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INTRODUCTION

For many centuries the arch has been an important element in th e
structural and artistic design of buildings and bridges . Structurally
it is a means of supporting loads over an opening between supports
As distinguished from the truss or the simple beams that may ser\,
this same purpose, an arch carrying vertical loads exerts horizontal
thrust as well as vertical pressure on its supports . An arch may
consist either of a solid rib or ring or of a framework similar to a
truss .

The arch of masonry blocks was one of the earliest forms but lack-
ing strength in tension it had to be thick and heavy in order to a void
tensile stress . Later, metals and more recently, reinforced concret e
materials with tensile and bending as well is compressive strength

,
,

permitted more efficient, less massive, and more gra .c.efiil con strructio n
Wood has good resistance to tension and compression and to th/,

bending to which arch ribs may be subjected, but its use in arches
has been retarded by the difficulty of making the required shape s
without incurring certain disadvantages . Ribs of the. necessary siz e
and curvature cannot be made by bending a single piece of timber .
They can be formed only by assembling pieces sawed to shape or b y
superimposing bent layers or laminae . Both methods have bee n
practiced but the arches have lacked efficiency : the first type hectiii se
the assembly is weakened by the necessary joints and by nonparallel -
ism of wood fibers to the axis ; the second because available meehanic,i l
connections such as nails, screws, bolts, or dowels permit sliding of on e
lamina on another and thus do not cause the assembly of laminations
to act as a. unit .

Efficient laminated wooden arch ribs and other members are no w
available through the use of glues of proven durability to bond lamina e
together as a unit. so that resistance to sliding or shear is as grea t
between the layers as within the wood itself .

PURPOSE AND SCOP E

The purpose of this bulletin is to discuss recent : research on the
strength of glued laminated construction as conducted at the Fores t
Products Laboratory and to present the resulting recommendation s
for specifications and design stresses, together with other topics an d
information useful to engineers, architects, and builders . Much of
the information applies to other structural members, such as straight ,
cambered, or curved beams and curved chords for trusses, as well a s
to arches . Framework arches 4 are not considered .

Glued laminated structural members as discussed herein include :
1. Arches and other curved members formed by bending boards ,

or laminations, to the required. curvature and gluing them together .
Bending and gluing are done in one operation . Thickness of lamina-
tions is so adjusted to the curvature that steaming or other softenin g
treatment as used in bending wood for other purposes is not required .

2. Straight members for use as beams made by gluing boards o r
laminations together with their width horizontal, that is, parallel t o
the neutral surface .

4 Develonment during recent years of improved means for joinine wooden parts increases the efficiency o f
timber in framed arches . trusses, and towers . These are discussed and data for their use presented under
Modern Connectors in the Wood Handbook (8d) . 5

5 Italic numbers in parentheses refer to Literature Cited, p . 121 .
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ADVANTAGES AND DISADVANTAGES OF GLUE D
LAMINATED CONSTRUCTIO N

Among the advantages and possibilities that may be cited fo r
glued Iamninated construction of structural members are the following :

Arches to span large unobstructed areas with superior architectura l
effect. are mode available . An arch rib, furthermore, being in a singl e
large cross section, involves no intricate framing and has better fir e
resistance than an equivalent truss composed of smaller pieces .

Material of the sizes used in laminated construction can be dried
in a. short time. Hence, thoroughly seasoned members that will h e
subject to only a minimum of warping, twisting, and shrinkage afte r
installation can be provided quickly .

Members can be built up to larger cross section and greater lengt h
than are otherwise readily available or than can be shipped con-
veniently over long distances .

Members can be built up from material that is too small to b e
structurally useful otherwise .

Laminations can be positioned in accordance with their strength
characteristics as determined by species, density, and defects, thu s
gaining the advantage of material of high strength at points wher e
such material is needed .

Beams can be cambered to overcome the undesirable appearanc e
resulting from obvious sagging . Members may be tapered in depth
for more graceful appearance and to save material that in a membe r
of constant cross section contributes but little to strength and stiffness .

In some types of trusses, curved chords continuous through several
panels can be substituted for panel-length chord parts with resultan t
simplification of joints .

Glued laminated construction has a record of successful use in
Europe during a. third of to century . It is reported by Swiss engineers
to he highly resistant to chemical deterioration and is, consequently ,
widely used where metal structures or metal in connector-built woode n
structures would he subject to corrosion .

Among the disadvantages anti limitations of glued laminated con-
struction may he cited the following :

In some parts of Europe, glued laminated members are said to b e
less economical than other forms of construction and other materials .
Continued popularity and current use in other parts indicate that an y
increased cost is offset by superior appearance and other desirabl e
qualities . American experience is that at least some types of struc-
tures cost less with glued laminated arches as roof supports than wit h
alternative constructions because the required headroom can he pro-
vided with lesser height of side walls and with less total space under
the roof . The character of the glues that are now applicable does no t
permit the use of glued laminated wooden members under all condi-
tions of exposure . Further developments in glues, together with th e
use of wood treated to increase its durability and fire resistance, ma y
be expected to extend the field of use of such members .

Glued laminated construction is not applicable to structures tha t
must be completed within 2 or 3 weeks after the material is cut fro m
the log .

The efficiency of glued laminated construction, depending as i t
does upon proper gluing, requires skilled workmanship and carefu l
manipulation during assembly .
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USES OF GLUED LAMINATED CONSTRUCTIO N

The most extensive use of glued laminated construction has been is
Germany, Sweden, and Switzerland, with lesse r . development in Deli _
mark and Norway and with some reported use n Austria, Czechoslo -
vakia, France, and Italy . . Glued laminated construction has only
recently been introduced n the United States . American ap plies ,
tions are illustrated in figures 1 to 9 and in numerous figures pre _
sented later .

