornznendations
Tor speetfications amd design stresses, Togeiher with other topies and
mformation uselul to englneers, arehiteels, amd bullders,  Mueh of
the informaiion applies to other struetural members, sueh as strajeht,
eombered, or cwrved heams and curved chonls Inp (russes, as well us
to arches.  Tramework aeelies Tare not considered.

(?Iuocl inminated strueture]l members s diseossed herein inelude:

Arebes and other corved members formed by bending haards,
ar immlmt]orm to the required curvature and f"llflllf' them together.
Bending and rflmnlr are done in one operation.  Thickness of lamina-
trons is so ndjuslml to the eurvature that steaming ar other softening
treatment as used in bending wood for other purposes is not required.

2. Straight members Tor nse as beams made by gluing boards oy
laminntions logether with thelr width horizontal, that ia, parallel to
the neutral surface,

1 Devetentient shariae vegent vones af ingpeeeed means for Joitines woselen puets inercase the oflicienes of
Limber Tn frumted 4o s, trisges, and tow e Phese ame diseussed and data for their ose peesented unlor
Mutlern Clonnectorsin Lrie Wiad Tnndbonl £991.4

SEtnlie nutnbors in pirenblieses rofee e Latecnture ilpd, g 127,
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THE GLUED LAMINATED WOODEN ARCH

ADVANTAGES AND DISADVANTAGES OF GLUED
LAMINATED CONSTRUCTION -

Among the advantages and possibilities that may be cited for
glued laminated construetion of structural members are the following:

Arches to span large unobstrieted areas with superior architeetural
effect are made available,  An arch rib, furthermore. being in a single
large cross section, involves no intriente framing and has better five
resistance than an equivalent truss composed of smalier pieces.

Material of the sizes used in laminated construction ean be dried
in a short time. Hence. thoroughly zeasoned mewmbers that will he
subject to only & minimum of warping, twisting. and shrinkage after
installation can he provided quickiy,

Members can be huilt up to larger cross seetion and greater length
than are otherwise readily avatlable or than can be shipped con-
veniently over long distances,

Members can he built up {rom material that is too small to be
strierarally useful otherwise,

Laminations can be positioned in aceordance with their strength
characteristics as determined by species, density. nnd defects. thus
eabiing the advantage of material of high strength at points where
=uch material i needed,

Beams ean be cambered to overcome the nndesirable appearance
resulting from obvieus sageing.  Members may bo tapered in depth
for more graceful appearance and to save material that in 5 membor
of conatant eros= <eclion comtributes but little to strongsth and stiffness.

Tn some types of trusses. curved chords continuous theongh severs)
panels ean be substituted for panelHength chord parts with resultant
simplifieation of joints,

Gisod laminated construction has o vecard of suceessful use in
Curope dnring a third ol a century, I s reported by Swiss eneineers
to_be highly resisiant to ehemiesl doterioration and is, consequently,
widely used where metal struetures or metal in connector-built wonden
strieetures would be snhjeet to corrosion.

Among the disadvantages wand lmitations of elued liminated eon-
atrretion sy be eited the followine:

[n =ome parts of Barope, clied laminated members ave snid to he
less economica] than other lorms of eonstmction and other matorials
Continued popularity and enrrent nse iy other parts indicate that any
inereased cost i= offset by =uperior sppesranee and other desirabie
qualities.  Ameriean experience ix that at Teast some fvpes of stroe-
tures cost less with alued laminnted arehes as vool supports than with
alternative constructions beeanse the roquired headroom can he pro-
vided with lesser teizh of side walls and wiih less total space under
the roof.  The character of the cluex that wre now applicable dooes not
permit the vse of glued huninatod wonden members under all condi-
tions of exposure.  Further developments in ehies, tozether with the
nse of waod treated (o increase its durability and fire resistance, may
be expected ta extend the held of use of sueh memboers,

Glned laminated construction s nat applieable to struetures that
must be completed within 2 or 3 weeks after the material is ent from
the Ing.

The efficiency of glued laminated construction, depending as it
does upon proper gliing, requires skilled workmanship und careful
manipulation during assembly.
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USES OF GLUED LAMINATED CONSTRUCTION

The most extensive use of glued laminated construction bas been in
Germany, Sweden, and Switzerland, with lesser development in Den-
mark and Norway and with some reported use in Austria, Czechoslo-
vakia, France, and Italy. Glued laminated construction has only
recently been introduced in the United States. American applica-
tions are illugtrated in figures 1 to 9 and in numerous figures pre-
sented later.

European uses of glued Inminated arches include erection forms for
stone and concrete erel bridees; and roof supports in sirplave hangars

M2EI2IF

Fiovre T.—%ervice huilding at Forest Produects Laboratory, 46 feet wide by 160
feet lone, with nine arch spans spaced 16 feet, The fve cenlral spans (D-type)
are glued laminated arches of reetangular eross section and canstant width
tapering from a maximum .opth at the knee, near the junetion of wall and roof,
to leszer depths at the foundation and the roof peak.  Next to each cnd span
is 2 wooden areh of double [-section (C-type) composed of plywoad webs, simi-
larly tapering in depth, and ghuwed Jaminated flanees of eon-tunt cross seetion.
Eud span=s are a trussed type framed with modern wood couneetors.  For
crawing= and diimens<ion- of arehes e fimare 38,

(23}, auditorinms 225, bandstands, bathhouses, chemical and other
factories, churehes, concourses of important railway stations, exhibit
halls, engine houses {2, Jf, £2), garages, growing houses for plants,
gymnasiumas, planctariums, residences, riding academies (251, schools,
ston I barns (231, streetear harns (231, tenns hialls (fie. 101, theaters,
and warehouses; and in addition a fow foot and vehicle bridges.
European apphications of glued laminuted construction include also,
particularty in Sweden and Switzerland, a laree number of railway
station platform roof supports (7, 23} involving a variety of members,
such as curved braces (fig. 110 41y, false arches (fie. 11, B, curved
beams (fg, 11, Cyand avches thig. 11, J2),

The prineipal conelusions fron inspections made by the author on
glued Inminated eonztruetion in Europe are presented together with
other data on Europeun developments and practice on pages §7-04.

Definite information on the first uses of glue In struetural menibers
in the United States s lucking but apparently no extensive develop-
ment occurred prior to the instollation of glued laminated arches n
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the service building (fig. 1) at the Forest Products Laboratory in 1925
(27}. The company that built these arches has subsequently made
glued laminated arches and other members for nearly a hundred
buildings distributed in & number of States. Included are churches,
community balls, garages, and gymnasiums. The same companry,
together with another specializing in farm structures, has supplied

R 23 29F

Frovee 20 Guarage at Altoona, Wis,  Gloed laminated arches on bittressed
walls,  Bpan, 80 fect; spacing of arches, 16 feet.

glued laminated ralters for gothic-style dairv barns and other farm
buildings in the upper Mississippi Valley.

The use of gleed laminated avches and other members in American
structures was suggested by the favorable record of glued construction

[LEEIN

Frovnre 3—CGymnasium, at Goodman. Wis.  Span, 58 feel; rise, 25 feet; spacing
of glued laminated avehes, 16 fect.

m Europe. Such use would extend the applicability of wood as a
construction. material by providing new types of wooden members
with possibilities of economy through the use of at least some low-
grade, narrow-width, and short-length material.
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Friovne 4—MNayshore Night Club, Marinette, Wi<.  Dinmetor of building, 5724
fot:t; spacing of plued laminated arches around periphery, 15 feet. Aveb ribs
Sladinehes wide, 12 inches deep at base, 16 inches ag knee, and §inches at crown.

Fiovne 5---8. Austin’s Catholic Chureh at Minneapolis, Minn, Span, 424
feet: rise, 40 feet: spacing of ghred laminated arches, 14 feef,
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Fravne G, 8L Peter's Refomned Churel at Kiel, Wis, Span, 42 feel; gjacing of

glued Tminaied archies, 12 feet,

Figrws To-—-DBarm vear Verone, Wis, with glued luminated rafters (134 by 54
juches in eross seetion) continuous from foundation to voof peak. Spacing of
wafiers, 2 feet,
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hitraslE

Figver 8 Masie roam at MHenry Alilchell Juiior High Sehool, Racine, Wi
Ceiling troof) carvied by pghied Jaminaded bearus. Span, 40 feet; wildih of
beanis, 13 inches; depts of heams, 26 inehos,

BIATSIEF

Figere 9.—United Breihren Choreh ot Seattle, Wash, Wieltds, 2272 foed; hicight
of glued laminated archies, 363 feet,
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Fiarre 10.—Tenni= hall at Falkenburg, Sweden,  Roof arches of glued lami-
uaded constriedion: =pan about 150 feot,

Frrovre HL FEaamples of clued Jamivated constenetion tnomilway station plat-
form ronl =supports: W1 Curved Biaees, Trondhiem, Norway: £3, Tal=c arehes,
Landepuet, Switzerland; € cneved ieames, Gosaan, Swilacrkued; £, arelies,
Gothealmrg, Sweden.

TESTS OF THE STRENGTH OF GLUED LAMINATED
CONSTRUCTION

Although Kuropean expericnceis uselul as n guide, particularly with
respect 1o the permianence of glued Inminated construetion, it does not
provide test data applicable 1o United States conditions and woods.
Aost available European test data have reluted to straight laminated
miembers rather than o enrved ones and ouly incomplete information
about the character of the material and other factors that may have
bnportant effects is inchuded (0, 17, 74). Aside from those reporte
lierein, tests recently made at the University of lllinois on two small
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glued laminated arches by Oliver (21) are the only American tests on
this type of construction that are known to the author.

The dryness essential for good gluing precludes steaming or soaking
laminations to malke them flexible. Consequentiy, bending to the cur-
vature sometimes required induces stress of considerable magnitude,
The effect of this stress on the strength of the resulting members has
not previously been investigated other tham theoretically. Tt has
been a moot question (24, 24) with Kurepean engincers but has usualiv
been disregarded in designing. The effect of knots in laminae has
not been given adequate study. Laminae of the full length of the
member have generally been reguired, which ic inconsistent with
conditions in the United States where lumber must he shipped long
distances,

The principal object of the tests deseribed herein was to afford infor-
mation that of itsell or in conjunction with otheravailable data. coul
be used to determine (1) the effect on glued-np eurved members of
the stress produced in bending laminations to the required curvature,
(2) acceptable methods of jolning picces end to ond to form lnmina-
tions of greater length than nre conveniently available as single
pieces, (3) the exient 1o which material with knofs and other defecis
can be used, and (4) siresses for use in design,

Two kinds of test were made.  For preliminary study of the effert
of mitial stresses, laminated curved members’ were subjecied to
transverse load.  Other objects were served by {eats {hat subjected
curved members to end thrust in the same wav as an areh rib is
stressed in service.

TRANSVERSE TESTS ON CURYED AND STRAIGHT MEMBERS

The effect of initial stress was studicd in tests on sonthern vellow
pine {(Pinus pualustris, p. tarda, or p. celinata, Douglas lir (Psewdo-
tsuga tarifolia), oak (Guercns sp, and Sitka spruee (Pieea sitelensisy,
The thickness of laminations was varied.  Assemblies wore mude to
cireular curves, the radii of which ranzed from 80 to 320 times the
thickness of a Jamination.  Only materinl Iree from deleets was nsod.
Laminae prepared I pairs consisted of twao picces from end-to-ond
or side-hy-side positions in a flat-sewn board. One lamina of a pair
was used In a curved assembly, sud the other tn the same position in
an assembly of straight pieces.  The straight and eurved pssomblies
were glued at the same time and alter a period of sepsoning wore testedl
under transverse loading,  TIall the curved members wore testod with
the convex side up as indicated by fignre 12 and the other half in the
reverse position.  Subsequent o the fransverse tosts, specimens ent
from uninjured portions were tested for strength in compression paral-
1el to grain.

Data from the fransverse tests are shown in figures 13 to 15,
Figures 13 and 14, in which each plotted point represonts the strength
value for a single curved specimen expressed as 1ts ratio to the same
strength value of the matehed straight specimen, are each for two
species as indieated.  Average ratios for Sitka spruce. southern
vellow pime. and Douglas fir are shown in figure 15. The dotted
curves shown in these fizures represent the formula luter sugeestod
for relatmg design values to curvature. Results of compression
tests are summarized in table 1.
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ME2ISF

festing mnehine in position for transverse {est,

L PP -

Piavie 13, -Birength properiies as related to curvalure  Trom Gansverse lests
on onk and Ritka spruce. The dotted eurves represeat the Tormula used far
relating dusign stresses to curvadaee,
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Tasue L-—Ratic of mezimum crushing strength (compression parallel io grein)
af curved o malched struight members: by species, thickness of laminae, and ralio
of radius of curealure o thickness of Tnminae

Spevies and thickness of lnminge Retln of enevatore=320 Itatin of eurvature=174
finciies S g e e e e e e e
Average  Afaximum dHnimgme o Averspe  Maxboum Minhinum

Southern yellow pine:
i

: S ERR 120. 5 45,3 ... ..
L P . 5,4 g e . L
PRy . o B R 107, 4 .4 0~
Daugins Ne: .
1. PR . Y i 2 w2y L.
By el JHD. 7 165, & LA el
145 . .. - . 9.3 LN L
Sitka sprisev
L ] = Wi, 3 g e
Oaik: .
L s, 4 YR oo .
Al spovies and thickesses it M5 163, 4 o Ty, o
) iﬁutit; =_:1' !'l!r\‘;lturir:-—.i a Hat i(‘:-_;;fm{';I_r‘-\'.l\ll.l-l;l:; W
Southern rellow pine: B o s
Vi . A wl, 4 - 1k 3 HET ik 4 L] ] LA
LT I 105 % 33,4} 1601 #5. 8 [ 11:18] 1M
135 . . . e amm wimmmam s et e mmeaan mm————— o
Dol Or: T :
I . L . B, 4 neo ) | 96. 8 L1 ST
LT 9.6 wmy e 434 8n.3 k.7 wi |
13y e e
Ritky sprneo: !
ik . A2 4. 5 IR G249 LI A
Dak: N
oo . . R 9.1 _lUu ] a5, 1 . 2 AN 1_l LAt
Al species ok Lhicknosses 1L 1th 1 RiLA L iy, hyiiH

1 Based an @ lests, Baed gther ne of datn representis 1 lesls Do ereli enlio of radms to tiickngess,

Boards that are free from knots or bad eross grain, particnlarly
those of coniferous species. when beat to a radius ns simall as 80 tines
their thickness, as for some of the members tested in this series, ure
strained almost to breaking. Many pieces containing knots or severe
cross grain and oceasional pieces free from defects and of relatively
straight grain fail, but exceptional pieces can he bent muneh more
severely. Bending to a radius 180 times the thickness produces
stress approximately one-hall the vitimate und aboul equal to the
value af the proportional limit.

The moderate deficiency (maximum individual value barely over
50 percent for the maximum curvature and most values for this
curvature less than ) percent) in strength properties of the curved
members, as shown by figures 13 to 15, indicates that the initial
stresses have had much less effect than might have been expectd
from a consideration of their magnitnde.

Several of the ratios shown in fizures 13 to 15 and in table | are
greater than 100 percent. This indieates that the strength of the
curved members is affeeied by factors other than the eurvature and
the initial stress in the laminue. Hence it may be doubted that the
strength deficleney 15 us great in any instance as is indicated by the
lowest Individual ratios. it is probable that the effect is more accu-
rately represented by the average values shown in figure 15. The
maximum deficiency in modulus of elasticity is less than 20 percent
and the average less than 10 percent.

The dats from tests of strength in compression parallel to grain, as
listed in table 1, indicate & maximum strength deficieney in any
instance of about 16 pereent and an average for the most severe curva-
ture of less than 5 percent.
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from transverse tests on southern yellow pine and verse-tests of Sitka spruce, Dosiglas fir, and southern yellow pine. - The dotted
Douglas fir. . The dotted eurves represent the formula curves represent the formula used for relating design stresses to curvature.
used for relating design stresses to curvature.
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14 TECHNICAL DBULLETIX 681, U. £ DEPT. OF AGRICULTURE
TESTS OF CURVED MEMBERS UNDER END THRUST

For further study of the effect of initial stress, for investigating the
effects of Joints in laminations and of defects, and for obtatuing data
from which to derive values for design, curved members were sub-
jected to thrust along the chord joining the centers of their ends, ns
indicated by figure 16, the load bemg applied through hinged bea rings.
Lioad, lateral deflection at the center of the length, and change In the

M

Fraves 16.—Curved member i testing machine in position for fest under enel
thrusi.

length of the chord were observed simulfaneously. A Inrge number
of members built up a¢ the Inboratory were tested in this Wiy as werg
also half arches of two 1vpes as used In the laboratory service building
previously mentioned,

The members built ut the Inborntory had parabolic axes with the
vertex at the center of the length. The curves were such that the
central offset from a chord of 20 feat was 1 foot, 3 feet, or 8 fect.
The corresponding radi of curvature of the axes at the conter of the
length were 50, 16%, and 8% feet (600, 200, and 100 inchies).  Innearly
all mstances, the thickness of laminne was three-fourths of an inch;




TUER GLUED LAMINATED WOODKN ARCH

[N R

Freews 17, Cross seetion showing chaeeter, witl respeet 1o e of growh
and pereentage of snnunerwood of southern vellow pine used i experimental
curved members,  In No, 28, whicli has a (olal of 12 [wiinadions, the + econleal
lamiations are froin feiveh Xo. | Conunon hoards. "ne No. 117, which hax
12 Jaininations, the 0 eentral laminations are from f-ineh No. 2 Cominon
howrds.  In No. T, which has 18 Luninations, the [+ eentral laminations wee
from G-ineh No, 1 Commen boards,  In No. 73, which has 18 luminations, the
Elocontral laminations are from -inch No. 2 Connnon hoards,  AlL other
laminations are from halves of 12-{nell No. I Commion Loards.
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16 TECHNICAL BULLETIX 69 1, G. 5. DEPL. UF AGRICULTURE

the ratins of central radius of curvature to thickness were conse-
quently 800, 266%, and 1331 These experimental arches are desig-
nated 1-foot, 3-foot, vr G-loot, respectively, accarding Lo the central
offset from e 20-foot chord, The length of laminations was limited
to 16 feet or less which resulted in the chord lengths being usually
15 feet for the 1-foot and 3-foot offsets, and 14 feet Tor the G6-loot
oflset. The actual offxets were the nommal ones maltiplied by the
- o 2

factor, ((‘—hm_[]‘._}.qll_-‘-_)%l.'-n feet susually then 6%, 2005, or 35%; inches.

Some 300 curved members with parabolic axes as just deserbed
were made in the Inboratory shops or test under end thrust.  (ross
sections were about B inehes wide with depths ol 6. @, or 13% inches
eomposed of 812, or I8 laminations. each of a 3-ineh finished thick-
neas. Combining the 3 depths with the 3 curvetuees envmerated
previousiy made 9 differing combinations af depth o mietther aod
curvature.  For the mosi part, woll gir-deied pominal 1-bnels linber
was used.  Boards, after heing ripped to the regoired width, were
prepared for eluing by being passed over a jointer for a light cut an
1 face. {followed by o planer cut on the opposite Tace. after which a
planer ingle awdacer) cat was takon from each side leaving the
faces smooth and true. Hide fhot's olue wos used heenuse meehanieal
spreaders Tor the convemenm application of ecasein elue were not
available.

SQUTHERS YELLOW PINE

Laboratory -built avehes, which were tested to obtain Turther data
oo the effect of Inllial =tress and to <tndv the offeet of knods
joints in laminntions, were naule prineipaliv of southern vellow pine.

The material uzed tn the arches wis purelwsed 5 Noo U Comtaon
and No. 2 Common beards, The Noo FCommon was pot -o deleetive
as the grading rales permit.  For the most part i was nearly ree
from knots, those present heing <mafl and usoally baeatod near the
onds of the boards,  Lamitations desienated “elear” wore Trom this
stock.  The Noo 2 Comminn was 1= pieal materiad of this erade and
supplied the linnae elassed ax defective.” The wenera] eharaeter
with respect 1o ate of growth and propertion of sununersond s
illustrtedd i fienre 17,

Sixty-three wembers huilt entrels of elear madterial were inelnded.

For study of the effect of defects o lnminae, elear boards were eom-
hined with defective ones i the <ame member. Defective bhoard-
formed the central part of the eross seetion, elear hourds heing used
for thie onter lamisae on ench <ide. Some of (he members ol this
kind were matehed (o members consistine entivel of elear fnina-
tions,  For the ouater laninae of the mntelied members, 12400k
bunrds were ripped into two oqual pieces, one ol which was v in
the outer portion of one assembhv and the other in the same posttion
in anather.  The central portion consisted of G-inch olewr hoards n
one assemibly and G-ineh defeetive boards in the other. Tnoall in-
stanees sketehes of hoth <ides of each laminaGonr, mude belore gluing,
recorded (he direetion of the grain and the size- and loeations of koots,

MEMDBELS WITH AMINAVTIONS FItEE FIOY DEFFO s

Tables 2, 3, and A preesent date on 63 members made Trom elear
southern yvellow pine hmnber, The distribotion of values, elassifiod
necording to the number of laminae and the curvature, is shown.
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As may be noted, the strength values [or any one combination ol
curvature and number of laminie. or depth of member, vary con-
siderablv. Figure 18, in which average values [row tables 2.3, and
4 ave graphed. discloses no consistent retationship between strength
values and number of Inminations. 1t does show. bowever, that valpes
for the 6-foot offset are lower
than for the 1-foot and 3-Toot
ollsels, with but little differenti-
stion between the latter two.
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L R i M Hatios  of  sfrength

N R U rhending  plas compression. of

) members with defeetive laaton-

Fiovne Inh. Modobos of olastiedy aml tions o strength of madched

sEpesses att preopartionasd Himit soed nnee inembers with all  sminations

ironiu nunnend ecordineg v wnher clear aceording Lo pereentage of

of luninadions amid relative eamoatare defeetive laininations forsont bern
for souther: sellow pine, yellow pine,
MEMBEIS WETI BEFECTS TN LAMENATIONS

Figure 10 presents data fronc tests on matehed pairs of members
with defective materinl tn the central portion of (he cross section of
one ndividual, the other being made entively of clear material,
Each plotied point i this u‘t'.nph represents the ratio of the strength
of & member with defeetive material (o that of the matehed meniber,
The strength values vsed are the combined bending and compressive
stresses at the propartional imit and at maximum moement.

Duta Frem wembers consisting entirely ol elear material, paired
or matehed by ripping 12-ineh clear boards and placing the resulting
G-tnehy laminae inidentieal positions in the individuals of the pair, are
uselul in anterpreting fignre 18, These data are shows in table 5.

Considertiig, i connection with figure 19, the spread in strength
values hetween nintehed members of eleas materinl 1table 5) if s
concluded thiat up o G pereent of defective materinl in the centenl
portion of a laminated member does uot <ipnifieantdy reduce the
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strength below thal of membeors consisting entirely of clear lamina-
tions.  Members with less than 60 poreent defective miaterial averaged
99.5 percent as high in proportional-limit values and 97.7 pereent s
high in values at maximum moment as the all-clear momiwr‘s with
which thex were matehed. The eorresponding ratios for members with
more than 68 pereent defeetive materinl are <46 and S1.6 pm'(‘vnt.
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A Turther evaluation of the effect of deleetive materinl is afforded
by tables 6. 7. and 8 and figures 20 and 21, The tables show the
distribution of strength values according to the pereentage of defective
material,  Average strongth values ave plotied against the pereentages
of defective material: in figure 20 or 1- und 3-foot offsets combined
and In figare 21 Jor the t-foot offset. These tables and dingrams in-

A F SOV s STRERS

i ¢ .
VaiTaede (FERUINT )

seAEL T

Frgvme 2100 Meodutus of olnsticits and stresses ol proportional dimil and at
wraxingiin omend Tor ot vellnw pine memibers having a G-foot offset
with varions pereentiages of defective mntecind.

clude sl geailable data on members with various percentuges of
defective laminations whereas fignre 18 presents datn on matehed
pairs of members only, Figures 20 and 210 like figure 19 indieate
only maderately lowered average steength values for members with
up to about 60 pereent of defeetive Taminations as compared with
members constsling entirely of clear iminantions.




L

WO

24

1F LA MINATI

3ouLtl

Tii)

Ly iy iy

NUTAN

ks

T
P o)

Tain

-1
10

Ys
“JH!
gy

quanasd pog Beun Sy,

WANTHUS fO sedpiiat

SHENAT CHLIN NN N

LTI SRR RENTH T

0y ey,

3 AY
IS

RUARTS

Tkt
-awl
1t

1Y)
Ll
nnt

Lk
~aul
ik

paband gyt g

M he pt

MHodr =51 ol pagsnfine sennes 1y

Ll
ey

Y

I
[ |

iy
ey

ity
ity

Ty
iV iy

,_-.../. ny Ay

iy,

1y
Mty

Ay
BUEIRY

b
B L=
gl 1
4l

s
Ui

g 1Uwa
-1 N

i

il
e

IR S TR {TH |

L

LSO G RN H 1 B RN e T LN TR A HILIRTE LR LR T T

iy

LTI AL sk ] U SR {610

-in

SLL IS CHE ISR

|2 I L
TECOUR CES RS T
WEL T AN RN
R R

[H R HIEN

[

R T
[N

T,
GEE'E LHIE 4
RIRTHA

S S

20 W
o n

EAY KLY AN LLAN Y ML

FETLF R CAY U PO OTP L N A

[[EEX}
AT

1

A abeihs
Jal sy
B
LLCFRLELTA R H)
ST ALY

LY L A
! ank

1 uh

Tiliny

~aiid Hpadail ¢

{ JUbag WAL T pN nf wp e ol gy

spwdp upayp-paiy d punef ooy g pedond g wopeedwes

L T L T R LT B T B TR S TR




THUNHIGT GRS HEESE | ] oS Som B |18 IO 00y 10 Q000 ] “<Saatpam [0 SIS0 Yooy LEA ST LMD N AT SN UL AL (U

Y] HIE B JLEU
’ ’ R O T TLS R

[IH CLY

Hl uiy
) [ (LI

i
Ik GHT'OE
HESG TS
(e TR

i

T

[EELY
v

.

Gy l,

:. HrE') THWR
EE] Ldiy oMy Adnp AN LAY Y, y uy Hy Y Y Yy, - RN e
SHENAT TN IR =N HIL LU Y] F R T A A . el R XN T (P ;
Ik
s 1 s I Ik is (B3
b LT T VR | [ER | ] Qs i e e LR TR TR ITITI PN
EEAL BN WOUE B i Hiwr e ey : LU B UL I 1 ER TR e e 1] spugnaends
-t} pr ;o -p -t =1l =ikl ) T | " 3 - -dml . Jaulgad 1l k]
o ) L0 LT e -1 . W ) Jban e g0
R ILTI VST I

TN I TR TR T [[IARTSNY ) RS T

TECHXICAL LULLETIN

VIVEERNAE gy o g g eud g feapeeodas il Hingg it
WLIIHAR O stoquea parind ayoegiand i speay ISP WL Uiy s et i i jo wissoad g s Buipuaq fo worngigsigy

24

ALY,




Wil

Al

N

Wil

[}

LAMMENATE

i

(LI

THI

A S F RS [ R TR TR S WY | "..:m::_... RCLLT LR VIR B | T Y] B IO LU B R S TR LT TS ER e 0 [T = LR LER AL e Bl e L =LY pepag

L
.J_._”_..:...._,.E

BT L BT YT S TN
T el

1
1 I X LR B

EEl) Judy Lnf Ay RLAN LI LY AN ny Ay Ay 4y iny {1y Uy LAY LAY Hy CRY [LESE I ¥ 7
R AL T N TR Y LA TV Y XY Y S T T JIELF JUREIG BRIy MERA PN I i JLLERTS RS FRTT U E Y N I F R ’ .

IH.__!
s
LY -1k i
pLLY] [ILL] n U2 a (1LY ) ) Wkt [HEER I B Y] 110
. HITRE IR . i ] FERN)
- -1 -] ol ' ] -y Ht . 1] tal 1 ke ul o

1 i .
TR i : Al Sy

RUASTAN RS Y LAR - : Plednd o ot

) P e s oo dinge v nd
OF findprroadie el SR Ui fo s nprie proaagi Sijuipteitnd foo s JSIEE-piy e prieoef sp Hitwpsnps fo sujupotn fu b pegrasigg

HlYE

[EIFR .U
[T T H
[LENg
w
1zl
(LAY |

(LA |
(LR

LZIR L ENLD
SO paall
NI Y

T,




268 TECHNICAL BULLETIM 691, 5. 8. DEPFL. OF AGRICULTURLE

Table 8 is o resumé of the data in tables 2.3, 4, §, 7, and R and in
figures 19, 20, and 21. 1t summarizes the resaits of end -thrust tests
on southern yellow pine members and. in addition to average and
minimum \'ﬂlues includes eertain statistical meusures to which refler-
ence will be made later.

Tapre 9.~ Resumé of end-thrust lesis on perabolic cureed meiibors of southern
wlow pine

ATRESS IBENDING AND COMPRUESSIOND AT PROPORTIONAL LIMPET

Ce ghic

Bhawl- RATTH p
{3 cien

beeraae apd e - . LML
WE Vit 23 ’ Tt
valie

Test uieril AT

Al kupinndion. oloar: i :
i-foot oflset . . - . E 4 kL R
S-inn naffxel y
i= i foat odfsers Canibind % 1,5
ooy oilser » A v o, i
U to i pereent of Brlersl i venied parn of
P SRl Lok deltetive:
T-Fonal, oilaty 42 E Ll - jc It EN T}
3-fant edixed . . : 2 hnh AL a3,040
1 man? Hefont tdleers coqbynnd . HH 5,2 Wi ; g 3 HO
fi-fian odlee) kny i . R LT 4,0
G 1e 300 pereent of materind in conersd perg of
opess ~eption deforrive:
I-fsrst sl o LTy i 3, 6l L 4. 10
3-fonr oil<en . b 3130 LT BTN 0
1= iried d-Fang ot eommbinm] ; LT 2 3. 400
Gdont offset | . 3.0 i L TN . b A By

STRES BENDING AND UM R=<N

All lnsningt ions elens:
{00l ofT-o T I, 1Ml
F-foag ooy s HERp 1]
b= gk 3-fant olfset~ eambiten & 1, i
fefomt e gg i ToNan
E7p e St peropat of Biderial o eenlesd pary aof
PRt 5o defrelive.
IR 3 I | P 2 Ill ’!ll . T (I
3-Fone e L K B 1, TEH)
B anes defunp offaei compbing] . Bih ; = o k
t-feat txi0) K T L l il HLA) S nun
B4 (0 DR pereennl of meateesad sl eeqiteal parn of
epues ~peli0n definfaen:
Tefung offspr | ¢ [ 2 LT L R L R ]
A-feserl anffagm . N L P b ] 1.5 T Ba
B-arted B-fand lfseis ervterkaitened v I LUK 4 k]
Gfung affunt | . } I [t 1_iH) [E40] o, ik

MO LT - aF FLASTICITY

LR LT
ha sy,
Al laminations clear ] 1 in
1-faest l=tet . Caee e p LR Lt A3 1,684
J-fant nffwe; CHES K L }.60m
3- a0 3-fal offeers pntrthaned i L.t R 1,081
G-funt off-wt . g ; 141
E7p ta 6 e pepnl of o aterst) 11 eenel et
crass section Jefective;
1-fuot Glispt... . . Lo % 1,0 - 1. =t
3-foak mTser. .. b 107 ; e 1, 5%l
t- e Bofant ofleot~ ranghined T 1L ' RLE 1, 5%l
el alfaed |, ar 1.R7 <) | .33 LAln
{8 te W0 pereent of materio m cenlmi foark of
vross seethon defoetive: -
1-lont aifsot 1,743 T o e T 1, i
St ofTser 1, 857 L CHTO L s
- abd defand edlsers camisine) . H 1, ""'- i v LKk
Fringr ollang .. il T TR LA




THE GLUED LAMINATED WOODEX ARCIT
MEMBERS WITIHI END-TO-END JOINTS 1N LAMINATIONS

Provision for Inminated members longer than svailable boards
requires considerntion of how end-to-end joints in leminae can be
made and of the eff'ect of such joints on the strength of the member.

Obviously, butt joints without glue have no strength in. tension, and
tests have shown that when trhwd they are very erralic in strength,
thie hest technique in using a vailuble slues affording no more than 25
percent of the tensile thuwlh of wood (20, pp. 54 60) Heuce glued
butf joints are llId(l(‘({lItl{t‘ to resial the bending of laminae to almpe or
{o resist tensile stress in o member after it is formoed.  Butt joints wre
phdesirnble in curved laminations hecause ol their offect on interlamina

FXCESTIVE FRESTURE
e JECSH &G

/‘. Tt EENIENT PRESTLRE AND

CFEN IR CMPEREZLT JOINT

Frovre 22, Conditions al a bt joint fo o lamination of w enrved assembly

contacts in therr vieinity. It is impossible (o produce eurvature right
te the end ol 2 square-cnded picce, henee, in the vieinily of butl joints,
contact between adjaeent laminge ean resull only from pressure
sufficient 1o crusie the wood and expel the glue, thos makine the joints
between lnminae loeally deficient in vesistance toshear,  Furthermore,
elfectiveness under fongitudinal conpression is laeking beenuse the
square ends of the two paris of the jointed lamination eannot be
hrought into contael for the full thickness. These condilions are
illustrated by ligure 22,

Tests on several species of wood (10, 291 have shown that n scarfed
joint, il carefully prepared and well glued, has strength in tension or
bending nppm\umltolv us greal as does the wood itself provided the
lepgth ‘of the searl is s mueh as 8 to 15 times the thickness of the
material, depending on the kind of wood,

A slope ol 1in 12 0s s long as seems practienble for searl joints and
tests of the effect of longer joints were not considered.
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Table 10 presents the results of tests on members with 12 laumina-
tions each, matehed in pairs, 1 of each pair having ell laminstions
continuous, and the other having, at the centers of the 2 laminations
next to the convex or tension face, glued scaxl joints with slope of 1 in
£2. The jointed laminations were made by preparing scarfs at cuch
end of a board, which was then cut in the middle and the searfed ends
brought together and glued.

In making another series intended to be similar to that just de-
scribed, an errov resulted in joints being made in the laminae of both
members of a pair. Three members of this series (Nos. 163, 186, and
1893 did not fail in the joints and these are listed in table 10 as i all
laminae were continuous, together with the matched members {(Nos.

Tanns 10.--Kesulls of lests on matched pairs of purabolic curved members of southern
yellow pine heving 12 laminations-—~{ of each puir with 3 laminations uexi lo
conuet face scarf-jointed at 1 in [2 slope: the olher with all laminations continupons !
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TaBLE 10.—Resulfs of tests on maiched poirs of parabolic curved members of southern
yellow pine having 12 lominations—1{ of ench poir with 3 laminations nexl lo
convex fuce scarf-jointed af [ in 12 slope; the ather with all bominations conlinuows—
Continued
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- 14,580 - 8,705 L, a6 i &, &Ml

ANPTIRC. NI | K 15, S0

Avernge of
Joinitidd teathirs
poiredl malesd

3y i
4. 20

¥ Nos 163, 156, aned 158 Gipd wlaedd scurf ot seopiop Din 12 do thee 4 lareinations sext Lo (He convex
faee,  No failures oeenired In these joint< wad The # memtbers sre eted Dere with Uiese having continuous
lindazipaLiot-.

Clailnees oveured in all joinied members exes s No. S G-fuot alfsae) and No. 218 Gefonn otfsoerl,

164, 185, and 180) which did [ail in the joints. Average results of
tests on members with searf joinés (slope 1 in 123 at the center of the
length of three laminae next to the convex fnce have been appended to
tables 2, 3, and 4. Table 11 presents the results of tests on a lew mem-
bers that include laminae jointed uas deseribed therein,  [n ench
instance. the member with one or more jointed liminations is conpa red
to a matched member with all laminatious continuous.
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The data presented in table 11 are somewhat errafie and further-
smore do not cover all the possible combinatious of tvpe of joint and
it= position in the member. I is belioved, however, that they, to-
gether with results of provious tests, jostifly the conelusion that the use
ol glned seard joints sloping across the thickness of & laming in not Jess
than 12 tiies s thiekoess and reasonably well separated in adjacent
laminae, will re~ult in members whose s{rength, particulasly at propor-
tional lindt, will not be <iguificant]ls lower than that of awnbers with
all lomdnne continnen=, Lo i~ indicated, however, by the daga of table
1t and by comparing (he values appended to tables< 2, 3, and 4 with
the other values in the <ame tables that sueh joinis at the sane point
it the lenerth of sneeossive aminae are undesienble,

EANTEEN HEMLIMR

Table 12 li<t= the result< of testx o 10 curved members made from
pastern bemdock « Fsuger heteroplidio . Phe nmtertal nsed was G-lneh
hosrds with knot~ vaeving Ino<ize {rom b oto 4 mches. Quter {anu-
nation: were ~pllicientdy koetty that none of the membors can be
elussed ax grade 1 constmetion. See po 63 for delinitions,)  In fact,
only three, the cighth, ninth, and testh o the Hist, can he classed ax
sepapde T camstewetion, The Last one 1 gimde T exeept for oversized
knol< @ eentinl lnmdnation~, . Al others have kot too large or
eros= gratte of too ~ieop a <lope o be <o rted.

Toantk 120 fesolte ar oend Nt Sty nne wdbirndand o vaomedd pee e es ol rastern
o daed v onek fam et apes !

tnpasttiare! R 1O T T TR FITETTS
The "MOEE

Shadnin
JIETIN (TLFLE PR B HIN DY 4 Et iy el Hewlhing -
SR S PR L PO S
Hegeeditiz TP hitt
srarndlet
o gran

LD
Jorm oot Panreds e Potine paee
AU TR A P L T ]
i 2m 1, 4

LA CTRE

U sErenc ol el Bl fe S Sl B HEL valile it

The mmber of fests is obyvionsly osoflicient to establish relisble
avornees on which to base working stress values Tor eastern hemloek
in Jaswminated arches.  owever, in view of the values obtained in
these test= and the behavior of the menibers testod, thie working stress
values for castern hendoek a< obtatned by the peocedure Leler ont-
lined are considered upproprinte, These warking stresses would,




32 TECHNICAL BULLETIN 691, U. S0 DEPE, OF AGRICULTURE
with grade | construction as later defined (p. 63Y, vary frond 1,225 (o
1370 pounds per square ineh Tor niembers of the curvatures and nuni-
bers of laminations ligted n table 2.
DOUGLAS FIR

Tuables 13, 14, and 13 show the distribution of <trencth values us
fonnd from a series of end-thirust test: on arcles boilt of Deonglas fir
boards,
Tamsat 13 Disteibobon wf bewtiwn plus com pression steoss ot propestonal Wit
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Tante 15— Distribution of modulus of elasticiiy as found in end-thrust lesix of
parabalie curved wembers nf Douglos fir, accarding to peveent of defeetive maleriad |
T ' : ; . : !
: o CTally, Tully,
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i terl ta Ppherse D bndstHee eami et

The stock used in the Douglas fir membors had been kiln dreied (o a
comparatively low moisture content and when the tests were made the
average moisture content was 1 pereent. The average moisture
content when the boards were bent to shape was probabiy 8 pereent
or lesg,  Beeause of this fow molsture content. whieh rendered the
maternl more subjeet (o hreakage, <ome pleces splintered shightly
when bent to shape. partieularly when bont to the Gi-loot offset. This,
together with the higher stress indueed in bending the dreier material.
caused some of the miembers to fail prematurely when tested.  In
compiling tables 13 (o 15, values that appeared to be lowerad by these
canses were omitted, The remaining values are prohably aileeiod
stmilarly bt to o lesser degree. The tabulated valnes in bles 13
to 13 bave #ll heen adjasted to a bagis of 12-pereont maisture content
so0 that differences in ~trength due to diilerences in moistoee contend
al time ol test do not affee! comparisons,

Results of tests on Douglas B and sonthiern vellow pine members
are compared i table 16,

Censulering the expericnce In muking vposd testing menmbers of
Douglas fir as related above. together with the comparizons shawn in
table 16 and other experience with and information on (his speeios
and on southern vellow pine 10appears weveptable (o wse for laminated
glued members of Donglas fir the same working stresses as for southern
vellow pine. provided suelr menmbers are made up from stocel with o
moisture content approprinte to the curvatures to which laminations
must be bent.

[ixperience with the tests of Douglas fir points delinitely to the
inndvisability of attempting to build wp Yaminated members from stoek
dried o low moisture content unless the curvature s very moderate
(p. 601,

14271 =
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Tanue 6. Coamparison of vesnlls of end-Honst fests on coreed members of soulhrn
el pine aud Douglas fir
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Caoelfirnn of varmtbin F 2 o pereem

VH ~treneth scdies cweljitsted to B2 pereentt mel (ine eantent
TESTS OF BUILIMNG ARCHIS

tool supports in the sorviee building at the Forest Produets Libe
oratoery dig. 1 ineloded threechinged olued iminaied srehos of (wo
fypes, designated C and D, s de<eribed on pate G, in addition {o
those requived Tor the building, two half avelios of each of thoese tvpoes
were niade These were te<ted wnder end Uhrnst,

TEETS OF RUTLBSG ARCHES TYPE I

The half arches of the D tvpe that wore testod are desienated 1)1
and 1 2

Frgure 23, wlhich <hows halt-aveh D) 1 in position in the testine
tactine, illustrates the armugement of the tests. The ends of botl;
hall arehes were eat square with the chord joining the contors of their
ends. Each lall aveh was marked with stations spaved B oot apart
along this chord and designnted slphabetienlly, .1 heing ut the jower
end,

L half-oeeh 1301, which was tested in the Tull length, the prineipal
failuve oeeurred in the straleht upper partion,  Belore toating 1).2,
about 11 feet of its upper ond wax ent off in order to criconrngs Tail-
nre b the viciniey of the knee mid thus get s measiye of the <treneth
of the most severely enrved portion.

Hovizontal deflecton was nioasured at three stations by reading
scales attached to the arch agniust fine wires fixed in a vorlion POSI-
Hon tlig, 2350 Fignre 24 <hows five pairs of spectal pails as arranged
across hali-nrels 1D 20 Nuils of encl pair were spaced to a gage length
ol 2 inches nnd changes in {his wawre length were measured v menns
of a steain enge veading to 00001 ineh,  Similay strain resdings made
on D1 proved unrelinble beeanae the nails with slender <tems as qsed
were ansecure,  Nalls used in 1) 2 had larger stems,
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Stations at which horizontal deflections were read were:
For half-arch D-1 (Hg, 231
£ - in the straight lower portion and 4 feet above the lowor end.
I- 1n the curved portion and at the point where the axis is
fartbest from the line of appleation of the load, 8 feet
above the lower end.
P—in the steaight upper portion and 135 fect above the lower
end.

Fiarrs 28, —alf-nrelh §Y ) in po-Hion i inachine with seale- for reading hari-
zantil dofleefiom attaehod at ~fation- 1 7. aad 2.
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For half-arch D-2:
F—in the straight portion and 5 feet above the lower end.
If4+—in the curved portion and at the point where the axis is
Carthest from the line of applieation of the load, 7' Teet
above the lower end.
A—-in the straight upper portion and 10 feet above lower end.

Faovre 24, - Aprapgeient of poirs of speeinl nails o=ed in reading lonpitudinal
strabus at station A=V of half-arely 13 20 Nudl pairs or gage lengihs we
numbered 2 to G fram the convex o {he concave faee of the meinsber. XNo. |
waz ag exact 2-inel paee lenpih on a4 ~feel bar fixed in the bleck below (he
=spoeiol nail- aad was used o choek the zeeo rending of (he ~train guge.

Tables 17 ana 19 recond readings on arehes 1)1 and 1) 2, respoe-
tively, together with brief notes deseribing the character and sequenee
of fatlures. Tubles 18 and 20 st resuits of tesls on small specimoens
cul Trom parts that were uninjured o the test of the member as a whole.
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Beesuse of the edeved and taperine Torm, neither horizontal de-
feetion nor shortening of ehord, s messwred in the tests of hall-
arehes 1) Land 13 2 and listed in tables 17 1o 20, can be eapected to be
direcetly proportional (o loads or to bending moments. A= the strain
e rendings on half-arch 1Y proved unreliable. no aceeptable
method is avaitable for loenting the proportional linit in this Instance,
The strain goge readings slford g means of estimating the propor-
tional lunit of holf-aveh 1Y 20 In fipoare 300 moments al slation
I1-4-n, ave plotted againzt the stenin readings mnde near the two
eurved Tnees, From this figaee the limit of proportionality between
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moment and the strain at gage length No. 6 (concave side of member)
has been taken as a compressive strain of 0.0032 inch in the 2-inch
gage length, corresponding to a moment of 2,325,000 inch-pounds

M5 IHSF

T1Gvee 25 —General view of failures of half-arch D-1.

(read from a line through the origin and paralleling the line averaging
the moment-strain relation) with @ corresponding tensile strain of
0.0014 inch. From these data, the stress at the proportional limit at
station H4- ¥, where the curvature of the mnember is approximately
maximum, is computed (table 21),




THE GLUED LAMINATED WOODEN ARCH 41

RERTLTSE OF TESTS AND COMMIENTS

Table 21 is a summary of the tests on hail-arches D~1 and D-2.
As shown by figure 29, the upper end of 12 had heen notehed and

i
T,
b
2
s
4
2
=

M2EI9TF
Fravee 248, Compression failires on aond near eonenve face of half-greh 101
between stations ¢ and J. The longitudinal splib showing in this figmre and in
figure 25 Is not a slicar failure but a continuation of the tension failure that bogan
f1r the npper leg of the half areh. The compression failures are shonwn o o larger
seale in Hgure 27,

vertical and horizontal cuts made at cach end to fit the arch to the
end beoarings. Similar fitting wus done to the ends of D-1. The
depths of cross section at the ends as listed in table 21 are measure-
ments, perpendicular to the center lines or axes, that applied before
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the ends were fitted to the bearings. The computed stresses in shear
and in compression parallel to grain take no account of the modificn-
tions of the cross sections at the ends, nor of the holes made at the
lower ends for the bolt to which the rope shown in figures 28 and 29
was attached. These holes may have caused a substantial w cakening
in shear although, of the two membels tested on lv D-2 hlled mn sl,em

%

(SN A

I'igone 27 ~Compression failures on aud near coneave face of hall-arel 1)-2 near
station fI--14.

In counsidering the stresses at maximum mement as listed in table
21, it should be noted that failure st the knee or polnt of maximuni
curvature did not occur in either D-1 or D-2.  Although failure had
begun at this point in both instances, considerably bigher maxinium
moinents would probably huve becn attained had the full strength
in the region of the knee been developed. Bending moments in
wooden members olten increase after initial failure occurs and in
many of the other tests of curved memboers the maximum moment
was considerably greater than the value whon [ailure began. Hence,
stresses at maximum moment as listed in table 21 are too low to be a
true measure of the strength at the point of maximum curvature.




TasLe 21.—Dimensions and computed stresses for half-arches D=1 and D2

Dimension and stress

Half-arch D-1, at stution—

Ialf-areh D-2, at station—

E

Width of section.. ...

Depth of section..

Ares of section..

Seetion modulus, do

Distance from line of action of load to “station  before

loading ... ..

Approximiate radius of curvature of axi

At proportional limit at station F-47:2
Loado... .. ... . ...l... pounds
Deflection . inches.
Moment.. . ... .. . ceiew. -ineh<pounds.
Bending slrus., - ‘pmmda per square inch. .
Stress in compression |l\,l’[)6ﬂ(lltlll:\r to gr.un at neuatral

surface. - Leeeen do.

(‘um])onent of]n.ul puru]]cl to axis '. . pounds..'

Stress in compression parallel to grain

pounds per square inch
Modulus of elastielty . .l oo i e, do....

At maximum moment; ¥
Deflection. -, -
Moment arm
Moment . .. ..inch- pounds
Bending stress. . pounda per squarg inch
\lreqs in compressi pcrpendlmlar to grain at neutral
. ...do. .

(‘ompnnuut of lond ;mrnlles to axis pounds, .
Stress in compression parallel to grain !

pounds per square inch.
(‘omponont nf](md perpendicular to axis!? . .pounds
Shearing stress . pounds per squaré inch, .

27800 48, 060

10,84
19.07
206. 8

), &

99, 49

4, 786, 500
V715

650
134 187

49, 200 0
2585 0

1 (‘ompulod from ()ru.mnl s!mpv of nroh axis disregarding deformations in test

cC4
(top end)

10.84
8,45
97.0

H-1f2

1,862, 000
2, 485

a6, 000"

386
40, 500
420

3 068 860
5,300

“h0,000"

251
40, 500
273

27,100

3,925, 000
2150

302

33, 500
124

1,720, 000
2,98
71,50
4,946,370
4, 550

646
69, 180

257
0
0

0.90
1, 940, 000
2,425

55, , 600

240
41, 100
28

2Load for D- 1, 48,060 pounds; for 1)-2, 69,180 pounds,

26, 600"

R4 (top
and)

11.00
15, 00
185,0

&5, 000

333
41,100
373

IH.I,

q
¥

{710

NAAOOMN. AULVNIIVYT a4

HOUY
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TESTS OF BUILDING ARCHES ~TYI'E C

The building archies of the € type (p. 68) aflord an interesting
example of the use of glued laminated parts.  Consideration of com-

[Fra Uit 25.-  Tension Tailures newe stations 0 and £ ol half-aeeh 1302 longitudinal
shear failure pussing thiroagh ol pear bhattom and expending upward ahogt

ter statinn £,

posite members of this type involves two new phases al the uses of
wood in construction, namely, curved Luninated parces and pleywosd.
A detatled diseussion of (he " iype arches is therefure beyowd (he




THE GLUED LAMIXATED WOODEN ARCH

scope of this bulletin, A brief account of the tests on two half arches
of the C iype is presented, however, but without attempting to gener-
alize from the results or to set up a procedure for the design of such
members.

The two half arches designated (-2 and 5 were tested under
end thrust applied along the chord connecting the crown and abut-
ment hinge points.

The ends were cut square with the chord and load was applied
through hinged hearing plates ot each end.

5

AN

Frovee 248, Lowgitudiogl shear Suiluee in ball-neeh §3 02,

Testx on the two hall archies were ade i the same way exeept
that the projecting parts of the plywood webs at the knee were left
on (" 5, but before the testing of O 2 were cub away slong the outer
curs o border of the flange.  Horzondal detleetions were vead at five
poinls alone the length (i 31, ) In the same way as 1 tests (p. 34)
of lulf-arebes 13 1 and 13 20 Strain was read between nails of each
of four pairs located ws shown by figuree 31, B0 Shortening of the
distance hetween the tao flunges was read near the point where the
curvature is most severe, The webs of the Grpe O ball arches were
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stiffened at and approximately midway between splices (p. 70). At
one point. about midway between stiffeners, readings were taken on
one web to measure any buckling that might occur in it (fig. 31. B).
Forces tending to cause the flanges fo approach each other are
set up when, as in these tests, the applied moment is such that the

40

;10 I I ! e
‘@ :

T e SovE e Sy

STESKE o T N JUCE FNETH O NCRED
Frovae 30 Moweent wl staiwe, Jf 2 of pdfearet 102 plotied apaiast strain in

gage heugths Noso 2did G medr conves o tenston sl CoRtaYe GF Compression
faces of the member |

Hunge on the vonvex side 1~ 0 tension.  This result~ in a radinlly
directed compression in webs and u radially directed <hiear betw een
webs aud Ounges.  The pieces inserted between the webs as stiffehers
and at <plices (p. T weting a= <truts between the inner fuces of the
flanges, le<sened the <heuring <tress in the glued jointz between the
webhs and the central purt= of the flanges.  There was no such rein-
forcement Tor the joint< vonnerting the webs to rhe overhanging outer
portions of the Hunges, however, and <tress in these joints was the
primary cause of futlire in both tests.

Anearly stage of the fadlare of 5 i~ lustrated by figure 32, .1,
The fact that the glued joint connecting the overhauging part of the
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flange to the plvwood web was stronger than the joints within the
web cawsed the failure to be between plies in the weh. A later stuwe ix
shown by fienre 32, B, which i= 1 view of the coneave face of the men-

] B
e

Finvrn 310 (L Hallewreis O3 o peesden for nst: ML pusition ol strain papge
ettt tear bepr o of poetere el of et ees o moensirs pelat ve e eanent of
thuares Dol mgmeatracrod toer def Fare el bgerdineg of wels of af zure inserted
arstraih o cedme voovagd Bertong of peetare e eets o Falfageetos 002 qqal 5,

ber.  Laters] baelling of anouter porniog, of botly Banees has now
taben plare.
Sendy of the stenin resdines Dndieates that o peither C 2 noe C 5
was the proportional Boit of the (langes exeecded wlien failure began.
The peineipal resalis of tesi< on balf-urehes € 2 and €5 sre <hown
tn table 22
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After failure of C-2 had begun, clamps were placed to hold the
parts of the tension flange together and restrain lateral buckling. The
reinforcing action of the elamps, which were not used in the test of
C~5, was probably the principal cause of the greater maximum load
taken by C-2. Tuspection after test showed that the gluing between
the plies ~f the webs was not first elass.  Tad this gluing been goad,

Frovue 32, Fuilare of Lalf arch O 55 00 carly stape: nate devices For measaring
relilive movemoent of fanges and ncekling of web; B later stage, louking toward
cnneae Mee of e ber.

and had there been strits between the outer overhanging poartions s
well us between the central portions of the flanges, the strength of the
members would have heen considerably higher. Either of these face-
tors alene would probably have produced significant Inerenses in
strength.  The sirengthening eltect of the struls is demonstrated by
the fact that separafion of the webs from the portions of the flanges
Botween them did ot oceur and by the farther faet that the load con-
tinued to inerease alter the outer everluneing partions of the (linges
separated from the webs, buckled, and beeanwe quite ineilvetive,
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Tagie 22 Prineipal resulls of fests on members O 2 and C 3, ot first and mazinum
Tailure

a3

Ehord lengtin . .. Teeer b zatael pelaes a s (L
At failure.
T . . prentiirls RERTLT 32, 50
At topend:
shear siress in weh. [ETLITE S -qu:m ek 1.4
Ahar skress inweb da TE
Stwthon L-4Li—nelut ol maxiniumsress in fanges
Hortzoalal distoenes pxis of wenrber betiord i of aetion of Inmi .
font aned duedies g
Horizonid deflection | it 1. 5k
Aagreent nbotet center ol intter - el puagends 022G, G
Moaent aliout cpntor of atter e e olea a1 2. a3, s
Inlnimmprvmumn nner tange fhateruds 1-i4, =0 13, Uistt
{ enn pIression siress in inner naee prsErels septinpre e 2, VEN 2, 4N
Total tenstoan fnogter Hanee frrstipeed~ LT, S 127, 2R
TFenstian SLeess i otlor Ny oo pedaeeds wqtiEne iieh o 11 PRI
Ehear slmess in web i Adis 15
Siinn F~ -pabaf of g sogpeal
Uorizamituldisemies nais of wenther foehodd - e obserion of lowl
et inned tneehees AN R
Terizomw] detleelicen ippedaes LA i, filih
Muomend about center of ioner Hodige inedipia s 2, i, BN B 51 46
Aloieat aliput eenler of outer fang. oo 4, e, 3 o4an, 42
“Pobad compression i iuner S poutids L [FERE =)
Cmnpressiog siress Ininmer Qange prnpds sopare ineh i 3, uii
Talat lesin i onter fanmpe poaninls %3, -‘s‘;!h . Ly 1]
“Peprsion sbpess in nter fomes prsaeeds sapnare fach [ 1] 1,800
i ins of eonter loe of opter flano: T s fnches D e
el inl shewr betwern arter flnepee amd web postisle e puare et NY 14
ML g ek
bl praisnds AT, R 432, S4E
A bupene]
Ahenr stress b weh Lratgterks segian gieh 1,47k IR
Flivar 2EFess in wels Hes Ty, dn IR
ALstation L+t nnigi ol muasdmunsines iy fsooes
i Lacirotibs) h'lit erion et
Mutwend aliogl eeqter of e [npgm Fraedy jeetiziel~ 3,802 A, L Wi
Mpnpetit abeatd cepter of onter finugs 1hn ToduEns, LRI
Pelad canparessiost in inner fonee Mt
Eramepressing sUress i inmer Benge Pentd e ls ~opiizpe igaely
Tetpd 1ension iz outer $anen jaoiaprels 15, 160
Tenninm e it mater fanee puobiin b sipriaTe frteh 46
=iy e el ™ TAEY

reanprabivd By Uhee tistiad forseeials tor shear oo L tieprbrid vt of O Dcaser, Phand v, SEHbe sirens oo inls

Ty

S
wiere b eviersnd slewr, by statiend ened? ab een alon e etird ands b omment el werisg of setdion;
£ letab Haekoess of webse Oer compoiatons ot s follisss Tomal o Blonc oeetnh el med ! other Hogige
Al by efisbaates £ o £ o e steess 1 lanse baed op fanee ds B by crosseseet i wres of e
shear fpess o b UTebivided By oodistones ©to 6 ol Banges tities £ pidinl shear fetweet onier o anel
webe Semsqeg~bress in g tigones w il bhef ot orbangine fneriion of e dbs eded B meelios of eenrer line aof
s

RELATION OF STRENGTH PROPERTIES TQ CURVATURE

The conunoen assumption that bepding stress is Hiear)y disteibubed
across the depth of 8 beanesobjected to flexure does not hold true, even
within the proportionat limit, for crved members. The error of s
assumplion ineveases as the guotient, radivs of curvature divided by
depth of the member, decreases. For vadues of this guolient that
apply to some of the members diseussed berein, the error of this

assnption is large.  Comraon engineering formulas that involve the
«ihhtl!!!j}liiiu of huearity of stress disteibution are nevertheless employed
throughout this balletnr in compntations of sfresses from lests, except
in tesls of members of Isection with piywood webs tlable 223, and are
recordingly assimed to be waed in deaign, W this procedure it s not
bhelteved that the errors of the assumption of lnearity of stress i

142718 e ==
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tribution result in any sigpificant error in applving the data from tests
to design. It is pmblblv that some of the ollvets nseribed to the
influence of stress induced in bending laminations (p, 52) are due
to some small extent to the cuvvature of the members themselves.

Tigures 33 aud 34 bring together the principsl data available for
shiowing the relation of strengih to curvature.

Data frone the irpnsverse tests are plotied on a pereentage hasis
figure 33, those for Sitka spruce, Douglas Ar, and southern yellow pine
being combined as in fignre 15, values {or laminated straight mem-
bors to which the enrved members were atehed being the hases.
Similarly plotted in ligure 33 are data
from end-thrust tests on laboratore-
built members of southern pine, the
aversee strength valoe for members
with theleast envvature 11-foot offset),
relallve  curvature (LiKH25  being
taken a= the base of pereentages,

The plotted points in figure 34
represent  average  and  minimuom
valaes i determined from end-thrust
Lesds ot laboratorv-boilt members of
sttithern vellow pine sad individoa]
test values for the two butlding arches
BY b oaand 1) 2, which were also of
scuthern veliow pine,

The enrves shown in ligiees 33 and
A e essentially identioal. Ly plae-
byr them, eonsideraion was given o
Honres 33 and 34 and to figores 13 to
Lo inelusive, Lo the number of tests
represented by each plotied point,
and o other pertinent mfommation
Furthermore, mwre weight has been
. . wiven to the valuesat the proportional
Frovie 88 Strenlof damieated o050y 1o those ot the maximum

seevinbees e relatoed 1o enrvabire, .

Strongth valieson perecntaize sis, 0ment, — Ax has been noted, the full

nltiruate bonding sirength at the see
ton of maxiis curvature was not developed i the test< of half-arehes
D orand D 200 Consegnenily, the poinis representing these apehes in
the upper part of figure 34 are (oo fow.

Considering half-areh 13 2 alone, the curve for the proportional
limit values in fignre 34 would seemt to be oo high, However, the
value for 13 2 b counterbalanced by values vepresenting nearly ns
great carvature and Ivine, in general, woll above the curve in figores

I+, §3.0 and 33,

A further Laetor for considesation is the velation between the depth
of & wooden beam and the strenewth Tests have <hown that, as the
depth ineveases, the fiber ~tress at the proportioual ient, s well ax
the moduilus of rmpture, deereases Thic relaition hoas been put into
the Tollow e Tormula

.
PR TR e R

oo ay anT
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where £ is the depth factar for o beam of depth /. and is unity for a
beam 2 inches deep.  Volues of £ for members represented in figonre
34 are as follows:

lLaboratory-built members of 8. 12, and 18 laminations with depths
of 6. 9. and 13% inches have values of 77 of 0.95. 092, and 0.88, re-
spee rvely,  The 1 arches used in the <ervice building with a dopth
at knee of 24 inches have a value of /7 of .83,

The strength values for the varions beams wouk be made more
nearly comparable by dividing encls by the apprapriate value of /7.
Inasmuch. however, ws difforences in heieht among the experitnenta)
members with & 12, and {5 lamina-

Itiom: iu;-e naflicient (o make any

arge differences in strength values, —l
adjustiments for height effoct wore ) ‘H\\S\HR

not made.  The loregoinge tabnlation " RSN
suggests that an npward adju-toent - S \
of approximately 10 percent ieht L e e
properly be appliod to the values for ' '

D -Fand 13 2indienre 34 tomake them

mere nearly comparable (o the values

for the laboratorv-built wembeps.,

Such adjustment woudd bring the

values for 1Y 1 and DD 2 consider

ably nearer the curves, which mighy

then be considered as corrosponding

to o height [actor of about 002 - (he

averange value for the sehes with

N 120 and IS lominations : .

In the end-thrust tests, vcurved R N N
members were subjected 1o bending I R
stress eombined with <tress i com- b 31 Strcigth ol Luninated
pression paralle]l o o, Sinee el of soulhers yuilow pine
stresses it compression parallel ta the :li.i:vpil:nwi I:: (‘Illi'\‘:ll.l‘ll;(-. ‘ r'wf:;(»u.;igi h
}L’I‘:Iil! l)f \\'(J(I(I. I?H[ll al I”-"’i)‘”" Vitlteees o ]IU]III‘-IHI PRI e,
tonad it and ultinaie, are eansiderably Tower than bending st pesses,
the validity of adding lonvitndingd compression o the compression
eestifting from bending might be questioned. Hoawever, in the Lests,
the bending <tress ha~ boen from 1~ (o 98 pereent of the totad and o
previows nvestigation /2 has <hown that within this rangee the
combined stress s not <ignifieinstdy lower an the proportioual imit or
at the ultimate than beonding <tress alone would be,

DISCUSSION OF STRENGTH DATA IN RELATION TO
STRESSES FOR USE IN DESIGN

The duta thut have heen discussed. together with ~one additional
fnformation and test resilis that will be ntrodaeed citrrentiy ure the
basis for deriving stresses for use in the doesien of shund laminated
moembers,

BENIHNNG COMBINED WITH COMPRESSION

Table 4 presents ~teength valines Tronr end-thi st {ests o ~outhern
yedlow pine members towether with fioures on stundard devintion and
eoefliclent of variation of these s alies,
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From these data on variability it is estimated that the stress at the
proportional limit wilt exceed 60 percent of the average value 1 99
out of 100 mmembers, the contral three-ifths or less of whose laminae
are defective.  Valuoes of stress at proportional lmit lower than 3.120

[1 —-‘.Z.G{)O( ;i, ):I which 1= 60 percent of the value tndicatod by the aver-

age curve in gnre 34, are accordingly 1o be expected no oftener than
once in a hundred tanes.  Failure of wooden miembors under long-con-
tinted loading iv 1o be expected ol g stress equal to that at the pro-
portional limit.  Consequently, i for such smatertal as 1= represented In
these test=, o value of 2,080 -«-2.(111!)( ;i’):ll wore wsed 1n desiening,
the fretor of =afety would he approximately 1.5 under indefinitely
prolonged loading with rexpect to a faibire of l-pereent probability.
Sinee, as previenzly stated, the curves in fiwure 34 may well be
considered a= eorresponding to a height Taetor of approximately .92,
the reduction of working stresses by the application of height Taciors
in the manner later siiggestod inereases the faetor ol <afely soimewhat,
The faeror of 1.5 = approximately the same a5 obtains with bendinge
<Lresses reconnended by the Forest Producets Laboratary and widely
secepted in desiening timber benms, The recommended value Jor
outhern vellow pine beans, witheut any rate of growth or density
recuirenent, i~ 2000 poumds per square inch to which ha i added
for pieces with not less than <ix growth vines per ineh, making the
vitlue for sueh material 2,133 poinds per square ineh. The material
in the outer ports of the crose ~cetion of the laainated member-
toated nnder end throst was of this chaemeter and it i~ concingded
that the bp=ie beidine-stress values a~ nsed Tor determining desien
values for tinsher beans may be aceepted Tor Loninated member
having each outer [ifth of the depth of the eross seetion famned of
praciically elear material and with the interior part made up ol
laminae containing deleets,

COMPRESSION PARALLEL TO GRAIN

The dnin of tnble 1 hrdieate that, up to o relative corvature of 0.0123
thaminations bent to o rudins of SO gmes their thicknesso, bent materisl
s <nfferad po sienifieant Toss of <trength ps compared with straight
material of the ~pme charactor. Consequently no reduetion for the
affoct of curvature seeins neeessary, and stress i compression parallel
(o the axis of corved members may be on the same basis as for straight
menthers with approprinte reduction for the defects permitted io the
laminations of the curved members,

COMPRESSION AXND TENSION PERPENDICULAR TO GRAIN

Riress i comprossion perpendicular (o the grain regnires considera-
tion Boeause it s developed of the conneetion of arches 1o tie rods or
o abutments.  Conditions at sueh points do pot differ essentially
lrom those ot the ends of beams and the same allowable stress valaes
muy be used ax for the bearing of heams,

As may be demonstrated op. 115 a radially aeting compression
exists i1 o curved member subjected to bhending moments that tend
(o inerease the curveture. For this radial compression, (he same
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allowable stress values are suggested as for compression perpendicular
to gram at the ends of beams,

When o curved wooden memboer is subjected to bending moments
that tend to straighten it and decrease the curvalure, the radially
acting stress is tension perpendicular to the grain, The prineipal
date avatlable as o basiz for determining allowable <tresses in tonsion
perpendicular 1o the grain in faminated enrved moentbors are the
results of tests made us part of a standasd serics on some 1464 species

\ 5 . .

L |
Y e Y

Y

Frorni 35 =taneion ol APt Ty testa o tebmion perpendionlar to g,

it The type of spechinen and testing applianee is ilosiraied in
figmire 35, Mvernge valoes of tension perpetlicalar to wrain for gir-
dried material fmoisture content 12 pereent - vy from as low as 180
for o liehtweight, nowdense ~oftwood, (o as high as 1,200 poiskls per
square inch for o very beavy, dense hardwood. i this test, Lhe
tensile stress b not unifordy distiboted over the nrea by which
the Jvad is divided to get the wnif value.  Henee the values obtained
are somewhat lower than the troe tensile streneth. Thoy are roughly
corvelntied with other mechanical propertios, and study of availuble
duta tndieates that, Tor coniferous spocies, the Lensilp streigth will
arely be loss than 30 pereent of the compression perpendieidar value
or less than 30 pereent for hardwood species, 1€ wonld ~eor proper
then to permit o tensile siress 30 (o 40 pereeat as wreat as the alow-
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able stress in compression perpendicular to grain. However, un-
avoidable imperfections and discontinuities of gluing, together with
checking dunng seasoning or in service, may result mn less than full
areas being avlable to vesist tension with consequent concentration
and nonuniform distribution of stress, 1t thercfore seems advisable
to apply further factors and to make the allowable tensile stress not
agreater than one-seventh of the stress in compression perpendicular

Frovre 36, Hadial tension speeinen fn position, in msehine after test. Test
is macde by potlivg cods of speeimen apart,  Nofe etrewmlvrentinl eraeks where
tension fuibier has aceurred,

to the grain for coniferons species and one-sixth of (he stress in com-
pression for hardwood speeies,

FUESTS GOF RADIAL TEXSHON

The radial tenstle stresst that could be expeeted in an actual curved
wember was cheeked in oo {ew specinl tests. The Jorm of specimen
and method of test are shown In figure 30,

The speeimens were of southern vellow pine with %-meh Tamina-
tions glued with cosein glue, The radius of the coneave face was
15 inches and the radial depth of the spee imens was 2, 4, or § inclies,
Subsequent o the test of the earved specimen, minor specimens
(these minor specimens were made so that there was a glued joing
at the eross seclion of mmbpun areat ent from Them were tested in
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tension perpendicular to the grain according to the method illus-
trated In figure 35. Results of all the tests, together with minor
tests from straight specimens Nos. 198 and 200, which were matched
lamina for lamina to curved specimens Nus. 187 and 199, are listed
in table 23. All the curved specimens failed in radial tension. Owing
to the thinness of the laminations and the vse of hand clamps, the
pressure applied in gluing was not well distributed, which probably is,
ab least in part, responsible in the minor tests for the errratic values
in percentage of wood failure and in strength.

Tanng 23.—Results from lests of radial tension {n enrved members und from lests
in Lension perpendicular o grain on minor & pecimens
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The values of radinl stress when compared with the value of about
45 pounds per squarce inch thet would be derived as allowable for
southern vellow pine by the method alrendy outlined, namely, divi-
sion of the allownble stress in compression perpendicular to grain by 7,
indieate factors of salety of 3% or more. Factors at least this large
are desirable because of the possibilities of imperfect glued joints nnd
of checking of members in service.

LONGITUDINAL SHEAR STRESS

Longitudinal shear was the primary failure in tests of 29 out of
201 members of southern yvellow pine, Values ol the computel
shearing stross ot failure in these instances ranged from 162 to 784G
pounds per square neh with eight values below 250, The wverage
was 354 pounds per squire inch.

The shear-test values, attained in the remaining 172 tests at the
time the member failed from other eauses, are distributed as [ollows:
5 below 160; 45 hetween 160 and 250: ¥7 between 250 and 350; 44
between 350 and 720 pounds per square inch.

Of the eight shear fatlures that occurred at o stress below 250 pounds
per squure incly, five were entirely in the glue line.  In three instances,
joints in which Tailure ocewrred were observed before test to be partly
open.

These members were glued in the Laboratory shop where temper-
ature is not subject to (he regulation that is needed to insure con-
sistently good gluing with animal glue, which was the type used.  The
Inrge pereentage of glue fuilures in some of the joints 1s attributed to
the probability that unfaverable temperature conditions obtained
at the time the joints were glued. In all probability, however, the
aduing practice followed was better than obtains in the use of animal
glue in the average commereial plant.

Some of the glue lailures were probably due Lo one purticular leature
ol the procedure in gluing.  Each member was glued in two or taore
installments.  Laminations were spread with glue (on both {aces
axcept that next (o the forun und the outer face of the last lamination
of the installment or group) and placed in proper order in a stack,
after whieh the group was turned so that the widths of the laminations
were vertieal. The group was then drawn agamst and clamped to
the preceding group, the exposed face of which had been spread with
clue.  With this manipulation, joints between groups were open
longer hefore elamping than were those between the laminations in a
group.  Thus there was more chanee for glue to drain from the joint
hetween groups and for the glue to be affectod by unlavorable temper-
ature or other conditions.  The joints that were found to be imper-
feet Belore test were between groups of liiinations.  Casein and other
tvpes of glue suitable for use in building laminated members do not
require such close regulation of temperature, and, with reasonablie
eare i controlling gluing conditions, poor and weak joints are con-
siderahly less likely,

Muiterial for glued laminuted members, being of smaller dimensions,
checks lesg in drying than do luge timbers.  Consequently it might
be thought that higher values lor horizontal shear could be used in
designing such members.  However, methods and procedure that
are ordinarily available for gluing large membars, particularly curved
ones. are not such ns to insure that ghie joints will always be perlect




THE GLUED LAMINATED WOOUREY ARCH 27

and continuous. Tests have shown that discontinuities in shear-
resisting areas (/7. 2th eause very high concentention of stress. Hence
it is suggested that in the design of glued laminated inembers three-
fourths the unlt shear-stress values that have heen set up as basie
for structural timboers tiable 241 be used,

Tanne 24 Basic stooss vubices 3 Do dniinaded wonden constenelion in pounds per
square tack to be wsed only wfter medification as fudicaled T B accompanying
texis

Cmnbine]
Tending
aiul vom-
R pressive
stress in
CXEFCIIIe
lilwer

Maxi-

it Modnivs

longi- of clas-
telinngd Heily

shear

{ oo o fres-
st per-  siod aar-

o lientar el o
142 ETOin rain

vl (e BT i1 (s b

softwouods:

Cedar, Alaska T, A8 i 1, 0 1. 20K}, AHKD
Cedur, uorihern and southern white . T it SIHS, 1KY
Celier, Fore Orford T, ity b1 1. ), 1
Cpdar, westernred .. L L L 1k IR
Cypeess, soutlern. . X k MRIrH 1, 3, He
Trategine e, vonse regioe i TR 1, (M3, i
Traesdns dic, Hocky Alonniabe reeion 1, Hils H : 1, %L AHK
Fir, earepnierednl wiifhe Ldn. g ‘W 1, P00, (e
Fir, Lalsaim 1, e I { 1L 1, G, X6
Herloek, costern, , At : 13 1, 14, 0kn
Hetlock, wastern 4 [ 4] R ) 1. #Hy, i
PPie, woestern wiite nortdern white.

sy, fired ponderisn AW i . B ! AHIiL AHH
Pine, ped . HA [ ¥ LAl 5 1, 430k, A1t
Pire, sanilern yefinw + R it It 1. I, flinn
ine, sowthern yolingw, dopse 4 k 1, Gk, A
Fedwongl Y L 1, 4 ¥ 1, H), (1K
spritee, Engehnn, I, o L RGN
Apruee, redd wlibee, gt Sitke ke & i ; R
Tummetek - E PR € 2 1, il

[TEL LRI I

Ashy, ponaereind wiile LRt At I L A ORI
Ash, blaek HA A ¥ LT E b Loadn o
Bewgly . S i vy 1, G i
Birelt, aweel tied vedlow LT 1M NE L 1. iR, £
s 1 s LIHE 1, (¥R, TR0
Wi, rock 2 HHy M iR by 1, 30, GHID
Bl Aaporionn nusd <lippery ~ . H TS win [ 1iM 1, 2043, 100
Cianyg, btk el pmf L. 16t 3 1,610 kk 1, 20K, M
Tlickory, trie wind feenn L= = [allH] AL
Mople, supar oo blaek £ : HH 1L it
thtk, eolimereia) e amd whike i ELL B
Trple 1 i j e T. XHY, K

For mentaers woikloGermma b o sobivnes S8 nosd O 0 61 o edise-getine] maceria of Drowrdas fir from
it Poeifie const oo, ~guthern yellow pine or podw ool saloes o soliiang (30 G2 e 15 iy Lie Berersed
Vg, Close-grained aeaterind i= odebned e fellows: Dowins O fre Hie Poeille Cosst region ane)
sptitliern yellow e 2hndl wverape o o0 end o Ui edhor of the piese mal Tess han & por moee thaa 23
apnun b grow i rings per oaedial inedi, Pieces averaeineg feem & o G oo tiRgs per inel o De aeeepdod oy
e conivalent of ehve geabaed iflaving ong-Lhird oF mare commersorsl,  Bedlwomd <hali aveniee on one el
oof it othter nol D Uisr 10 ner miore i 20 s prowth rines ywr nddint inels. Far mesabers witly leini-
natinng in voles 3 andd £7of dense Dotiekas e or donse somthern yellow paee, saioes iooeeleanns (2, 63,
of), nndd (8 may be nerensed Ti Deose mberinl of these speple <shall average on oo eivd o the other
net b than Gappuni geoswdde rizges yier eaedind el o b e biTtiae wod e~ Hinsg oo iied simnerwond

2 Nlsor sl o wost st homloek,

A lstr mgle) s felabe, whike pifne,

1 A ten soll js omgleal ar <hortbed saithers pinge,
§ A lso sobd o8 white ol or woft olm,
£ Alsn soitd as biord pmple.

To the teat ol hulf-arehr 13 1, the maximum shearing stress when
failure from other enpses oceurred was 313 pounds per square tneh,
fn D-2 the mnximmnn =lress was 420 pounds per sgunre ineh when
intlure oecurred by longitudinal shear throngh a bolt hole at the
lower end of the mwenther. Thus there was a factor of slightly less
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than 4 with respect to the design value of 116 pounds per square inel
which would be obtained for sonthern vellow pine by munltiplyive the
basic value of 145 pounds per sgquave ineh eolumn 3 of table 243 by
three-fourths as suggested 1n the preceding paragiaph,

MODULLUS OF BLASTICITY

Available data ndieate, i weneral, that moadnins of elastictiy de-
ereases with inerease in enrvature visbles @ amed 21 . "Plie indjeaiod
deerease i~ <o sl as nol o require consideration in cotnpitations-
of the deformnation or deflection of members,

LIMITATIONS IN DESIGN
RATIO OF PEPTH TO WIDTH

The atrengtl and ~tilfnes- of o memiber ~ttbjected 1o bending vary
as the <econd wnd third powers, vespeetively, of the depth, wherens
buth vary as the lirst power of the width. Consequently, the amonnt
ol matertal vequired for strength and <tiffness Is miniinized by making
the depth ax great as other eonsideration- wili permit. Beeause any
ehange of curvature under load nanally wdds 1o the <tress in a curvel
member, the maximune attainable <tiffies is desirablo.

Frequently. resistance (o longitiwlinal shenr, whicli in mombers of
rectangstline seetion is proportional to cros—eetional area, Lmit~ 1 he
dopth of straieht bonms,  Shoar i~ e fihely 1o beoa limiting faetor
in curved mehers,

The extent to which <trengrth aid ~tilhess con be ieregsed by
mereasing the depth and deeres<ing the widih of s member i Bl
because Inrge ratios of depth to width lead (o hiteral in=tability and to
fnilure by Gwisting and Tateral brekbing an loods loes thas those cone
puted by the nsoal formolas Tor Besural steemeth. The eritical huch-
fing load depends on the maodulius of chistielty and madiius of ety
iy torsion s of the materind, the Tength and crose—eetional dimension.
of the member, location or distrthiution of load. and the way in which
the eads snd edaos of the mewber are ~apported i restenined.
Formulas for eritical load have been developed theoretically and
cheeked experimentally Tor <esornl combinations of those fnetom i
steadehit bowns 300 ppo 135 1620 Adequate information along
similar lines for cum ed motnhers i< laekine.

Consideration of soine special tests on eisved membor snd of (he
refation between dimensions and boekling loads as found i Loesti~ o
heans and on columus with thin oni<tanding Bange « 28 lead= to the
suggestion that the ratio of depth to width in @ eurved member with
rectangular cross seetion should not execed Tour when one edue s
bracod at frequent intervals, a~ by airts o rool purlins. and <hould
nal exceed three when suelt bracing is lackine, The lengih of mem-
hers that are braced along one odge i probubly not important. 11 i-
suggested (hat the combined bending and compressive stress in un-
braced members be limited 1o one-thivd or loas of the stress that
according 1o the Euler formmle, would eanse Literad buekline i
straight members of the <ime eross seetion amd of a leogtls cqual to
the chord length of the enmved memboer.
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I- OR BOX-FORM OF CROSS SECTION

Use of cross sections of I- or box-form affords nn apparvently obvigus
method ol obtaining the required strength and stiffmess with o mini-
mum amount of mﬂtmini in members ::ub]oct('ti to bending stress,
since they have grenter moments of inertia and greater scvtum madduli
than reclangular soctions of the same area.  Their use is, bowever,
limited by the resistance of webs to buckling, to vwdinl conmpression or
tension, and to longitudinal shear: hy the resistanee Uf averhanging
parts of innges to bu{'I\lmn‘, and by the “form factor™ of the section.

FORM FACTOR

Test= (781 have demonstrated that in wooden heams the liber stress
at preportional limit and the modulus of rupture depend on the shape
or form ol cross seetion. Consequently, stress values approprinte to
Leams of rec{angular section must be nieltiplied by a form fuctor to
make them applieable to 0 beam with eross seetion of other form, and
the usual Tormula for internal resisting moment becomes 1< F, ,r", 8.
in which £ form Tactor of scetion: /- fiber stress value for beam of
rectangular see tlcm, and N section modulus of seetion.

F s taken as unity for rectangular sections and is less than unity
for I- and box-forms amd greater than unity for o eivcular section (ior
which 1Cis 118 or for a square section \\lth Fransverse load aeting
along o dingonsl of the section (for which it s 1.41).

The form Tietor relation (/81 was developed from a series of tests
ot members similar in size to airplane wing beams. That it is appli-

roble to such larger memboers as are here nm]m consicderation hws not
hm'n checked by similar systematie tests but 1 indicated I)\ NUnerous
ohservations.  The form Tactor at proportional limit * is given by the
following equation:

Fenas - DA [ h-

where £ is the Torm Tactor of a seetion compused of twa flanges and
ane or more webs, the mtio of the tatal width of webs to the widh
ol the seetion heing £ Values of A depend on o, the ratio of the depth
o dhe compression flange 1o the total depth aceording to the following
tnhulation:
4 K i K : o K
(11 0,055 015 [1.ELif) 5 0.470
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Unlike stress, modulus of elastielry s uml“(-t ted by the shape or
form of eross seclion.  Consequently furmidas for the deflections due
to bending stress require no modification beeause of the shape of the
eross section,

THICKNESN OF LAMINATIONS

The permissible or desirnble thickness of lmninations is aflTected by
several considerations,

The stress indveod 1 berding lainations Tor curved members is
propertional to the rmtio of toekness of laninntion ta radius ol cur-

AT Lest - referredd to above demansteated fhil G fori Betor fur oo tilus of ruptaeee is kess Om Bl fge
~Iress mL propertici] Hlil.,
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vature. The tests discussed hevein demonstrate that the effect of
this stress on the strength of the member s less than might bhe expected
from its magnitade bul il is nev ertheless necossary pr‘c:u;(“npl\' o
reduce \mriqn«r stress as this ratio inereases. When the curvature is
fixed i is poss:hln‘ (o use thick laninations with comparativoly low
working values of flexural stress or thinner bauinnlions with consid-
erably higher stresses. H a large uunmiber of thicknoesses of Tumber
were readily available, 10 would be possibile to choose the most economi-
cal one in relation 1o the curvature and the cost of P t'p‘n(!i!cm. HRSOHE-
bly, and gluing ax affeeted by the nunther of lmninntions,

Standard thicknesses of Tumber ave. however, such that, withou
special sawirg, chotee & finited to nomtinal -ineh or 2-neh stoek
which. when \-!!!l.l[)l\ sutfaced, will have asetunl thickiesses of approxi-
mately % or 1% inehies. or Lo maimml of nominal 27, inehes or greater
fhi{'i\}\(“-ﬁ. Consequently, it s essentind i design 1o adjust curvature
to =tandara thicknesses nuless i s found that special thickoesses ob-
tated by resawing standard thicknesses or otherwise are cconomical.

Pressure applicd in gluing shonld be correlated (o the viscosity of the
ghue in order to insure close contact between surfaees [ined amd Vel
permit o thin and continuous Bl of gloe o remain in the joint.
Insufficient pres<ure and thick glae, or exeessive pres<iuve and thin
glue, will enuse ioferior joints. Cenziderable warp, and iwist in
compuarntively thin lominations ean be overcome by pressuee within
aecepiable lmats bud the stifi ness and tosianal rigidity of thiek lamina-
Hons make i diflieult o bringe warped or twisted soelaees tooether
withont exeessive pressire sl some poinls aad insafficlent prossuee at
others.  Alsoo <t laminations sy, by retaining 2 tendoney to
strmghten, put o st en the glued Joint when the elumping pressuee
ix relensed  Changes i molstore content and in moi<tire disiribotion
during seasontng <ubsequent to eluing and durine <ervice are tiore
likely to eavse ohjectionuble and weakening eheehs i Jnminations aee
thick than il they ace relatively thin,  Conzequentdy iU i~ desirable
that laminations be o peasonable thickoes~ and with o mimmuam
amount of twisting wnd warpime. The maximum thickpess of pieces
that mny be safely joined by ehiing has pot besn determined b
genernl experienee suggests lhll the hazards of poor Joines and of
undesirable chiocking in serviee inerease rapidly with merense i thiek-
ness. Most of the recent glued Binminated constraetion in the United
States has been built ap from vominal [-ineh <toek. I Burope, whoere
materin] is olten spectally sawn for suel constevetion, the thickness
ised has rarely exeeeded 1Y ebies

A mtio of rdins to thickness of ahoat 70 obtains in the ghed
fnminated arclies 1 the Loboemtory's soeviee bailding.  Saeh g small
value woukd not, however, bo Toasible with some species and geades
ol lamber, and o ratio approximeadcely twice as greal carrespanding o
a ending of 100 inches with nominal lneh lomber is perhaps desimble
fis @ mininum,

MOISTURE CONTENT OF MATERIAL FOR GLUED
LAMINATED CONSTRUCTION

Wood ad noy meisture content below 20 pereent ean he satishetorily
ghued with casein glue, Hence no very elose control of moistare is
necessury o provide for gomd ghung wad the principal determinenis
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for the proper moisture content of glued laminated structueal members
at assembly ave the effects of moisture on the hending of laminations
and on the behavior of members i serviee.

The degree Lo which lumber can he bent depends on the moisture
content. In general the curvature that can be produced without
strain beyvond the proportional it inereases os the moisture content
is Iowered.  On the other hand, the enrvatuee that ean be atfained
withont  breakage decrenses with deerease in moistuee content.
Henee for extreme eurvatures, o molsture cantent as high as other
eonsiderations permit ix desirable.

In order to minimize the pifeets ol the shrinkage and swelling, which
oecir with evaporntion mud ahsorption of meisture, and to minimize
changes In enrvature (p. 11 the moisture content when o memhoer i«
installed should be within the range that will obtain in serviee, Wood
that i= sheltered from preeipitation but otherwise subjeeted to naturad
atmespherie conditions tends o assupe o moisture content that varies
from as low ax S pereent or fess in the more arid to as high as 15 pereent
o grentor in e more humibd parts of the United States. Lo heated
buildings the equilibritnm moistore content may be as low ax 4 or 3
pereent doring parts of the beating season. Chlunges in moistare
rontent are consequently unnvoidable and their effects will he minim-
peetd A0 lantinated metmbers when made up have a moisture content
within the range of the equilibrin values to be expected in serviee.
Consequently o value of approxbmatels 10 pereent would seem (o he
st conerally weceptable. T is doubt{ul, however, whether the
necessity of elose restrietion of average moisture is eritieal,

Sepaalivy ol moisture content among bininaions ineorporited ingno
thee same member s perbaps more tmportant than i the average
moisture content I adjaeent laminations differ widely in this respect
when bonded together, subsequett ehanges will ennse one to sheink or
~well mere than the other with consequent stress on the glue jotng

Ob=ervation of rlued Limivated constrieiion does not indieste need
for oy extreme eare oither with respeet to average maisiure contend
or i spread among picees in the swme asserbly, Avoidaoee of any
abnormal spread is. however, destrable aod the eeeater the unilormity
ol (he eloser the conformity 1o serviee conditions the less ix the echanee
ol dhsligneing eheek- or ather il ofileets.

SPECIFICATIONS FOR MATERIAL AND CONSTRUCTION OF
LAMINATED WOODEN MEMBERS

The following information Tor use i =pectfications is coordinnted
b the working ~tress values sngeested on pages 65 Lo G7.

Two erades of construetion are deseribed s also, three allernntive
methods of distribiting teper in miembers that vary i depth. In
any ease the grade of constrnetion and method of disiribiting taper
shonld Be speelfiod and i elose-arained or dense nsteriat is to be used
i outer portions af the eross seetion 10 shonld be so stated.

Comparatvely low-seade material s permitted in famineons in
the central part of the eross seetion in both grides of constretion.

LEQUIPMENT

The blder muost fave facilities for mixine and spreading see
propecly, far naintaining proper temperatures in the shop where
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gluing is done, Tor clamping material to the specified pressure. for
checking the pressure. and for comploting the clamping within the
specified period after spreading the glue.

BEASONING OF MATERIAL

Material must, hefore elning, be seasoned to an Average moisture
content of not more than 13 and nol less than 10 pereent with a
spread of not more than 3 pereent of moisture contoen| amang pleees
neorpornted into a single huilt-up member.

DIVISION OF MEMBER INTO VOLUMES
For the purpose of specilving the selection and preparation of

material, members are divided into three volumes as meiented in
hgure 37, where volume L1 extends (rom one Taee of the member to

Fuoarwe 37 Iuvisaon of Lot dntmber dnto volimes A, f2, and € Tor s
Iving permissible defeets i laminations aecording Lo fheir pusition in o
fesndafy,

g swrface that s ut ecach point in the length nt lenst one-fifth (he
depth of ehe member from that face.  Similarly volume € extends
fromn the opposite fuce (o a surfuce that is at every point at loas(
one-lifth the deptl: from that fee. Yoleme Bis the remaining centeal
portion.

PERMISSIBLE DEFECTS

Limitaiions of knots apply to both sides and limitations of slope of
gram Lo both sides and hotl edges of the lomination.  All laminations
shall be free Trom shakes or splits thut when viewed from (he ends of
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the piece make an angle of ess thas 30° with the wide faces. Size
of a knot ix (6 be taken ax the dimension of the knot between ines
touching it and parallel to the odges of the lomination,  Direetion
of grain 1 o be mea<ured over o distanee sufliciently groat Lo doter-
mine the sencral <lope. loeal devintions heing disroenrded,  Materinl
that i obviowshy w0 resinons as to be likely not (o hold erlue shall he
rejesied.
LAMIN ATIONS 1N TOLIU MBS 1 AND ¢

Lambations e velumes L1 aind € mnst aon vontain any part of the
pith of the tree,

When lominations of Deunglax e, sonthern vellow pine, or redwoodd
are specified o be elosegrined” or dense™ they ~hall conform (o
the rerquirements for rate of wrowth or Tor rate of wrowth and por-
centage of sumnmersood ax <peeifizd for close-gimined or dense matorial
o " these speetes” Iewipdless of the orade of construetion, the onter
linination on each <ide of the member <hall be of the eharaciop
~peeified Tor solmes b and € i erade 1 constretion. Further,
these faminations ~batl live o hickness not ereater than one one.
bundred-and-fittieth of the minioung radin. 1o which thoy are hent.

GRADE T oooNsGer ey

Far srade 1 constraedon, full-width or port-widich laminations in
valizmes b and ¢ <hall Be free fron kot whose <l execeds ane-eighth
the width of the piece maxinnon <ize 10 inelies. The < of the
~izes of gll Kknot~ i either facw in any length equal o the width of the
piese shall ot execed vie-eicinh the width. Laminatione <hall be

Free from dingonal or spirsd wrnin whose slope i~ @rester than 1 ineh in
B anehes Wane, whose wrentest widih does nol exceod one-dall the
thiekness ol the plece, i~ perinisible.

LR S L) B N ' RTFAN

For erade 11 constonetion, mllwidth or paeewidth lnminatons in
volumes . Land € <hadl be ree from koots whose size oxeesds one-fonet
the width ol the picce  maximwn size 24 ineches. The <um of the
sizes ol adl koot~ i either faee within wny length equal 1o the width
ol the pieee <hall not execed one-fourths the width of the pieee,  Tana-
nutions ~hall be free from dineonal ov spirat geain whose <lope is grea tor
tlan Tineh in 15 inehes, Wane, whose sreatest width does not exeeed
the Grishied tiiekiess of the pisee, is permisible,

LAMEN UTTONS 5% Y OLLME &2
AL L YA IR SR B P IS TERN

Full-width or pare-width boninations in valine may have knot-
holes ur sannd knots whose ~ize dues ot execed one-third the widih uf
the lamination except that no defect= <hald be pormitted that interlore
with bending 1o the required eurve without loealived ereeulnritios in
thee enrvature, op that witerfere with bringine liminations into elose
eontaet, Wane whose crente<t width does not excoed (he linished
thickness of the lamiaation s permissibie.

e et et P ahale L
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LAMINATIONS IN VOLUMES 4, 8, AND

[t may be specified that all Jaminations shall be {ree {rom knots.
knotholes, or wane that wili be visible when the member is in place in
the structure.

PREPARATION OF LAMINATIONS

Laminations will be single pieee i length or will be built ups ro the
Full fength of their enns by joining shorter picces end Lo el prior 1o
the final surfncing of either side. by means ol glued plain searl joints
that eross the thichness of the piece in o distance not less tian 12 timoes
the thickness for joints in volumes L1 and €. and not less than 6 times
the thickness For joints in volume (7 In volumes b and (7 the sloping
surfaces joined to form o ~searf juint must be free from knots or piteh
poeckets,

DISTRIBUTION OF JOINTH
JOLNTS IN THE WIDH I OF LAMINATIONS

Outer laminations shall be of one plece in width,  Other lannnations
may be of two or moie pleces provided their widths and wrrangement
are sueh that longitudinad joint= in adjacent laminations are separtod
at least 1L ipehes.  Lamipations or part laminations eomposed of
two or mare picees edge glued 1o each other prior to the final =urfacing
of either side may be considered n- otie plece,

JOINTS IN THE LENGTH OF LAMINATIONS

Searf joints in vohumes <4 and O shall be o areanged that at any
section perpendicular to the axis of the member the s of the widths
of the joints in any gronp of 3 <uecessive laminations shall not exeeed
the width of the member.  Forthesmors, joines showing on either
edie of o member shall not be closer rogether, conter (o eenter, in
adjacent laminations in vohimes (L B or € than 24 times the thickness
of a single luminn tion,

Joints in curved portions wre (o be avouded fnsofar as possible and
Inminations in volumes W3 and B shall not be jointed at any poinl
where the radins of curvature 1o whieh they will be bent 12 less than
125 times the thickoess of the Tnmiuation.

ARHANGEMENT OR DISTRIBUTION OF TAPER

The tapering of members that vary by depth shall be accomplisbed
by whichever of the following metheds i <pectdied.

1. Al basinations to parallel the eenter line of the member exeept
the lasl one st eaeh fuee. whieh <hall Tollow the curvature of the face
and be aecurntely fitted to the preceding laminstions,

2. A group of onter laminatons totaling at feast one-{ifth the depth
of the member ot the point of wmaximas depth or one-hadf the depth
at the point of minimum depth 1o vun paradlel to each Tuce of the
memnber, the remaining laminations being so areanged  (hat fitting
their cnds will not require entting at o slope steeper thap 1in 12
Such Gitting mist be aecurately donie so that o good glue jont results,

3. The total taper to be approxinmiely unilormly divided nmong
all lominetions, that is, each lninstion lo be tapered in the sume
proporlions as the member itsell> - For example, il there are 26 laini-

+ Spe fufreriing g prebaddd nel feastbde watho soebaerk o nrwbose e anseelbde eveepl for Bt aons
eyl nee 5o Shart L eneln e Be fuel throngdy s o oncy projrerly Lapegend baard,
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nations, each will have at each poiut in its length a thickness approxi-
mately one-twentieth the depth of the member ut the corresponing

polint.
MACHINING

All surfaces to be joined by dluing <hall be earefully machined <o
hat they are rete and free from bunips or depression., and at the
rime of gloing <hall be free of dust. dire. ar sreise,

GLUE

Only & water-re<istant vasein, e, vr other slae huowre to be pual
i =trepgth and mol-tice resi-fanee to best qualicy easein gine, is ro be
s Glve mast be thoronehly mised sod be free fron: fomps and
Fromm exvessve air bubbles.

Not loss thate > poids of wer enseln wdae per 100 square feet of
ot aren, o egnivalent atonnt= of nther 1y pes sied. <hall be applied.
Glne sball broapplied toacwmform slieisess and preforably o botlo of
e fee- I!u'l-fin:‘ HEEH jni:ar. (iIIh-ai'(ulIm" pler e b gl b istiel Itl;_n-thm‘
H T BT RIS A L) Ili" :l:li' j." “'I”'I'H(E.

PRESSURE

A ahied joiut are to he snbjected while the chie - ~eLTlT to o
pres=upe ol pof e than 109 nor me than 200 ponssds per square
meh by means of clamps seren juchs. pres-e- ar other <imilar appli-
Hlartes,

Chunpine tmst he complered sirlis 20 migutos after the firse sue
< ~presd 1 wdue is applied ro both faees goserieg o ajoint o within 15
mirsntes if cdue i~ applicd o andy spe of e Taees.  Whien o menther
I~ built up in insralmenes vael zeoap or stadlinenr of Bonination=
~hall remain mmfer prossiee for ar loa<t 3 hones belors betne relsaed
vy add the nost wsrallment Preswire <ball he ainrsined o least
12 hour= aiter the additior, of rthe fuer in<talment

Spectal enre mnst be raker o astre cood hiinee hotw een ieepsive
m~tallment« of himiaiioie,

TEMPERATURE
Tl roons Inwbieh hiine s done <hall be maiurained ar o tompera-

rare of 300 For bicher Matertal 1atac be brovelst approximarely
to the temperatine of the zlue roonn befoes chiinge i~ hoean,

DERIGN STRESSES

The following i~ ~emrested a< (he procednre for dererminine Trom
tuble 24, whrel 14 o tabalation of basie valies aduptod from a pre-
vions ptl])fil':lliull I stpesse= for e o the deston of laodnated
members bailt in wecordanee with the specifieations presentsd in the
preceding <erlion

COMBINED BENDING AND COMPRESSION

The =im of the bemding stress aid the compressive stress parailal
to the axis of the member <hall not exeeed the vahre in table 24, column
2 tinereased in arcordanee with footnote 1 when this footote is appli-

TR T S —
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cable to the material specified for use in volumes .1 and () multiplied
by grade of construction. curvature, and depth lictors as follows:

(irade of construction faetors:

FFor grade | eon<traetion 1. 400
For grade 11 con=truction . 875
Curvature factor . _ 1.0y 20400 (1{1’)-'

{. . . - . . P
where 5 is the maximum valie of thicknes- of lnmination divided by
R .

the radius to whiclh the lamination i hent at that peint in the length
of the member at which the stres< oceurs. tNo curvature factor is to
he applicd 1o stress in g straight portion ol & member regardless of the
curvature elsewhere

Depth factor 1.O7 O l}r‘
where b 3 the depth of the anember ininehes at the point under
('[)Ilﬁl(]f’l':lll()]’l.

IT I- or biweseetions are used Turther mualtipliention by the appro-
printe Torm lactor should Be made p. 563

COMPRESSION PARALLEL TO GRAIN

The allowable stresses in compression parallel 1o the geain are:

For lamtnations of the type speeified for volumes .1 and ¢in grade |
consfructian: The value eiven e table 240 column 4. inercased Tor
elose-grained or ense muterinl aceonling to lootoote 1,

For laminations of the tvpe specilied Tor volumes (L and €'in grade 1
consiruction: S pereent of the value given in tble 24, colunm J,
inereased [or elose-grained or dense material aeeording (o footnote 1.

For laminations of the iype specitied For volvme £: 75 pereent of (he
value siven 1 table 24, colinmn 4, without inerease for close-grined or
tense material,

The tond throust at any eross seetion shall not exeeed the sum of the
products of the eross Seetional urea~ of laminations of each type
muliiplied by the allowable <tres~ i vompression paradlel 1o wrain for
lnmiinafions of that type.

COMPRESSION PERPENINCULAR TO GRAIN AT BEARINGS OR 1ADIAL
COMPRESSION

For allowable <tresse< 1 compresston perpeandicular to aeain, the
valne taken from table 24, columne 3, inereased for elose-grained or
dense material secording to lootnate 1. <hould be nsed.

TENSION PERPENDICULAR TO GRAIN RADIAL TENSION.:

For allewable stresses 1n tension perpendienlare to grain, the vulues
taken from rable 24, column 3, should e need when multiplied hy
One-seventh for solftwomd wpecies or one-sisth Tor hardwood species
and further muhiiplied by the following factors aceording to the type
of material at the point inder eonsideration:

100 for deferts restrietod as <pecified Tor volumes .4 and € i grade
I constrietion: 0,70 for defeets restrieted as <peeilicd for volumes .1
aned "1 grade 3 construction: 4,60 fur defeets restrieted as speeitiod
for volume B,
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LONGITUDINAL SHEAR

For allowable stresses in longitudinal shear, three-fourths the

values in eolumn 5. table 24, should be used.

DESIGN, MANUFACTURE, AND ERECTION OF LAMINATED
ARCHES IN FOREST PRODUCTS LABORATORY SERVICE
BUILDING

Three types of roof supports were used in the Forest Produets Lab-
oratery service building (fig. 13, One was u framed truss designuled
trpe B. The other two were type (. a three-hinged arch with
iouble-I section consisting of plywood webs and bent Inminated
flanges, and tvpe D, a three-hinged bent laminuted areh with pee-
tangular eross sections  Prineipal dimensions of types ¢ and D are
<hown in figure 38, Figure 3¢ shows a c¢ross section of one arch of
sach of these types,

Far purposes of design. a dead load of 15 pounds per square foot of
horizental area and a uniformly diztributed live load of 30 pounds
per square foot werp assumed, it being further assumed that the live
load eoulil necupy the Tull <pan o either half span.

On the basis of the then existing information, the following stresses
were taken as a guide o the desien of the D-type arches:

Pauiuts per
e inek

Hewling stres-. [, 500
Loanipression ~ire=- parabicl v wenin 1. 00
Longitndinal <lenr F30

Owing o the faet that the compnted required <izes of eross seelion
were inereased at several polnts (o give even dimensions and the
Inrther faet that these sizes were not recomputed when some changes
i height of rool peak were made, actual maxiroum stresses on the
basis of the dimensions as built and with the assumed Joadings are
approximately 1165 awd 110 pounds per square ineh for bending and
hear, vespeetively. Inoan areh of this shape the stress in compros-
<ionis very low beeause bendine and <hear stresses dictate the sizes
of rross sertions,

Beeause of a desire te conserve space within the beilding, the radii
at the knees of the arches, particularly type 1), were made very short
necossitading the use of *¢ of un ineh Iiminations or thinner. 1A=
shown by fig. 3% the inner radius at the knee was 39 inches Mate-
rial of this thickness was nsed in the flanges of type C also although
the Jarger radivs would have permitied the use of thicker material.
The laminations were made from nominal I-inel sonthern vellow
pine bonrds that were practieally free from knots. The moisture
content was abont & pereent when the material was veady Jor gliing.

Eaminations were surfaeed to the required thichness alter those that
were Jonger than a single leneth of Tumber had been made up of boards
Jomed end to end by easein glued seml joints having a slope of 1in 12,
g A <howsa nnmber of the Joint= nider pres<ive in a press. They
were then spread on both <ides with casein glne by a nreehanieal
spreader, after which a number were assembled in a group in proper
order vn the gluing frames,  Begioning at one onel, Pressure wis ap-
plied by means of hand-aperated serews.  As far ax possible, the time
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from the spreading of the glue till the completion ol the pressure on a
group of laminations was restricted to 20 minutes. The procedure
with the P-type was to build, at the first operation, about 4 inches

Frovre 3% Cro-s seetion of one arel of cach of fvpes O ol BY as s in the
Farest Produets Laboratoury serviee Doilding,

thickness at the concave side with full length laninations; then to add
Iammations shortened ot one or both ends in installments of 7 1o 10
until the assermbly at all points extended bevowd a line about 4 inches
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from and psrollel to the convex face of the member. WNext, the re-
sulting stepped surface was planed to give n true face to which the
group of eight remaining laminations was glued.

One complete flange for o type C arch was glued at one operation
and was later ripped to form three pieces of the required sizes.

Mensurements with hydraulic eylinders inserted in the clamping
system showed that the average pressure applied in the gluing was 100
to 200 pounds per square inch of glued surfnce.

8ix flange pleces and two plywood webs with stiffeners and splice
plates were Iater assembled with casein glue to form a half arch of type
C as shown in figure 38.

The cuter laminations of type-D arches were full width, as shown in
figure 39, while others were each of two pleces, the longitudinal jeints

BAZSIMIE

Ficrre 40.—S8carf joiuls in laminations for the Forest Producis Laboratory
service buiiding arches under pressure.

in adjacent laminations being staggered. No attempt was made to
join the edges of adjacent parts of the width of o lamination with
glue,
"~ After attachment of the stecl bases, the roof supports were crected
by means of a portable crane (lig. 41). Later the bases were grouted
to the same level

The framed trusses and the types C and D arches for the service
building were made by Unit Structures, Inec., of Peshtigo, Wis. As
part of the contract, two half arches of each of types C and D were
furnished in addition to the number required for the bullding.  These
extra hinlf arches were tested at the Laboratory. The results of these
tests are presended on pages 34 to 49,

TESTS OF GLUED LAMINATED MEMBERS UNDER
CONTINUED LOADING
Tests on one arch of the D-type in the Laboratory service building

and on a Laboratory-built member aflord information on the behavior
of Iaminated curved members under long continued loading.

'l
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TEST OF BUILDING ARCH

The center span of the serviee building was tested under long-con-
tinued loading. Tle loading was bags of sand and gravel stacked on
the roof immedintely above the arch and covered for protection from
precipitation (fig. 42). The bags were unifermly distributed; at first

MEEGIEF

TFiavue 41.- -Erection of arehes in Forest Produets Laborndory serviee building.

HIZBETEF

Fioore 42— Sandbags on eentrnd arel span of Forest Produeis Laborafory
serviee huilding.

aeross the ball spun and kater across the Tull span. The elevation of
thie peak ol the arch and the horizontal distance between poinls on
the arch 10 feet above the foundation piers were measured ab requent
mtervals. During the latter part of the period the temperature and
relative humidity within the building were measured periodically.
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The load was placed in increments the final total being 31,500
pounds, upproximately uniformly distributed over the full spen.
This load 18 equivalent to 42.8 pounds per square foot on the roof ares
tributary to one arch, and thus about 42 percent in excess of the 30-
pound-per-square-foot live load assumed in designing the building.
Figure 42 shows the final load in place. Figure 43 is a record of the
deflections during the test. Eaclh load incremeutr was, of course,
accompamed by an increase of deflection: also deflection increased
hetween placements of inerements.  Separating out and combining
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Froven 13, Record of deflections of eetter arel of Fooest Broducets Laboratory
serviee building in continued toncling test.

the deflections that oceurred immediately on placing the several
merements gives the duta plotted in figurve 44. 1t 15 nut to be expected
that an cxactly hnear relation will exist within the proportional limit
of the material between defleetion and the load on a member of suech
oo shape.  Igure 44 indicates an approximately lincar refation
between load and dellection with 0.74 inel us the deflection that
would lLiave occurred immediately had the entire lowd of 31,500
pounds been placed at one time, The actual deflection at the coneju-
ston of the placing of the final lowd increnent was .94 inel.

The graph ol pesk deflection (fig. 431 shows between the twenty-
fifth and seventy-seventh day of the test three brief periods of 10 to 15
days ench, during which there was little change.  Beginning ahout the
seventy-seventh day and continuing to the one hundred and fiftieth
the deliection gradually inereased with only miner depressions or dips
in the curve, the total increase being about 0.45 ineh and the
incresse per day three times as great as in the preceding 52 days.
During tas interval was o perfod of severely cold weather and the
tempernture within the building was maintained between 73° and
90° k., with the relative lwnidity averuging wbout 30 percent, an




THIE GLUBD LAMINATED WOODEN ARCH 73

atmosplieric condition under which wood tends to dry to & moisture
content of 5 or 6 percent.

The moisture content of the urches when this test was begun is not
accurately known but was probably 10 to 15 percent.  Drying prob-
ably proceeded sfowly in the early part of the test and at ag mnereased
rate during the later period of low humidity.  Inasmuceh as wood
shrinks across the arain but not along the ginin, a curved member
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EFLECTION OF PEAK OF RECH - SUPIIATION OF /i DITE  DEFE6C THEw
FOE EACH INCRERIENT OF 10D fove air 5}
Fravak 44, - Relabion hetween loads on eenter areh of Forest Producety Laboratory
service Duilding and e defieetions at mvidspanet resnlbing Do 1 heip placetent.

tends (p, 1190 to becowe more curved as deying, accompunied by
shrinkage, proceeds.  Absorption of mioisture being nceompanied by
swelling tends to deercase the curvature, 14 s computed from an
euation developed fater that o sheinkage of 0.5 percent across the
arain, suel ns maght result from a deerease of about 3 PPOrCent i moia-
ture contdent. in these avehes wouwld of Dtsoll cnuse o avpiression of the
peeak of nbout an ineh.

Asshown by figure 33, 0 comparatively large aabout keineln decrease
of deflection occurred between the one-hundrsd and fifiyfirsl and
one hundred and filty-foarth day.  This accotnpanied a stight inerouse
in relative humidity but it does ot seem that swelling of the wouod from
the absorption of moisture could have beeu sofficient o aceount for tie
upward movemoent of the peak,

The conelusion from a consideration of this information is that the
possible effects of changas of Joisture content on the delleelion are
sueh that 1t s imposs ¢ to determine whether inercused deflection
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was caused by load during the 5 months 1t was in place. Only an
inconst lerable amount of snow was on the rool at any time during
the test, ’ )

A further factor affecting the deflection is that the construction of
the roof was such that it added consid cruble support 1o the arch above
which the load was placed. The roof panels were 4 Jeet wide and 16
leng. Each had a nominal 2- by 6-inch joist at each edge and a6 the
center of its width, Outer fuces of the edge jolsls were grooved to
receive splines holding faces of adjncent panels in alignment. For the
most part these splines fitted the grooves very tightly.  Glued to the
lower edges ol the joists was a sheet of three-ply %-ineh plywood and
to the upper edges n sheet of five-ply A-ineh plywood, The pancls

[ bate o

Frgons io--Nailing of roofl pancls to arches of Forest Products Laboratory
=erviee Doaildiog,

thus formed box girders # feet wide, 16 feet long, and slightly more than
B inches deep. The Jower plywood sheet of each girder panel wos
nnited at eneh end to the upper face of one of the arches (fig. 453) with
sixpenny nails spaced 6 inches.  Also, the 2- by G-inch joists within
the girders were toe-nailed to the arches.

Vertical deflection of the londed areh is, of course, due to bending
and s secompanield by spreadog near the junetion of roof and side
walls.  Being nailed o the arehes and being very sHil edgewise, the
roof pancls transmit forees causing spreading of the other arches,
with tonsequent vertieal deflections of their erowns.

The five contral arches ol the building are alike (/2 type) and the
load was on the conter one,  Observations were made of the change
in elevation of peaks of (e five arches necompanying removal of the
load at the conclusion of the test and accompanying replacement of
{he same lond at a later date.  Assuming that the change in elevution
of ench arch is o measure of the load carried by it and that only the
five central spans porticipated In earrying the load on the building
the ratio of the change of clevation of any one ol these arehes to the
sum ol the changes of elevation represents the proportion ol the load
that was carrieed by thal arel. Data Trom the two sets ol observo-




THE GLUED LAMINATED WOODEN ARCIH 75

tions mentioned above and derived values of the ratio for the center
arch are shown in table 25. .

TasLe 25, Changes of elesalion of the contral 7 spans with somawnd and replace-
mend of load of 31,300 pounds
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Obviously the ratios in the Lust columu of table 25 taken as estimates
of the proportion of the load actually carried by the center urch are
ouly approxttmuie.  Nevertheless n substantial distributing effect of
the rool panels is mdieated.  Suach a lhnding means Htde In conneetion
with load uniformiy distributed over an entire roof or over one slope.
{t does, however, bring attention to the fact that roof panels, il suffi-
clently resistant to sheaving forees acting i their plane, may huve
signifieant effeet in distributing concentrsted or nonuniformly dis-
tributed loads, or moving loads such us might be carried hy g crane.

TEST OF LABORATORY-BUILT MEMBER

A curved member set up within the Laboratory was subjected to
an end loud during a period of 2% vears.  This meniber consisted of
eight %-ineh southern vellow pine Tuminations free from defects. It
was in the form of half an arch of 25-foot span and had 2 cross section
3% mnches wide by 6 inches deep.  Load was apphied along the line
connecting the ends of the hall arch. The set-up is showp in figure
46, The load applied through the lever system shown was 3,175
pounids.

Prior to the period under load the member was tested Jor stiffness
and finally it was tested to dostruction.  Determinations from these
two tests showed that there had been sbout 4 percent increase in
stiffness.  In the lnal test the lond at proportional linit was 8,750
pounds.  The avoerage moisture content was 5.6 pereent at the final
test and about 10 percent when the loud was first placed.  Adjust-
ment for the difference in moisture content indicates that the value
of load at pro wtional limit at the time the loading period begun was
about 6,750 pounds.  Thux the applied foad of 3,175 pounds was 47
pereent of che estimated proportional linit at the beginning and 36
pereent of the proportional it os deterinined af the conclusion of
the loading period.

The seale shown i figure 46 wus attached at the poinl where the
deviation of the axis of the member From the line of setion of the
fond was 2 masximum 11941 inches at the beginning of the test) and
was road aguinst o fine vertienl wire to menasure the defleetion.  Perd-
odical weighings of o thin board that was kepl alongside the member
nudieated the eqailibrivm molstore content which the member cur-
rently tended to uppronch.  Readings of deflection and of equilibrium
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Fravny 46 Luborentory-bnill eueveal
member of soilhiers yellew pine
under load of 3,170 povnds wgpiied
fo ity ends theengh o Jover sy-tera,

moisture confent are graphed In
figure 47. In this figure a correla-
tion between atmospheric condi-
tions and the deflection of the mem-
ber can be traced, Up to about
Apeil 1, 1934, the deflection in-
erepsed {but at a diminishing rate)
while the equilibrinm moisture con-
tent decreasod,  During the sum-
mer of 1934, the equilibrium mols-
ture content rose and the deflection
remnined almost constant.  With
the begiining of the heating season
(about Qctober 1) lower atmos-
plierie humidity retirmed and the
deflection again increased 81 near
the end ol January 1935, when
rising equilibrium moisture content
was accompamied by decreased de-
fleetiony till about August 1. Owver
the subsequent period to Apil 1,
1938, the drier atmospheric condi-
tiom was aceompanied by a slight
merense in deflection. The evident
effoct of changes o moisture con-
font makes it difficuit in this cuse,
as In the fest of the hullding arch,
(o distinguish the purely time eifect
of the Joad from that of moisture
changes and the resultant shrinkage
and swelling und 1o determine when
deflection resulting from, the action
of the Joud ceased fo inercase.

GLUED LAMINATED
CONSTRUCTION IN FARM
BUILDINGS

Glued  Taminated  constrouetion
holds mueh prondse as a means of
miproving the stroctural featlnres of
fmims wid other farm bulldings,
For example, althouph rafters, be-
canse ol lower costs and Tess ob-
<trueiion of spuee, are profoerred to
trusses Jor supporting barn rools,
previousiy  avallable  methods  of
eonstruetion have not in general
provided  rofters of  adeguate
strength and of suflicient stiflness to
avelki sageing, Two manufactur-
ers are now making glued mminated
rafters Tor the golhie-style dairy
barn mind other farm struelures,
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Designs include a member which is straight and vertical from the
foundation to the mow floor level and thenee curves uniformly to the
rool peak, thus combining In g single picce the Nmetions of stud
and rafter 1,

The present research hag net Included specific study of glued
taminated constrmetion i farm stemetures but o few tosts have been
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made (o demonstrate comparisons with barn valters pade aceording
Lo enerent praetiee. X belel account of these tosts follows,

COMPARISON OF COMMON TYPES OF CURVED BARN RAFTERS
WITH GLUED LAMINATED MEMBERS
NANLED LAMINATED RAFTERS

One common type of curved barn rafter consdsts of @ number of
hoards bent to the required corvature and nailed together. Come-
pavisen of members of this type with those made in the same way but
glued instead of aailed b afforded by tests on five pairs of beams.
Although (he test= were on straight members, similar comparisons
would result Tronr tests un curved wssemblics.  In these tests, S-ineh
laminations ent from the swme hoard vecupied similar positions in
natled and glued asseroblies constituting a pair. The laiminations were
horizental tp. 2. The Iniber nsed was st about 12-pereent moisiure
eontent and ofter completion the beams were <tored for a month
under eonditions of tempersture and relative humidity to give an
ecepailibrinm moistte content of about 12 pereent. They were then
vested. Talle 26 gives important details of construetion and resulis
of the lests.

These tests elearly demonstrate the superfority, with respect o
both the strength and the stiffness, of glue over nails s o means of
Jeining lnminations.  Eaperienee, test, aml observation show that nails
decrease ineffeetiveness with Huctuations n the moisture content of
the material nailed, and tests made after o period of serviee under
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usual conditions would no doubt be still more favorable to the glued
construction.

Similar results were demonstrated in a series of tests made ot Jowa
Agricultural Experiment Station (1.2, 13}

TasLg 26.-- Compurisan of beams with npoiled lominas {o those with glued luminae
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SEGCMENTAL RAFTERS

A second and widely used type of curved haro eafter is the segmental
rafter made by band-sawing the edges of boawds {o the required curva-
ture, assembhing the boards, which must be in comparatively short
Jengths, and pailing them together with the neeessary batt joints
staggered in the adjacent layers.  In this type the layers, or liming-
ftons, are vertleal nstead of being bhent to follow the corvature.
Sometioes the bonrds are not band-sawed bot are Jelt with straight
eelgos and arranged with @ polyeonal outline approximating (he desived
curve. Tosts to compare (his type ol consiruetion with ghied gssem-
blies of hent Jaminations were mwade o1 embers consteucled as
Tollows:

Now. 5% and 33, heat laminated members 15 feot long consisting of
seven f- by Sh-ineh laminae eacl aml made on the form of 1-Tout
aoffset tp. 144,

No. 54, seven vertieal lninge, % by 3L inches cach from (he same
baard as the one used in No. 83, cut and nadled as indicated by figure
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48, A to form a member 15 feet long und with the seme offset as Nos.
53 and 55.

No. 56 consisting of laminations cut from the same boards as those
from No. 53, and made like No. 54 except that faces of laminations
were spread with easein glue inmediately before nailing the laminae
Logether.

Results of tests on these two pairs of members are listed in table 27.
Obviously, such a number of tests does not of itself justify any general
comelusions,  However, the Indications from the tests are in line with
engineering expericnee and judement, and are:

TABLE 27, Compuriseis et bond laminoted wombers with st gt nlal we mbers
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nioment
delloction
limits of the segmental members, particubarly when glued in addition
to the pailing. is comparable to that of members with continuous bent
and gloed Inminations,

2. That the strength, both altimate and that at the proportiona
limit, is low Tor pailed segmental members ag compared 1o those with
continuous bent faminations, but is very considerably enhanced by
gluing,  Possibly gluing under adequate pressure in o press would
produce further improvement,  THowever, the direction of erain in
ach lamination is at an angle to that in the adjacent lnmination.
With this arrangement there is less assuranee of permanence of glued
Joints wirder sueh ebanges i the moisture content of the member as
may oveurin service than when direction of grain is parllel in adjacent
lnminations, as is true of bent laminnted membors,

Pue w laeck of ateral <tiffness No. 34 aailed member bent side-
ways before final fnilure ax shown by lgnre 450 B0 Maximam load
and maximum moment were alfected but litde, iTat all, by this datoral
bending. In service sneh bending or hoekiing is often vonsiderably
restrained by roof shesthing or other parts of the construction.

1. That the stifluess tmeasured by at the proportional

PROTECTION OF FRAMING MEMBERS IN BARNS

Condensation of meisture in walls is of frequent oceurrence in
barns housing lvestoek in the coldor elinates.  This resnlts in
subjecting studs or other Iraming parts eoclosed i the walls to
conditions fuvoruble to deeny and numerous instances of such decay
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have been observed. The same conditions are favorable to the
deterioration of glue.  Regardless of the kind of members used in the
walls, whether one-piece or laminated, effective moisture barriers to
prevent the passage of wuter vapor [rom the interior of the building
with resultant condensation v walls is desirable. Vapor is also
likely to be cundensed in the haymow or on the wder side of the roof
with similar hosards to mow joists and (o raflers,  Moistore barriers
in the ceilings sbove livextock are consequently likewise desirable,

NAILING AS A SUBSTITUTE FOR PRESSING OR CLAMPING
IN MAKING GLLUED LAMINATED MEMBERS

The test data previovsly reported in this bulletin relate to glued
faminated members in the making of which pressure on joints was
produced by elamping, The use of elamps to produce such pressure
has been the method principally practiced both in this eountry and
in Furope with the exception of Sweden tp. 88). It is obvious,
however, that H natling of suecessive laminations without elamping
ar with but o minor amount of elamping would produce glued joints
of adeqgusate s dependable strength, manuiacture of gheed laminated
members wonld be <implified and cheapened. Ao, members could
be built in place or near the bulding site thus making possibie the
use of sizes (0o liree Tor convenient transporiation over I(mg dislanees,

The pozsiiliiios of natling were explored in a preliminary way in two
series of tests, The first consisted of <shear tesi~ on bloeks cut from
small assemblies glued g o the steaight and referred to as “shear-
hloek test=  In the second series curved laminated glued members
were built by nailing ghre-conted lmiill:itimls together and were
tested under fransverse load in such o way as to eavse foilure by
lomgitudinal shear,  These are domgtm[od as Mlongitudinal shear
tests under transverse load.”

SHEAR-BLOCK TESTS

For the shear-block tests assemblics cach consisting of four three-
aquarter-ineh liminae about 5% wmehes wide and 24 nehes long were
made up. The total sumber of sueh assomblies was 32, one-hall of
which wax of sonthern vellow pine and one-hall of Bouglas fis.  Une-
badl the asserblios (A 11y of eael species was glued in a press under
a presstive of 200 peunds per square ineh and the other balf (1
was, after being spread with glee, nailed together.  Lauinations cul
lrom entd-lo-end positions in a bourd occupied shnilar positions in a
pressed and tn oa nailed assembly, Casein glre was imed, Figure 49
<shows {he nailing and the posttions from which speeimens for the
sheny lests were obtained,  These <peeimens were so cut that in teat
the shearing <tress would come on e centeal slued joint.

As shown in figore 40, 5 cightpenny cammon nalls were driven
from ench side.  Nails 20 inehes long pussed through three Inmina-
Hons and penetrated one-quarter ineh iwto the fourth. There were
then 16 aatls through the centenl glued jotag and, the joiut having an
area of approximately 132 square inelies, there was on the average
1 nail for each 8% square inclies of area of the centrgl glued joint.

1427314 44
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TaBLE 28. Summary of shear-block lests
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assembly has no similar significance and the values entered in table 28
are averages for the six specimens from each pressed assemblv. On
the basis of the averages shown in table 28, the speciniens from nailed
assemblies of southern yellow pine had 68 percent as great shearing
strength as those froms the pressed assemblies, the corresponding figure
for Douglas fir being 78 percent.  The pereentage of wood failure
observed in the shear area was likewise less in the nailed specimens
than in the pressed. the deficiency heing mueh lese for Douglas fir
than for southern yellow pine. 1n addition to the lower avernge
vilues, specimens [rom the nailed assemblies were cansiderably more
variable m strength than those from the pressed assemblies. This is
illusteated by table 29, which shows the distribution of test rosults,
As may be noted. strength values for specimens Nos, 2 and 6, cuch of
which Ineluded two nails, are not in general higher than for other
speeimens. Nails add no strength to a glued joint except by producing
pressure during the gluing.

TanLE 29.-- fiisteibulion of vesults of shear-Wack tosts
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LONGITURINAL SHEAR TESTS UNDER TRANSVERSE LOAD

Four parabelically curved members (mude with a 3-Toot offset at
the center of 20-foot chords suppli | elght specimens for test of tongri-
tudizal shear under transverse Joad,  Eaeli of these eurved members
consisted of twelve *-ineh laminations 5 inches wide, the six contral
lnminations being of southern yellow pines and the remainder of
Douglas fir.  Casein glue was used.  The curved members were made
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MITIF
Frounn 50— Curved mewher fur longiludinal shear test wnder transverse load
ot form wilh elamps,

up in two matched pairs and one of each pair was clamped n gluing
while the other was nailed together.

The procedure in clamping was the ssme as in making the other
parabolic curved members exeept that the form was pleced vertically
nstead of horizontally. Flowure 50 shows one of these members on the
form with the clamps in place. Four laminations were glued at o time.

In producing the nailed members the first lamination was attached
to the form; the second was spread with glue on its Jower face and
nailed to the first—nailing proceeding from the center of the length
toward each end. Assembly proceeded continuously in this manner
until all Jarainations were in place. A climp, ploced loosely at each
end, beld ench lamination in place while 1t was being nailed and was
tightened when the natling woas complete. When the nssembly was
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Figere §1.~—Arrangerient of nailing in members for longitudinal shoear test nnder
tragsverse luad.  Nuwmerals indicate pusitions of naitheads in laminatious of
corresponding number—ceounting frowm side next to forin. Laninations Nos. 7
and 12 same pattern as No. 2: Jumination No. 8 spme pattern as No. 3; lamipa-
tion No. 9 same patiern 8s No. 4; unination No, 10 sawe pattern as No. 5;
lminination No. 11 sune pattern as No. §; size and kind of nails: threepenoy

. cowmmon i lamination No. 2, sevenpeuny comeni-eoated hox in Jamination
No. 8, tenpenny comumoun in laudnation Neo. 4, twelvepenny  cemont-conted

* box in lwninations Nos. 5 to 12
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complete each end was firmly clamped to the form.
naled member required about an hour.
Nailing was in accordance with figure 51,

85

Assembly of each

After the four curved members had seasoned for about a month,

ench was cut In the middle and nt

points 7X feet (along the chord)

from the center, forming two specimens each of which teas tested on &
span of 7 feet with equal transverse loads 1% fect on ench side of its

center. One specimen of each pair
the other with convex side down.

The set-up for the
in figure 52.

Firacus 52— Curvee lawinated wmember in
longitudinal shewe tost wder {rausvorse Jond.

Tanis 30 —Results of langitudival shoar tests ander {ransverse
with clamped assemblios
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With the
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combinntion of curvature and propertions of specitnen and arrange-
ment of loads, there was o radinl stress equal to about 22 percent of
the longitudinal shear stress.  In the specimens with eonvex side up
this radinl stress Is tension perpendicular to the glued joint and to the
grain of the wood, which tends to lower the shear resistance.  With
the other placement, the radial stress is compression, which in the
magnitude that existed in this instance probably does not affeet the
resistinee fo shear.

It may also be noted from table 30 that, in three of the four com-
parisons, the shearing stress and the percentage ol wood Failure is
{ess for the nailed than for the clamped specimens,

SIGNIFICANCE

Considering the data of tables 28, 29, and 30. it seens unlikely
that us strong and dependable glued joints ean be produced by nailing
as by clamping. exeept possibly by the use of so many nails that
splitting would result and that the nailing would be uneconomical.
However, in many instances members can be so designed that only
moderate sbhearing resistance will be necessary. Furthermore, it
may in some instances be economical to increase the size of members
to make up for the lower shear resistance of joints in nuiled members
and thus provide lor glued lamiunted construction under circumstances
such that elamping during assembly Is not feasible or in members
that are too large te be transported to the building site following ns-
sembly by clamping.

On the basis ol the data presenied in fables 28020, and 30, it s
suggested that the allownble stress in longiludinal shear for members
assembled by gluing and nailing should not exeeed two-thivds of the
value for clamped members. .\ lesser amount of nailing than i=
represented by figare 51 and nsed in the members listed in table 28
is not to he recomumended.  As nwy be caleulated from liguin 51,
cnch lamination had three nail-heads to each 44 square inches.  The
twelvepenny cement-coated nails, 31, inches long, extended completoly
through four of the %-inch laminations,  Thus. for each 44 square
inches of joint area, there were 9 nails that extended througl one or
more laminations on each side of the jolnt or approximately & squaere
inches of joint area for each nail that extended through one or more
laminations on each side of the jowt.  Assembly sturted at the con-
cnve side of the member and the first three joines had the same number
of nails bul some of them were smaller as indicated by figure 31.
The last {wo joints toward the convex side had a smaller number of
the twelvepenny cement conted nalls.

In assombling with nails, each nail that penetrates a joint and mlo
oue or motre laminations beyond the joint adds to the pressure on
the glue and, provided it is driven hefore setting of the glue begins.
is effective in improving the adhesion of the glue.  Ienee, the maxi-
mum benefit from nailing resulés only when the assembly proceeds
continuously from beginning to completion and i at such a rate thal
the number of laminations placed and natled within the working
lile of the glue is at least as greal as (he number whese nggregate
thickness cynals the length of the nails.
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GLUED LAMINATED CONSTRUCTION IN EUROPE

Glued laminated construction was originated by Otto Hetzer of
Weinmar, Germany, and is known in many parts of Europe as “Hetzer
construction™ or “Hetzer system™ (1. 3, 8).  The term is applied to
any member composed of laminations joined with a water-rosistant
glue regardless of the shape or use of the member.  ('ross sections are
I-shaped or rectangular. Beams often taper in depth from the
center to each end,  They may also be of uniform depth und may be
straight or enmbered, In structures sheltering railway passenger
platforms, laminated columuos and curved braces. and curved or
steaight ralters are used.

Hetzer eonstruction was first used in Germany wheve it attained
consicderable popularity before the World War.,  War conditions, how-
ever, resulted in a shortage of cusein {or use as glue and stimulated
the invention of mechanical devices that very greatly increase the
efficiency of wood in jointed or framed structures such as trusses.
Building with these deviees has largely superseded Hetzer construc-
tion i Germuny because of less rost in structures in which the appear-
ance is neceptable. .\ further factor has perhaps been the expiration
of patents on IHetzer construetion, whereas many of the mechanieal
fasteners are protected by patents, and rovalties may be an incentive
to their promotion.

Hetzer construcetion was introduced in Switzerland about 1909 and
and has sinee continued popular in that country.  Numerous builders
are skilled in its use. A probable reason for its success in competition
with other types is a searcity of timber of suitable size for framed
construction.  Struetures with Helzer members are common in gl
parts ol Switzerland.

The use of Hetzer construetion in Denmark began about 1913 with
its intreduction by a builder in Copenhagenn.  Structures were bujlt
by this system as recently ax 1829 but it & suid not to be economien!
at the present tme in conwparison with other tvpes.

A plant was built in southern Norway in 1918 and a company formed
to operate under the original Hetzer patent=. A eatalog issued the
[ollowing year stated that thiz concorn had Turished etzer memboers
for structures with some 25 acres of roof area. The firm continued
i business for some vears antil the burning of its lactory and other
misfortunes caused its discontinuanee.

A company with a plant on the bank of the Gatha Canal at Tore-
boda, Sweden, begni operation under Hetzer patents in 1919 and has
continued in business. T appears to enjoy a monopoly on this type
ol construetion in Sweden. This is perhaps due to the advantage of
having pionecred under the original patents.  Certain modifieations
made in the original vonstruetion may alford continued patent pro-
tection.  These modifieations which were Introduced several yvears
ago led to “Torebodn construetion” as the name ol the Swedish
prociuct,  Water transportation ta the faetory door for materials and
from it for the finlshed productsis perhaps u factor in the company’s
suecess.  Their product has, however, been used in many parts of
Sweden besides those reached by walerways,
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METHODS OF MANUFACTURE

Hetzer members are almost exclusively made in shops, manufacture
at the site apparently not having been practiced.

GENERAL FRACTICE

Elsewliere than in Sweden the nunulacturing practice is mueh the
same. 1t consists ol spreading boards with glue, assembling & number
of boards in order after spreading the glue, and then clamping the
group against a convex form. Torms are continuous. The usual
clamping device consists of iwo flat steel rods rounded for a short
distance from one end to pass through holes in a clamp plate and

Fravee 53, - Hoolkel searf joint.

thrended to receive nuts. Rectangular holes through the flat part of
the rods permit the placement of eross bars aceording to the depth
of the member being clamped. Pressure is produced by tightening
the nuts. Laminations in the cuter portions of a member are usually
full length, being sawed when necessary from specially cut logs,
Those in e central portion are olten of twu or more pieces simply
squared and placed end to end.  Coniferous woods ave used prinei-
pally.  Boards that have ouly sound knots of comparatively small
size are preferved and resinous material is avoided. The lumber js
usually dried, often in kilns, to o moisture conlent said to be betwoeoen
12 and 20 percent, the degree of dryness depending on the builder’s
preference. All material is pluned on the surlaces to be glued,

Members are made in no greater lengths than can be handled as «
smgle picee. Thus beams, two-hinged archies, and the halves of three-
hinged arches are in a single longth.

SWEDISH PRACTICE

At the Swedish plant the selecton, dryving, and surlacing of materiai
are done in the same way as clsewhere but special long bourds are not
used for outer lansinutions.  Procedure in assembly differs from that
practiced elsewhere.

Each part-length lamination is provided with n hooked seart (fig.
531 al each end Tormed by passing it sideways under a cutter hend
equipped with property shuped knives and revolving about un axis
parallel to the length of the picce. The cutbing is thus seross the
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grain of the wood, A properly shaped “fence,” or guide, follows the
board and prevents fraying or splintering as the knife leaves the cut.

In assembling, the first lamination is bent and nailed to the convex
side of a skeleton form. The second is then spread with glue on one
face, placed against the first and pailed to it. the nailing f()ilm\ma the
bendmg (‘lnqelv This is repeated until the desired ninber of fami-
nations have been placed. The assembly is then, after placing clamps
of the type previously described. removed from the form. The searfs
at the ends of part-length laminations are glued and nailed as assembly
proceeds, the stepped. or hooked, form permitting the two parts to be
guickly and accurately positioned so that they seither stand apart
nor overlap too far. The hooked scart joints obviously bave less tensile
strength than the pieces joined. However. when accurately made,
they are siperior m both tension and ('Unlpi(““lnll to butt joints
and have the further advantage that each piece can be bent sll the
way to its end to make intimate contacr with adjacent laminations,
thus avoiding such openings 1o longitudinal joints between lamina-
tions ax may resttdt with butt joints in lamnntions Hie, 22

The prodnct of the firm at Téreboda is predominuntly {Ie(\p members
with I-form cross section. Webs ure fabricated ax just deseribed after
which wider laminutions to form the Ranges are added to the edges of
the web. El=ewhere stiffeuers for the webs< of members with I-seetion~
are placed with their grain radial to the member and henee ut rieht
angles to the gran of laminations in the web.  In Téreboda practice.
stiffeners are <hort sections of ussemblies made up in the same Way o
the web and have thelr grain pavallel to that in the web, ith this
arrangement, high shearing stress between web and stiffener is avoided
if awelling oy shrinkage occurs but the stiffeners are less effective in
their primary function of reinforeing the webs agninst buckling,

Some of the Téreboda constructions are tlehwnet{ as two-hinged or
hingeless aurches, the ribs being made In two or more sections for
convenience in transporfation. The sections are made with square
ends and ave provided with a wooden splice plate an each side of the
web and metal splice plates on top and bottowr of ecacls Hange. A
typical Toreboda arch rib of 125-foot span v made 1n three sections
and one of 154-foot span = mude i lour sections,

Bending by the procedure used in the Swedish plant probably cannot
be done if the curvature is severe. The foreguing two-areh ribs have
lamella thicknesses of 1.10 and 1.25 inches combined with radii of
curvature of 42,65 and 3825 leet. respectively, thus giving ratios of
radius to thickness of 464 and 354,

DESIGN STRESSES

Stresses reported by European engineers as used in the design of
glued laminuted members are 1280 to 1710 pounds per square ineh for
bt*mlmg and 115 to 170 pound-» pei square inch for shear.  Stress in-

dueed in bending laminations i i general disregarded. no reduction
i desivn <tresse= belaw those [or <t .1!("1\{ mt‘mhm- belne made.

INSPECTION OF STRUCTURES

During the summer of 1936 the author visited in Germany, Switzer-
land, Denmark, Norway, and Sweden. u total of about 30 structures
erabodying glued Inninated coustruerion und varying in age up to 23
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vears, (nreful inspection was made of the glued laminated members
to determine the extent of decay, rlw(‘iung, opening of glued joinls,
deterioration of glue, vr ehange of shape of the member.  The follow-
ing paragraphs relate to the most signficant observations:

Footbr ufjr orer ratlway truck, Jrf(}(f\buq, Sweden, built in 1823 —
The deck is supported by four Térehoda beams of Ishaped cross
soclion and 3G-foot span,  Water, retuined in a joint at the junetion
of one of these beams with a stair string, has enused decay of the wood
and complete deferloration of the glue near the junetion,  Qtherwise
the structure is in excellent condition.

Tower about 30 feet sgpunre, niversily of Zitrick, Zirich, Switzceliand,
bicilt n 7913 Roof structure is of Hetzer constroelion {fig. 54).

[SEESIS

Froean 3 -Tower of University of Zoreich, Zirich, SBwitzerloed, The rool
Traming is of ghied laminated eonstruetion,

The hip rafters are 47 Inches wide by 13% inches deep, and have a tutal
ol 15 laminations; other mlters are 3% inches wide by 7 inchies deep,
and have 8 huninations.  The surfacing of lnminations is oonly modoer-
ately good. Continuous exposure 1o warm and drey atmosphere has
resulted in only slight opening of the glued joints.

Llangar at weilitary fging jut'd Diibe ndorf. ncar Ziivich, Switzerland,
built n 1018, The butdding is 65 by 265 feet.  Three-hinged etzor
arches of G3-foat span spaced about 149 feet are used.  The ribs arce of
umform seetion (614 inehes wide by 26 inches deep) throuehout their
length, except at evown ends where they are reduced o abuut 5 by 20
Inches, and pass {hrough a vertieal post whose lower end conmeets with
the attic Hoor svstem.  Three laminations at the tup and bottom of
each rib are full leneth of the half arel. The atiie of the bullding is
now used as quarters for the personnel stadioned at the field, The
arch ribs show considerable cheeking and sonwe openings in glued
joints, but none of sullicient extent to be serious.

Stetion platforme roof structure at Troudhjem, Norway, heilt in 1921,
—Thig structure (figs. 11 and 53), has 17 bents spaced about 25 feet,
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L AErA st L el v

Onter faee of end bent radlvay stabion pindfonn ool Teoneigjem,
Norway ispne sienetare ox shown b fig, Ty 4 Slighl opening o longitudinal
Joind=; 8, uperfeet Longitielinal joint near boll joing o lamibation,

Figrae 3.
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The joints were slightly open in outer face of end bent as indicated in
figure 55, «1. Suclh opening of the joints is typical of muny structures
of this type. Note the open longitudinal joint adjaeent to butt joind
between parts of a laminalion in figure 55, B.

Locomotive burns of Federal Railways al Bern, Switzerlund, buift in
1912 —Tapered Hetzer three-binged arches carry the rool over four
balls vavying in width from 66 to 80 feet.  The ribs are of reelangular
cross section, Sk inches wide with radial depihs of about 18k, 40, and
16 inches at base, knee, and roof peak, respectively.  The spacing of
the arches is 16 fect.  The building was used for about 108 years for

[Ex:

Froone 56, Glned laminated arehes supporting rool of car-repaiv shop of
Lotsehoerberg Rallway af Baoingen, Switzerlaod. Span 102 feet, arches about
6 inehes wide by 20 inches degp.

steam  engines, subsequently it has housed cleetrie locomotives.
Originally the bases of the avehes rested on conerete piers o few Inclhies
above the flovr level. Decay began some years ago ut the inter-
mediate piers and about 4 feet of the lower ends of areh ribs were cut
off and replaced by conerete pedesials.  Severnl of the arches show
severe checking at the knee section.  The engineer under whose super-
vision {he building was designed and eveeted atiributed this checking
to less care in scasoning smaterial than is now practiced. Severe
checking obtains also at points along hie rool near the sheet-metal
ducts formerly used to conduct smoke and Lot gases.

Locomotire burn, Stutlgant, Germaroy, built in 1013~ The span of this
barn is about 80 feet.  Hetzer three-hinged arclios, about 31 inches
deep at foundation and 43 inches deep at knee, are cmployed. The
members are in excellont condition with no serious cheeking and no
evidence of fallure of glued joints,

Car-repaar shop of Lotscherberq Ruilway, Biningen, near Iuderlalen,
Swelzerland. buidt (0 1815,  Hetzor avehes with Gie rods are used in
this strocture (lig. 561 The span is 162 fect. The seetions of the
arches are about G by 30 inches. Some cheeking oecurs in parts of
the arches that are exposed through skylights to the sun.
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Growing house for plants, St. Gallen, Suttzerland, buill in 1913.—
Three-hinged arches of about 30-foot span resting on conerote piers
about 2 feet high support the strueturs (lig. 573, The arch’ ribs
exhibit no sign of checking, opening of @ived Joints, or other deterio-
ration although conditions within the building are at times warm and
vory humid. :

Factory bidding, Copcnhagen., Dewmark, buitt inv 1813 —Hotzer
arelies carry the roof tfig. 48 of the building over masonry walls,

1A33:23F

Frovre a7, —CGrowing honse for plants For eity gardens, 8t Gaklen, Switzerland.

The span is 60 feet.  Because ol a sirike during ereetion these arches
stood unprotected during wet weather from Februny 1o April, and
the following sunimer was hot and deyv. The arches are in good
condition with no serious cheeking or opening ol glued joints,

Foutbridge orcr Karthousstrasac, Zirich, Switzerland, bulli in 1928.—
The span of this bridge is about 26 feet (lig. 383 16 was designed
as o two-hinged areh, but it has no actual binges.  The ribs bear at
the entls agalnst an inelined face of a slone abutment which has 2
steel plate, slightly smalier than the eross seetion ol areh, interposed.
There was no visible deterioration at the finie ol inspeetion,
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Bridge for vehicular traflic across canal, Copenhagen, Denmark, built
in 1929 —The span of this bridge is 52 feet (fig. 60}, 1t is carried
by four full-dength lietzer arch ribs. A sheet of roofing paper on

[LEEEEN o

Fravia 35 Hetzer arches eareving roof over masonry-walled factory building
Copenhagen, Deamark.

[CFECAR

Fioere 39, Footbridge over Rarthaosstrasse, Birich, Switaerland.

top ol eaeh 1ib forms a rool extending about an inel cach side of
rib. A bent timber about 2 inches thick resting on this paper affords
bearing for short spandrel colunmus supporting the bridge deck,
The structure has been kept well puinted and the arches show no
sign of deteriaration or of opening of glued joings.
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DURABILITY OF GLUED LAMINATED CONSTRUCTION

The observations related in the preceding paragraphs point {o
long life for members inminated with easein zlue when used in build-
ngs in which normal sunespherie conditions prevail.  Lack of
examples of meinbers that have failed or have seriously deteriorn{ed
under such exposine during the third of o century of the history
of this type of construetion precludes sy but optimistic estimates

LT LI

Fioivue GO Bridge oyver cannl, Copechagen, Devmark: U, side s jow: £, under
view.

of length of {ife and perminenee,  From experience {o date it seems
safe {o assunie that casein-eluod laminated construetion will bast as
long as solid wooden members of auy but the more durable spectes
or of preservatively treated materinl,  The ehareleristios of ensein
glue render it unsuited for use In members in contaek witly damp
carth or where the moisture content of the wouod nay repenicdly
exceed 20 pereent, such as in greenhouses, conservataories, ur pulp
mills,

The abserved good condition of locomotive storage and repair
buildings and other rallway stroetures confirms the elnip that cusetn-
gloed Inminated constroction is not atfacked by fumes from coal
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fired locomotives. The reporied good record in chemical factories
in Switzerland over o period of vears iz furthermore indicative of
excellent resistunce to chemical fumes.

Observation of railway-pussenger platform  structures and the
soundness of two bridges that had been in service for 7 and 8 vears
indicate that excellenl performancee may be oxpected from easein-
glued Iaminated members in outdoor struetures, provided they are
built so that drainage and ventilation will enuse the rapid run-ofl and
evaporation of moisture.  Observed decay of wood and deterioration
of glue adjacent to a poorly drained and poorly ventilated joint
after only 13 vears service of the structure emphasizes the need for
careful design of details.

Avatlability of casein glues of fully a2 great durahility as those
used in some of the Buropean struetures together with superior
practice in conditioning material and enrrving ont gluing operations
are {actors that should add to confidence in Ameriean-built easein-
glued lammated construetion.,

Glues made from synthetie resins and urea aire muuech more resistant
to moisture and to fungus attack than are easein glues.  These types
are being mereasingly used in the manulacture of plywood.  For the
most part, high temperatures are required for sefting them ane
they are consequently not, in general, economieally usable [or build-
ing up large members.  Further developments that will render them
applicable are to be expected. Such developments together with
advances in methods of excluding moisture and in gluing material
treated for resistance to fire. insect, and fungus attack may be
expeeted to inerease the dwrability of elued lamimated construction
and to extend the field of its applicability.

DESIGN AND ANALYSIS OF ARCHES

The purpose of this seetion is to give a simplified outline of the
theory of the arch as it relates to the design and analysis of giued
laminated arches.

Design of an areh usually invoelves “cut-and-try” procedure to
some extent berause the moments nmd forees on it cannol be computed
until the position of the axis has been determined and this ennnot
be deeided until some of the othier dimensions are known. For
example. the Laboratory serviee building was specified to have an
externad width of 46 Teet.  The span of (he three-hinged arch could
not be known until the dimensions of the rib at the Toundation were
decided and the required dimensions depend in turn on the spun,
Also the reaction and moments in a two-hinged arch eannot be
computed until the size of cross section and position of the axis is
known. Hence it is necessary in designing a two-hinged arch to
assume the position of the axis, estimate the necessnry sizes of cross
section, check the stresses and, il they are found to be unsatisfactory,
to revise the design.

Two-hinged and three-hinged arches are the types to whieh glued
laminated construetion is hest adapted.  DBeeause of its simpler
structural action, the latter type is discussed first.
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THREE-HINGED ARCHES

The three-binged arch consists of two parts pin-connected or
binged to their supports and to cach other. In the more common
symmetrical ense, the two supports are at the same lovel, and the
parts ave alike and meet at the high point or crown of the arely,

The three-hinged ared is statically determinnte, that is, its abut-
ment reactions under any loading can be determined from the three
basic equations of static equilibrinm of forces in n plane: (1} The sum
of ull vertical forces must be zero; (2) the sum of all liorizontal forees
must be zero; (3) the sum of the moments ol all {orees about any
point must he zero.  Application of these equations to the sreh as i
whole determines the vertical reactions nnd establishos the fact that
borizontal reactions or thrusts enused by vertical londs are equnl and
oppositely directed.  Deotermination of the muagnitude of the hori-
zontal thrust requires applieation of the equations to parts of the
arch separately.  The parts selected must be free from moment al
erther end, otherwise additional unknowns that exnnot be determined
are introduced.  Inasmuch ns no moment can exist at a hinge, the
mtermediate or erown hinge qualifies as the point of separation.
Applying the equations of equilibrium to all forces acting on the
parts to the right and left of this linge determines the horizontal
thrust.

Design and analysis of a three-hinged arch are facilitated by o
consideration of the equilibrium polygons for the specified loadings.
The cquilibrivm curve or polygon is the moment dingram for the
specified loading drawn in suelt a position and to such o scale that it
passes through the hinges.  Furthermore, it is the “linear areh” that
under this loading would be subjec{ed only to lengitudinal forces
i any of its parts, that is, no bending moment would exist in any
part of such an arel,

THREE-HINGED ARCH UNDER YERTICAL LOAD

Bquilibrium polygons. horizontal thrust, and vertical reactions for
three arrangements of vertieal loading are shown in figure 61 A,
B, and O,

The following properties and uses of the equilibrium polygon for
vertical loads are readily demonstrated:

t. The bemding moment at any point on the arch axis equals 72,
the vertieal distance from thai point to the equilthrium  polygon,
nrultiplied by /7, the horizontal thrust of the arch, namely,

M- itz

il the arch axis is below the oquilibiium polygon, the moment is
positive (such as to cause compression in the upper nad tension in
the lower sides of the aveh sib), and conversely.  Thus in figure 61,
A and € the moment is positive between & and & and negative hetweon
Loand O and between Sand B, In figure 61, B2 i is negative through-
oub. 1t is zevo, of course, nt the inges L, O, and 72 and at points
where, as at S in figure 61, A und €, the equilibriuns polygon crosses
the urch axis,

HHUTIRT. 89—
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9. The thrust parallel to the arch axis, and the shear at right angles
to it, are the components in those directions of a force whose horizontal
compaonent is 77, and whose divection 1s purallel to the direction of the

Loa0

W# PER FOOT ON FULL SPON |

FQUHEIBRIVMT FPOLYGON — FARABDLA
WiTH VERTEX AT CEOWW HINGE O

1040 W PCR FoaT on BALE JPAN|
EQUA IHEHAT FORYGON - STIRAIGHT LINE
L TO O, PARABOIA O TO B WITH
ITS VERTEX 4 T THE RIGHT ANG
§ ABovE O VERTIAL DISTANCES
FEDM THE LINE O0-8 TO THE
! pAeASHA ABE EXACTLY TWICE

AN
1\ \>| AS GREAT AT N 8

EI
3 -k

Frovue 61, - Fguilibrimn polygons, horizonlal throst, and vertieal reactions of
thero-hinged areh under verlieal load: A, Bingle concentrated load; &, load
wnilornily distribuled over full span: O el uniforly distributed over ane-
half span.

cquilibrivm polygon ul o point vertically n line with the point in the

arch axis thal is under consideration.
In accordance with this relation the thrust and the shear at any

point is found by simple graphics, ns illusteated for point & in figure 62,




THIE GLUBD LAMINATED WOOUDKENX ARCH a9

In the diagrams at the right in fgure 62, ¢4—b represents &, the hori-
zontal thrust of the arch, to scale and b—e is perpendicular to a—B5.
A line through a parallel to WA (which represents the dirvection of
the equilibrivm polygon at {7 in the ssme vertical as {7} intersects
6—cid. The dircetion of the arch axis at {7 is represented by ¢—e,
which is parallel to Q11" Then d—7 is deawn perpendicular to a—e,
and @ —f and f—d reprosent, in amount and direetion, the thrust and
shear acting at {"on the portion of the areh to the vight of 7

aggr
5 U
ax:y y

M// TEECUNR IBRINT PGIYGEN 2

AXLS
//7 ECUHEIBRIKT POLYGON —, __\

Frovne 620 Graphical method Tor finding toenst o shear ad a2 point in the axis
ef o theee-hinged arels.

Consideration of such dingrams as figures 61 and 62 and of the
properties of the equilibrium polyeon as just stated cnablos one to
readily visnalize the action of a three-hinged ureh under any condition
of loading.

Figure 61, B and " illustintes equilibrium polygons for load uni-
formiby distributed on the Tull areh and on the vighit half, respoetively,
Load that is wnilormly distributed on 2 rool is not vrdinarily earried
divectly by the areh but is transmitted (o it at panel points by purlins
or other members, 10 is common i the design of roof arehes to inves-
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tigate stresses for lond uniformly distributed over the entire span and
over one-half of the span only. ¥or cither of these conditions, the
equilibrium polygon consists of straight-line segments witl its vertices 9
at peints where verticals through the panel points intersect the para-
bola shown In figure 81, 8 or . Thus the moments at panel points
are exactly the same as il the londs were earried direetly by the arel.
The correct thrust and shear ' at the left (or right) of a panel point
can be found by using as the dircetion of such a line as ¢—e in figure
62. the slope of the parabola at a point half a panel longth to the left
(or right) instead of MA, the slope at o point vertically in line with

P
AXes
OF FACAB A

VEETEN }

=

‘ ]

\ .i

N SEauAL

/D/.S' TANCES

r

.

»

e -
R rovar orsTances "
Figuniz 68, ~"T'wo methods of drawing o tangent at w speeltied paint on 1 parabola.

1

the pancl point.  These relations make it {easible to use the equilil;-
rium polyvgon for uniformly disivibuted load instead of that for the
actual panel point loading and allurd a basis for very simple analysis
of stresses,

The determination of thrust and shear requires finding the tangent
to purabolic parts of the equilibrium polygun at specified poinis,
Che axes of these parabolas being vertical and their vertices being
known, taugents can be found by either of the two simple methods
illustrated in ligure G3.

3. In addition to the {wo properties of the equilibrium polygon as
already discussed, there is o [urther important relation between the
WIII lilf o pmnel lowdd 38 careied dareelly Lo the abateond, and Ui hay na eilfeel oo tie areh
iLself, pauses (he cquilibrivm polygon Lo e inseribetdt in the bl thad is vhe egililrinem eoeve for un-
form distributbon of lond. 1 the panel Jowds aeted un Uie ured ot e conters of paned wllths, Hie equilit-

tidin pafygan wonld o cireunnertlisd abort Chis parn bl .
BThe values of thrust and shear will be Jiffereal on Uhe Gisn sides of Hhe | anet point.
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arch 1ib and the equilibrium polygen for verticel loads; under load
the arch rib curves away from the equilibrium polygon for that load.
Consequently the arch axis when under load is at eritical points farther
from the equitibrium polvgon than n its unstrained posision. This
results i Increased stress which Is discussed later under the heading
of secondary stresses.

PROPERTIES OF ARCH WITH IMARABROLIC AXIS

As previoushy stated, i an areh is so built that its axis eoincides
with the equilibrium pelygon or linear aveh for n particular loading,
this loading will cause only longitudinal stress in the areh rib and

EQUILIBRIIT POLYGON FOR FOUHIBEI POLYGON FOE
UVIFOEIRY DISTRIBUTED . 5 LIVIFORIY  DISTRIBUTED
LOAD ON FUL SPAN TN om0 v ESHT patF
COINCIDES  WITH N . N\ OF SPAN

ARCH Axis ~
-2

-
OEDINATES BETWEEN ABCH ALlF ANG
FOUILIBERIN?  POLYOON FOR LNVFFOEHM
L4 OGN HALF SPAN
Friveg 61 Theee-hinged paeabolie arel with equilitriven polvgon for uni-
forimby dizieibmibed loned on bt nadf of span and dingreen of ardinates between
arch axis and equilibrinm poiygon.

there will be no bending moment or shear at any point.  An arch
with parabobie axis fulfills this condition fur load uniformly distributed
acros: the spantt This areh i unigue nlso m that, under uniformly
disteibuted load on hiall the span, the maxdimum bending moment 18
fess then with any other form of axis. This may be readized from a
vot“derntion of Beure 64, ALnny puint to the right of the conter the
purabolic arelr axis is just as Far Delow the equilibrium polygon lor
winilormly distributed load on the vight half a3 s above L at 8 point
the sme distance to the left of the center. Consequently, if the form
of tie axiz be olpaged, while keeping it symmetrical ahout the vertical
conter line, one of these distanees, and consequently e moment, will
he ereased.

Far the eomndition indieated i figure 64 the maxinium vertieal
distanee fram the aeeloaxis to the equmblibriv polygor s at the guarter

© For e aniformby clsteiiegte alonr ke as i Do Hneir aredr ar cganilibacivnn pols gon i gl enery ¢oane.
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point of the span where it is #/4. Since the thrust under balf load is
Gl

%: the moment is wi*/64, or just one-cighth as great as the maximum
bending moment in a beam under unilorm load on the same span.
This leads to the interesting fact that lor the same bending stress the
avch rib with parabolic axis will be just one-half as large i cach cross-
sectional dimension as would a simple heam on the same span.

A further feature, in which the aceh with parabolic axis is unique.
is that under uniformly distributed load over the full span or aver the
half span its bebavior is very much the same whether it is three-
hinged or two-hinged (a hinge at each abutment only). That it is
the same under full-span loading is evident Irom the lact previously
stated, that this lending eauses only longitudinal thrust in the arch
rib and there is no shear or bending moment at any point. [nder
the half Inading the moments ot points on epposite sides of the center
of the three-hinged arch and equidistant from the center are numeri-
cally equal but ol opposite sign. Consequently, the downward deflec-
tion of ench point on the loaded sid  is exactly equal to the upward
deflection of a point the same distance from the center on the other
side and at the erown the tangent to the axis on the loaded side will
turn through exactly the same angle as that on the other gide. 1n
other words, the (wo tangents are in the same line after loading just
as they were hefore and as they would necessarily be after loading if
the arch were continuons nt the crown (no crown hinge). This
reasoning is partially invalidated by the fact that the chord length of
the hall arch on the side without load shortens and that on the loaded
side lengthens,  Nevertheloss the actions of the three-hinged and the
two-hinged areh under aniformly distributed load on one side is so
nearly the same that for sueh loading the two-hinged areh probably
has little adyantage over the three-hinged.  Under other conditions,
however, sueh as voneenirated loads, rolling loads, or wind, the two-
hinged areh may have considerable advantage.

THREE-HINGED ARCH WITH HORIZONTAL FORCES

Reactions andd equilibrium polygons for a single horizontal foree and
for hovizontal pressure unilormiy distributed on the rise ol the arch
are shown in figure 65, <L and B.

In partial centrast as well ns in partial nnnlogy to the condition for
vertienl londs. it 1s te be noted thai, with herizontal forces, the twao
vertieal reactions are equal and oppositely direeted while the two
horizontal reactions are unequal but in the same direction.  Tu this
ease the moment at any poini in the areh ring is equal to the vertienl
reaction multiplied by the horizontal distanee from the arvel axis (o
the equilibrium polygon.  (Aetunlly horizontal reactions could be
used 1o (his ease with vertieal distances; also the corresponding pro-
codure Tor vertical loads ns previously stated could he similarly
roversed,  However, the procedores stated here and in paragraph 1
under the discussion ol vertieal loads are simpler beeanse they do not
involve choice hetween fwo differing £ or 1783 Thus, referring to
figure 65; for the singte load, moment #t =17 multiplied by distance
g—b, moment at e~ V7 nmulliplicd by c-d, and moment at r=1"
multiplied by «- ¢ while Tor the distributed load the motnents a
g and o are 1" multiplied by ¢ b and ¢—d| respeetively.
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The second property of the equilibrium polygon or curve, as stated
under the discussion of vertical loads, is also applicable to the case of
Liorizontal [forces with appropriate changes of wording that will be
readily recognized,

For downward-neting vertienl loads, all parts of the equilibrium
polyvgon, considerng it as a structure supporting the loads, are subject
to longitudinnl compression or thrust.  With horizontal forces, on the
other hand, parts of the equilibrium polygon, when it is similarly con-
sidered, are m tension and parts are in compression.  Thus, lor the

N I \\
o TETL BRI FUIPOON S

P RABA LTI O AN

LR SERFS AT e ~
te E THE RIGHT AN T =~
SLES D - TR G T HINE TS

LA

Fiacvne 6o, - Fguibbeivm polygons, horizental thrust, and vertieal reaelions of
three-binged wreh with horizontad prossere: 4, Coneenteated load; B, dis-
tribuled load,

distributed load, tfig. 65, 51 Lbe 0 Is in tension amd OF in campression.
FFor the concenteated fond i, 65, 2 Lb is i (ension and 68 in com
pression. ‘Fhe part 50 must be considered in two ways; as part of
L6010 1s 1 tension and as part of ObR it is in compression,

Property 3 of the equilibrium polygon. as stated under the dis-
cussion of vertieal loads, requires modification as follows 1o apply to
horizontal Torees:

The urch axis tends to curve away from the corresponding part of
the equilibrium poiygon i, when the oquilibrium polygon 18 con-
sidered as o Hincar arch resisting the Torees, that part s onder com-
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pression, and to curve toward the corresponding part if under the
some circumstances that part is In tension.

Usually the only horizontal pressure to which an arch will be sub-
jected is that due to wind. Igure 65 (B applies, as indiented, to
force uniformly distributed vertically and, henee, might represent the
conditien resulting from wind pressure on a vertical wall that is
braced against the arel at frequent intervals,

THREE-HINGED ARCH WITH INCLINED FORCES

Wind pressure on a curved or an inclined surface is ordinarily
assumed to act perpendicular to the surface and. hience, inclined to
the vertieal and horizontal, and to vary with the inclination. A con-
venient procedure in such a ease is to resolve the pressure into its
vertical and horizoutal components, find the effects of each, and then
combine the results. Neither components will be uniformly dis-
tributed; hence, the equilibrium polygons for uniformly distributed
load, as shown in figure 61, £ and C lor vertieal lond and in fgure G5, B
lor borizontal load will not be dir ectly applicable. They arve, however .
in general, fllustrative of the tyvpes to be expoeted.

THREE-HINGZD ARCH -GRAPHICAL METHODS

Graphical methods can olten be effectively emploved in arveh
analysis. The preceding discussion has tneluded graphical methods
for finding values of thrust and shear after the areli axis had heen
drawn and the eguilibrium polygon plotted by analyvtical methods
foliowing the computation of the reactions. The reactions and the
position “of the cquilibrinm polygon can often he found more simply
by graphies.  The procedure is illustrated by figure 66, which shows
the axis of an arch earrving five vertical loads with the magnitudes
and positions indicated.  An unsvmmetrieal areh with abutment
hinges at different levels is used in this illustration in ovder to show
the generality ol the method.

The frst step is to Iny off the lowds to a eonveniont seale and in order
along o vertieal line. A frial pole point as /77 i taken.  From Lo line
18 drawn parallel to f77—0 to mterseet the line of action of Py in o’
From o' a line purallel to /77— 1 is drawn intterseeting the line of action
of Py in 6. This process is continued nntil the final line paraliel to
' —5 interseets the vertical through R in £, L-~R* is then drawn
intersecting the verfieal through the intermediate hinge at S, A line
{from 7' paraliel to L— £ intersecis the vertieal load fine in . Then
o~ and »—3 represent to seale £y, and f2, the vertieal reactions at £,
and B, vespectively, and La’b/¢/O'd e’ 1 1 (e frind equilibrium polygon.
The desired or proper cquilibrinm  polvgoen, however, must pass
through L, ¢, and B, To make it do so @ new position for the pole
point is vequired. Use of a pole point anywhere to the left of the
load Ime and o & line drawn {hrongh o pamllel to L—f will bring
the equilibrium polveon through L aml R0 To make it pass through
2 the horizontal distunce from f7 to the load Ene 1s 8o taken that when
multiplicd by . the rise of the areh (or the height of the intermedinte
hinge above L-— &, the line joining the abuitment hinges) the product
equals the horizontal distanee Mo 77 to the load line multiplied hy
the distanee from (0 to S, The distance from /7 to the load line then
represents the horizontal thrust of the arch to the same seale to which
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the loads were Iaid off on the line e—5. Using F7 as the pole point,
the same procedure as in drawing the tris! cquilibrivm polygon is
folowed, and LabeOde B the proper equilibrium polygon for the arch
is located.

The further procedure in finding moments, thrust, and shears is as

previously outlmed.
TWO-HINGED ARCH

The twa-hinged arch is continuous hetween ils abutments to whieh
it s pin-connected or hinged.  When abutments are at the same lovel
the vertical reactions caused by vertieal lowds are found amd the
equality of horizontal thrusts estublished by applying the equations
of equilibrium to the arch as a whole just as with a three-hinged arch.
The procedure used for fmding the magnitwde of the horizontal thrust

-t

Frovus 66, Graphical metiod e lindiae equilibeson poelyeon, horizontal thenst,
and verticad reactions of three-hinged areh uonder vertieal Jomeds.,

of the three-hinged arel is not available, however, beenpse there i1s no
point ot whielt the arely enn be sepronted into pnrts without introdueing
the moment, of unknown magnifude and divection, that may exist
al the point of sepnration,  Beeause of this the fwo-hinged areh s said
ta be ataticatly indetermuinate,  Cansiderntion of the elastic behavigr
of the areh vib makes it possible o determine (lie horzontal thrust.
T s necessnry aceordingly that the position of the axis and any vari-
ation in cross-sectionnl dimensions of the areh rib he knowa,

The two-linged areh is likely to be vacd with comparatively small
rse 50 that the effeet of sueh horzontal forees as resolt from wind
aetion will ordinarily be comparatively small. Consequently the
Turther disenssiom relates (o vertieal load only,

INTERSECTION LOCUS

Conipuintions of a twochitniged orel ure Taeilitated by the use of the
ersection locus, which is the path traced by the peak of the egailib-
rintn polygon for g single Jond as the load moves across the areh span.
Referripg again 1o the three-liinged arels; any equilibrin polyeon
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passes through the hinges and that for a single vertical load is, as
shown by ligure 81, 4, formed by drawing a line {rom the abutment
binge farther from the load through the crown hinge to #n intersection
with the vertical through the load and eomnecting this interscetion
point to the other abutment hinge. As the load passes across the
span, the intersection point or peak of the equilihriuin polygon traces
as an intersection locus the Veshaped figure that would be formed by
prolonging lines LO and B0 (fig. 61, 2. Owmitting the center hinee

-1

P
A
A >
i i f
IR b | P

B

Fiecune 67.  intersecetion lovi for o tee-hinged and for & two-linged arch: U,
Three-tinged areh with coustant or variable cross seetion and any Torns of nxis
IO R is the nberscetion loeus: B, two-hinged areh with coustant eross seetion
and parabuolic axis  L'OTR s the interseetion locus,

of o three-hinged arch aned making the rib continuous coniverts it intu
a two-hinged areh and the interseetion locus becomes u cor tinuous
curve ex{ending across the span wad lying entirely above the aveh axi.

Tutersection locl for a three-hinged wnd for a two-hinged arch axe
shown in figure 67.

Tt will be readily recognized ghat, when the intersection locus has
heen plotted in proper relation to the arch axis, the reactions of the
arch for any single load can be veadily found, since, as bulieated by
figure 67, the equiltbrium polygon consists of the two straight lines
connecting the abutment hinges to the point where the intersection
Jacus cvosses the vertieal tioough the load.  Reactions for single loads
enn then be combined o gel values for any desived combination or

ey
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system of loads. When the equation of the mterseetion locus is
simple it cuin be incorporated in equations for reactions, moments, and
the like, and these quantities computed algebraically,

Equations for the interseciion loci of two-hinged arches of several
types follow.  Tn these equations » is the rise of the arch and Yo is the
height of the interseetion locus above the hinges at a point whose
horizontal distance from the coenteris £, The half span 1s the unit of
weasurement for y,, k, and r,

-\ simplifying assumption often used in the design of arches is that
the cross seetion of the areh vib vavies in such o manner that J=7,
sec o, where J and « ave the moment of inertia of the cross section and
the angle of inclination of the areh axis at any peint and [, is the
moment of Inertia at the erown. Masomy and metal arches are
often so built as to conform approximately to this assumption, which
leads to the following as the equation of the intersection locus of a
two-hinged arch with parabolie axis:

1.28»
W™ 100 050k (1)

Ribs with cross seetions constant nre in <ome instiicees more [easible
for faminated wooden arclies uned the following equations are for arch
ribs with constant cross section,

Two-hinged arch with parabolic xis:

12875 400 3y PEE 5 VL IR EETCN B
e 2 i e gy 0 sinhb 2y

il_.Jl:-::')ﬁr' e B b e R SO TR A - 43

y i -!Ix"-’rz:l-'— _‘:l] SHwdstal Y 2e kosindn Vg ()

This ecquution 1= represented with reasonable securaey by the following
ecmpirieal form;
Loadbr

)
| IR IR I e d A {241

i,
For o two-hinged arebo with axis i the forn of o eirenlar are and
wilh erass soetion vonstani;

Bt s

2y
|
L B 11 ISR R R § A =T
When the aech is sersdeheulnr, that s, when » -1 (¢ise - half span
eguaiion (33 vediees to
g, s ' g2
aned the terseetion locus is o horizontal line whose height ahove the
hinges s a2, or 157, times the half span.

Table 31 fists vidues of y, as computed Trom cquations (1), )
2a), and (3) Tor soveral values< of #und £

I
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TanLe 31.—Values for y. as computed from equa#mm [1) (2), (2a), and (?)

Equntian (1) I Eruation (2) ‘ = qumitm {(2a) ‘ Feaualion {3)
H e e . - N U
. | . f 1
k=0 |k=¥_= k=1 | &= k=0 | k=32, k=1 | k=0 |k=li 1 ke
I .
. . I — - : RS [- [T
. ‘ H
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2500 L6040 3200 1' 2714 | 2.635 2885 i ENTCH | 2, 687
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The equations {or infersection locl as presented above do not talke
into consideration the shortening ol the arch axis resulting from com-
pression stress and are based on the ussumption that the areh bears
against unyielding sbutments,  Inasmueh as dimensions of areh ribs
are Hkely to be determined by requivements for resisting bending
moments, with consequent low stress in compression, neglect of the
effect of compression shortening will probably seldom be serious.  Any
spreading of abutments or streten of tie vods when these are usecl
renders the lormulas for intersection locus as given here somewhat
inaccneate as may he observed i discussions of these phases in text-
hooks on arches,  These equations alse do not take inte account strese
due to thermal expansion, or contraction of the arch rib.  Beeause of
the low coelficient of thermal expansion of wood, such stresses also
are unlikely to he serious.

When the areh axis is other than a simple curve, sueh as o
paraholic or a cireular are, equations for interseetion loci are difficult
to derive and in such instanees numerienl integeation or summariza-
tion of certain quantitics are necessary to a solufion of the two-
hinged arch.

COMPARISON OF TWO-HINGED AND THREE-HINGED ARCHES

As was pointed out previonsly. primury stresses inoa parsholie
areh under uniformly distributed vertienl load on the fuil spi or on
ane-hall the span are the same regardloss of whether the arel is two-
hinged or three-hinged,  For the parabolic areh wnder other loadings
and for arehes with nxis tn the form of other curves under any arrmage-
ment ol vertieal loads, maximun noments arve in general less Tor the
two-hinged than for the three-hinged areh. For example, in o two-
hinged arcl, with parabalie usis and constant cross seetion inder o
movable vertical load of 2, the maximum moment Lo be provided Ffor
is npproximately 0,084 P which £ equals the span, wherens in a
{hree-hinged areh with the seme form of axis, the maximum maoment
is ahout 0.006 £f. For other forms of areh axis the diferences sre
likely to be greater.

DEFORMATION AND SECONDARY STRESSES IN ARCHES

The primary stresses inoan areh, that 15, the stresses that would oxist
il the areh axis occnpied exactly the same position alter fonding as
hefore, can be delermined by application of the I)Illlilj)ll‘% p!t‘\u)usl\'
ontlined.  Mowever, londing ehanges (he position of the axis, usually
in such a way ax 1o inerease the siresses. Consequenthy in cheeking
a design, estitnates of the deformations and of the resubting alditional
stresses or second: gy siress are desirable,
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Under the action of hending moments, a portion of a member with
curved axis, such as 1s Mustrated in figure 68, will take a new rhape.
The dotted curve in this figure indicates the position of the axis after
hending has taken place and after it has been moved so that one end
(4} 1s m its original position and the axis at that end is in its original
direction. The other end, which was originallv at B, is now in the

Frarae 8. Axi~ owlid curve (1= 2 of eteved neinber before Iesnddingg and
fdotted curve =30 alter bebng plaeed, ~olvieguent o bemling, so thad nt
one emd L1t eoineides with its originad position and direetion.

position 2. The displacoments (ar and A of B parallel to the » and
¥ axis, respeetively, are given by the equations (9, pp. 448 450; 13,
ppc 128 1333,

-
“Mopds
Ar J /ol
#

A
w [

H
Also the ehange in the angle between the ends of the member equals

i
i fds
il

5
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TFor the application of these formulas, the origin of coordinates
must be taken at that end of the member {(or at that point on ths
member) whose displacements are to be computed.

The expressions for Ar and Ay are usually most conveniently evalu-
ated by numerical integration or summation. Their evajuation and
use will be illustrated by applying them to the D-type arches used in
the Laboratory serviee building. The movement of the erown of the
aveh relative to the abutment and the original divection of the axis at

A C . g A

Weces G390 Original shape and position of axis of D-Lepe arch Tor Forest rod-
ucts Laboratory service building and vomputed position of four points on the
axis alter application of load of 31,500 poinds neiformly distribufed across the
span.

the nbutment, and the vertieal deflection of the ¢rown when the arch
is uniformly loaded as in the dend-lond test deseribed on page 71 will
ho computed.

COMPIITATION OF DEFLECTIONS OF BUILDING ARCH

The shape of the axis of the D-type arches for the service huilding
is shown in figure 69 logether with a solid curve representing the equi-
librium polyvgon for the lowding under consideralion, that is, uniformly
distributed load over the entire span. )

The moment at any point in the areh axis is given by the equation

A 127
whore /7 i3 the horizontal thrast of the areh and Z s the vertieal dis-

tance Mrom the aveh axis to the equilibriun polygon. The areh rib has
n different depth at eneh point and this nust be taken into aecount in
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. .. s 1 Moo2irz
the computation, Since =15 bh3, then T fon il inserting this
value in the equations quoted ahove:
1207 4 Zy
41 i
[
120F
N ;‘

L]
. A
\ow[ }{rh is oquivalent to the area under a curve M whose hase

A=z ds

and the change of angle -- ‘(h

line is the length of the areh axis fron X7 Lo oL and whose height above
Zy _
the base at ench point is the value of it ! at that point. A similar rela-

tion holds for the other two quantitics under the integral signs, The
computation of these three Integrals 15 enrried out in ‘table 32, Inas-
much as the process is lwlunli_\ summation rather than integration,
the sign of summation (2) is used instead of the integral sign {f7) and
Aginstend of e In this table, The stations are so chosen that their
horizontal distanees from the center line (¢, column 10) are expressed
in even feet. The distance ¥ {eolumn 15) is the vertieal distance of a
station {rom the horizontal line through XY and Ae is the distance

hetween stations measured along the axis of the member. ;:.4 Ag 18

evaluated in columns 7 o 8, inclusive.  Kach value in eolimn 7 is the

-

. Y/ : .
average of two consecutive values of jain column 5. Eaeh entry in

column 8 is the produet of the vnlue in column 7 by the value of Ae
from ecolumn 6. Values in column & are the sum of the values in
enlumn S to the stadion in question and the final value in column 9 is

-

. - A/J v . T).' s
the summation from X to 4 of s A Sunrmations of %r As and %# As

are similarly computed in columns 10 to 14, inclusive, and in columns
15 1019, inclusive, respeciively,  The final value in column 14 is to he
multiplied by %] to get Ay and the final value of column 19 by
120 . oy o Do
ih to get Ar. With the load of 31,750 pounds as applied in the
toad load test Hoas 10,060 pounds,  The width (6) of the member is 14
inches (g 3810 /4 as found by applying similar methods ol compu-
(nfion to ohserved deformatios in the 1est of aveh D1, i3 1,500,000
pounds per square inch. Assuming that this velue of /< applies to the
building areh that was ~.uhim ted to dead load Lests, values of Ay and
Arare mmpulmi Moas 3.27 and —1.20 inches, respeetively.  Compu-
tiion of similar values for any othoer stalion, as @ Tar example, requires
that the summations be performed with vidues of 2 and p measured
fron that station. Suel computations were made for thiree stations
i addition to A7,

Ml nbeireak eonded beevaduated D doaswTng suel s enree, wesseing L aeen under i witha plaaimeler,
Al mllltlphuu: by snilndde senle fuelors,

Ve i ealumies 1 amd 19of fable 22 are dinensionless, heoee whe by 2 naed f2ane exgressed In nnfts
af inehes antd potrds 1 rognpaatiad Adefboe oes are inineles,
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In table 32 the plus sign indicates moments (7= that eatse tension
in the convex side of the member. Such mements tend to eause
clockwise rotation about o and downward motion of X7, The fact
that Ay bas the swmne sign as these moments indicates thal Ay is to be
measured in the direetion in which g's were taken as positive, which
s downward  from X7
The A being negative is
to be mensured in the
opposite direetion ol the
se that is, Ar is to be
measred fo the mght,

Moeasuring off the com-
puted values of Arand Ay
gives N {fie. 68) as the
new position of X7, This
is the pesition A7 wonld
tuke if, wfter the member
wis hent by the Imposed
losnils, 14 was rotated aboat
point .1 so that the direc-
tion of 1ts axis at o1 0s the
same as eriginaliy,  Actu-
allv, vuder the loading con-
sidlered, rotation does not
take  place beeause X7,
heing conmmon to the two
half=teehes. ean have only
vertiesl mtion,  The ae-
tual positien of A7 alter
loading  must.  therelore,
be foumd by rotating N/
about .1 to X777 on the
vertieal throueh X The
podition of XY ean he
[l by computing the
diaganal dstanee from L)
o N and Then computing
the heteht of V7 above
Nofrom the fael that the
dingonal distanee fram |
fo XN muesl be the sane
as frenn oL to N0 Suehoa
ot we 70 Dhiaersa and notation for depivation. Sputaiiongmves 161

of lowd-geteeiwan fornaaka for pairabadie curvisd inches as the vertieal ¢e-

menaber af the ta pe testod under end (st fleetion  of V9% Sunilar
computilions  give  the

positions of three other points on the areh axis under load and these
are indicated by the <mall circles in figare 61 To compute (he
wmentsaetine on the arel in the new position, Z's would be measured
from the new axds (o the new equilibeium polvgon tshown as o dotted
curve n fig, G amd would be imodtiplivd by a new vatue of 71 carre-
sponding to the lowered position of X0 "The new vatue af 14 3s 10,140
pounds or (LS pereent greater tan the vriginal value.  Cousideration
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of figure 61 indicatos that the new EHXZ produets will not be signifi-
cantly greater at any ervitieal peint than their original values. A
similar computation using £ as 750.000, thus making allowanee for
a doubling of the distortions through tnie effect, gives o peak defiection
of 3.24 inches, which woukl inerease 77 by 1.4 pereent of its original
value,  Even under this assumption the new 7«7 products, and
consequently the moments and stresses at eritical soction. would ot
be more than sbout 3 pereent greater than for the unstraimed position
ol the arch rib.

Tt is interesting now to compare the compited deflection (1.6)
inches) with the sums of the defllections of the live central arelios of
the 1 type ux obzerved in the dead-load tests and recorded in table 25,
{The sum of deflections is used beeause, ws is explained in the diseus-
sion of the dead-load (ests on the Laboratory sepvice building, this
aum is approxinntely equal to the deileetion that would Jive rosulted
had the load been careted by a single arel,: The values Trom this
table are 1.26 and 1.42 inehes or 78 and S8 percent as ereat ns the
deflection of 1.61 inches computed ubove. The compurison indieatos
reasonnhble acenraey in the compuation and suggests that the building
arches at the time the deflections were measured may have heen
spimewhat stitffer than the value of /£ < 1.500,000 pounds per square
ineh1as derived from the test of areh 11 and used In computing the
deflection of 1431 ineho-, indientes,

BECONDARY STRESSES IN THREE-HINGED PARABOLIC ARCH

Provided the eros zection i constant or varies by some simple vule,
it i passible to derive for a three-hinged areh with parabolic axis an
cuntion that expresses the defleetions noder uniform foad on the
hall span and toset up formalas cucl tat secondary as well as primary
honding stress may be considered in desienine,  The relations are
develnped bHirwing:

The ordinates hotween the areh axis and the equilibrinm polyeon
fise balluniforng foad die 64 are for each hall <paon the ardinates of
a parnbola with vertex at the quarter point of the <span and height g
that point of # 4. Henee the moments and defleetions i eael hall are
those of a parabolie member with tength 12 amd conter ordinate » 4,
i+
Fir
On page 117 o formueda s viven which, when proper substitutions are
miade to wlapt it to the present use and the notton of fivare 70,
heeomes

nnder an ened Tond equal to the horizontal thriust, 7f, which equals

. L2857 » ! wi
Hom wfr Y -}\ L fofr

where y, ix the vertieal dofleetion oc the quarier poing of the span.

- .o ; wi .
Now g, —r fmnltiplicd by the hoeizonta] thrast 74 or RS the -

sent af the quarter peind of the <pan dnasimun moment s, which.

. . P .
with bemling stres< £ s " Il where b and boare the width and depth,

respectively, of the arch rib. Mualtiplying the right-hand member of
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. o of?
the foregoing equation by wt » setting it equal to [bfr. substituting

16r
% bl for I, and simplifying
B
Cos - i
) 1. h r.l_ f
PR

v st
where ¢ "Hh\’/f‘;. bk r

From the equalion shove Cox ¢, and consequently ¢, can be found
for suy combinntion of £, », ko £, and £ and alter inding 4,

.-(;;&12'4");(.?) ar
1N NI Y
y 2wt
where s the lowd in pounds per ineh and H the load 1 posnds per
foot of half span thai will canse n maximun bending stress of § pounds
per sguave inch,

This fornmia eannot be used directly Tor finding all dimensions of
an arel rib. UL bowever, affords o ready means Tor finding the
neeessary width of the rib after finding Ilw value of f#h ? :t'qmu‘d to
resist the prine ity moment ad asswintng a valoe Jor b This s
Hlustrated by the following example: Lot it be regoived to find the
cross—seetional dimensions of an arch rib to resist the bending moment
indneed by o load of 512 pounds per Toot (17 ou the hall span of an
arch whese span s 40 feet and vise S feet, the allownble bending streess
being 1,600 pounds per sgqiave ineh and £ being ltlwn as 1000080
potnds per square ineli. The prinaey moment i-{ '; {o restst whieh
if 1s fousid that o value of 576 for 847 1 required, Assnming b oas 12
inches owhich would make 5 4 ineches 1o take cave of primary moment
onlyy Cox ¢ is found from the relation just given to be 0,826, whenee

. s W -
g 2PN OAST raddinns, Then !z 20 (RASTY - 1000 (i(l(ﬂ( X

40

E
(410) 120, Whenee Tor W 531200, the required widih of the arcl

T 1 I
. . I
rib, 18 (g V" 1.27.
. . . . . i
[ muast be remembered that the formuola just given for 1o "

applivs ouly to wn areh with parabolie axix and eonstant eross seetion.
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FORMULA FOR DEFLECTION OF PARABOLICALLY CURVED
MEMBER UNDER END THRUST

For evaluation of modulus of elasticity and determinaticn of the
proportional limit from data on the parabolic curved members tested
mnder end thrust, an expression relating the dimensions of the speeimen
to its load, deflection, and modulus of elasticity is required.  This is

. ) . L pny (4%
derived as follows, starting with the well-known velation 37=87 J;_._{
and using the notation indieated by figure 70.

{:f A PR B f*(yir-r!

o

L{” - !{,;l( yert 3 4) —w{ g+ " 3*'-_*.’“').

where w?s P f0F
The solution of this differentind eqnation, subjeet to the conditions that

! .
:.-’!: shwhens . Gandy Owhen r 34, I

MoK

Noeos oae +4J"" ITEN RPN
wt TP wi?
b}

17 eos

When ez €y, deflection at contor undor fomd £,

(e )]

or with the original notation

eI e
a0 IR E \‘-‘\(‘f’._)'\; 1‘:1',“'1)-—]

This cquation cannot be solved direetly for 1 when concurrent
mumerienl values of g, andd 72, as Tound from tost, are substitated, Tt
car, however, be solved tndiveetly 1 the following way.  Rowriting it:

M, Z2ieee 13

¢ 7 Ty

" "
[) R ;)‘!:
spond o
i +107

Then vahues of ¢ conputed from o series of values of 8 ave plotied
aganst Eand n curve is deawn threogh Uie resulting points,  The valoe
of # corresponding to any expertmentally determined @, or w70, can

!':?., ’u;.-‘u . 1 ]1 _/;921"37_
$5 ggry A=
henee up to the proportionad limit 7 K8, whore A is o constunt

where § i—\/

be ovemd rom this curve. SBinee §2= then fo=-

7 NN .
eqgual to = Hothen values of £ Trom s test ave plotted as ordinatoes

with values of 7 read Trom the ¢ 7 curve as abseissas, the resulting
points follow o straight line to the proportionad 1t bevond whieh

thev depart from the linear relation. The 77 07 diagrun thus serves
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the same function as the load-deflection diagram for a simple beam
subjected to transverse load.  The values of 2 and & at the propor-

:
i i I
l :

S AMAN C QLA I8 WVBIE v IF
ce5 Bt he A2T 1Y
respBe A7 g3 vS
L. LA Ll Es
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S fanf e 42000-(5 3.89°

fetes #7L

“
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2 st eyl
~ X e d;,—‘ﬁ,.lgfﬁz_ - R "
S ESEL NS
o - e —_ -
. [ S— J— N - - - . [
g // -
‘ e e } “an 52 e .
b}(

Froavaee, 71, - £ o Dhperas Tor eneved meinber Moo 2s,

tional Jimit ore found from sueh a diagram, an example of which is
shown in fignre 71,

RADIAL STRESS IN A CURVED MEMBER

Assuming linear distribution of bepding stress and referring to the
notation shown in bgure ¥

.4/

U
M b or ]

atud
[ 6.4/ =R DR ¥
bl hu hie

Tatal tension in o =trip of width & and depth from 2 10 convex
surfnce

T - ) gttt A

PR i

lz.w[‘“ - 12.&;'(;;{_ :=) 3.,
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Now the total tension in a length b of a evlindrical shell of radius B
under an infernal pressure acting normal to the shell aad of intensity
p per unit of area i pbR. whenee we may set

T== “i}t{ thi- 42 phiR

L3\ .
P oRby

andd when == P"‘"‘f}‘?}f;‘;r.

o4z

Also i 2 is smnll compared oo, that o0 B very neardy cqual to .
H . ) i

SR Y
P R

rearly. and pis mdinlly distributed stmilarly to the vertieal distribu-
tion of loagitudinal shear in a beam, which ix I accordance with the

Fintwe 720 Dinggran = nedntn el dopns e foemoali fon riedial
SERess v eneved peeigbaer,

ordinates of o parabola whose vertes isat the nenreal axvise The endial
strems g b it~ masioim vadue wd the neotrnd o where 30 cguals
3.4
2ebh

[T the moment i= 0= <hown du lignree 72, p0s =lre=< i compression,

while H moteat were in the opposite direction p woukd be stress m
ten<ion,

EFFECT OF SHRINKAGE OR SWELLING ON THE SHAPE OF
A CURVED LAMINATED WOODEN MEMBER
Aeurved laminated wooden member tonds to swell or shrink radially
treross the graint with absorption or loss of moisinre, bul practieally
no change in longitudinal ivlong the grano dugension vecurs, Figure
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73 shows the notation used in deriving the formula for change of
curvature produced in 2 wooden areh h\‘ wdinl swelling or shrink: ngoe,
In this figure the length of convex face, L.~ Re; the lmwth of con-
cave face {=ra; the difference in length, Lf= {(R— ra=ta.

YWhence I=L-m—£
c

Now suppose that, as 2 vesult of moisture ehanges, the thickness is
changed by a favtor & (positive for swelling and negative Tor shrinkage)

LENVGTH=L

£

Fravwiz 73 Dingram showing notation nsed in deriving (he formnla for ebange
of corvature produced in oo wooden nwember by radial swelling or shrinkage.

s0 that the thickness hecomes £ (1 - 3. This results in o ehange by o
fuctor 4 in the angle o which then becomes atl - ¢, Then sinee L
and £ are practieally unelinnged the new thickness equals

Lo
Hl A (< pa
hut the original thickness was
Lo

t:

&
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and dividing the new by the original thickness

HIRS r,-:

—k v . . . .
whence g= .. Since b is usaally very small in comparison with

unity, g= —k, approsimatoly, and henee when 7 is changed by a amall
pereenluge £, e will be changed by approximately the same percentage
but in the opposite direction; that is, radinl sweolling enuses ¢ decrease
and radinl shrinkage an increase in the angle between the onds of o
curved member. It may be noted that the pereentage change in
angle is independent of the length or the dimensions of the eross section

of the plece.
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