European uses of glued laminated arches include erection forms for
stone and concrete arch bridges ; and roof supports in airplane hangar s

M 2e24 F

FIGURE 1 .-Service building at Forest Products Laboratory, 46 feet wide by 160
feet long, with nine arch spans spaced 16 feet . The five central spans (D-type )
are glued laminated arches of rectangular cross section and constant widt h
tapering from a maximum depth at the knee, near the junction of wall and roof ,
to lesser depths at the foundation and the roof peak . Next to each end span
is a wooden arch of double I-section (C-type) composed of plywood webs, simi-
larly tapering in depth, and glued laminated flanges of constant cross section .
End spans are a trussed type framed with modern wood connectors . For
drawings and dimensions of arches see figure 38 .

(23), aiiditoriiinls (22), bandstands, bathhouses, chemical and othe r
factories, churches, concourses of important railway stations, exhibi t
halls, engine houses (2, 4, 22), garages, growing houses for plants ,
gymnasiums, planetariums, residences, riding academies (25), schools ,
stock barns (25), streetcar barns (2$), tennis halls (fig . 10), theaters,
and warehouses ; and in addition few foot and vehicle bridges .
European applications of glued laminated construction include also ,
particularly in Sweden and Switzerland, a large number of railway
sta Lion platform roof supports (7, 23) involving a variety of mernbel .s ,
such as curved braces (fig . 11, A), false arches (fig . 11, B), curved
beams (fig. 11, (2) and arches (fig . 11,D) .

The principal conclusions from inspections made. by the author on
glued laminated construction in Europe are presented together wit h
other data on European developments and practice on pages 87-94 .

Definite information on the first uses of glue in structural member s
in the United States is lacking but apparently no extensive develop-
ment occurred prior to the installation of glued laminated arches in
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the service building (fig . 1) at, the Forest Products Laboratory in 193 5
(27) . The company that built these arches has subsequently mad e
glued laminated arches and other members for nearly a hundre d
buildings distributed in a number of States . Included are churches,
community halls, garages, and gymnasiums . The same company,
together with another specializing in farm structures, has supplie d

FIGURE 2 . Garage at Altoona, Wis . Glued laminated arches on buttresse d
walls . Span, 80 feet ; spacing of arches, 16 feet .

glued laminated rafters for gothic-style dairy barns and other far m
buildings in the upper Mississippi Valley .

The use of glued laminated arches and other members in America n
structures was suggested by the favorable record of glued constructio n

F IGURE 3 . Gymnasium, at Goodman, Wis . Span, 58 feet ; rise, 25 feet ; spacing
of glued laminated arches, 16 feet .

In Europe . Such use would extend the applicability of wood as a
construction material by providing new types of wooden member s
with possibilities of economy through the use of at least some low -
grade, narrow-width, and short-length material .
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FIGURE 4.-Bayshore Night Club, Marinette, Wis . Diameter of building, 57%
feet ; spacing of glued laminated arches around periphery, 15 feet . Arch ribs

inches wide, 12 inches deep at base, ] 6 inches at knee, and 8 inches at crown .

F.1-Gunr, 5 . St . Austin's Catholic Church at Minneapolis, Minn . Span, 42%
feet ; rise, 40 feet ; spacing of glued laminated arches, 14 feet .
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FIGURE 6 .- St. Peter 's Reformed Church at Kiel, Wis . Span, 42 feet ; spacing of
glued laminated arches, 1.2 feet .

FIGURE 7.-Barn near Verona Wis ., with glued laminated rafters (1% by 5 1/- Z

inches in cross section) continuous from foundation to roof peak. Spacing of

rafters, 2 feet .
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FIGURE 8.-Music room at Henry Mitchell Junior High School, Racine, Wis .
Ceiling (roof) carried by glued laminated beams . Span, 40 feet ; width of
beams, 15 inches ; depth of beams, 20 inches .

TECHNICAL BULLETIN 691, U . S . DEPT. OF AGRICULTURE

FIGURE 9.-United Brethren Church at Seattle, Wash . Width, 32) feet; height
of glued laminated arches, 36% feet .
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FIGURE 10 .-Tennis hall at Falkenburg, Sweden. Roof arches of glued lami -
nated construction ; span about 150 feet .

FIGURE 11 .--Examples of glued laminated construction in railway station plat-
form roof supports : A, Curved braces, Trondhjem, Norway ; B, false arches ,
Landquart, Switzerland ; C, curved beams, Gossau, Switzerland ; D, arches ,
Gothenburg, Sweden .

TESTS OF THE STRENGTH OF GLUED LAMINATED

CONSTRUCTIO N

Although European experience is useful as a guide, particularly wit h
respect to the permanence of glued laminated construction, it does no t
hro vide test data, applicable to United States conditions and woods .
Most available European test data have related to straight laminate d
members rather than to curved ones and only incomplete informatio n
about the character of the material and other factors that may have
important effects is included (6, 11, 14) . Aside from those reported
herein, tests recently made at the University of Illinois on two small
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glued laminated arches by Oliver (21) are the only American tests o nthis type of construction that are known to the author .
The dryness essential for good gluing precludes steaming or soaki g

laminations to make them flexible . Consequently, bending to the cur _
vature sometimes required induces stress of considerable magnitud eThe effect of this stress on the strength of the resulting members hasnot previously been investigated other than theoretically . It h as
been a moot question (24, 26) with European engineers but has usuall y
been disregarded in designing. The effect of knots iii laminae

hasnot been given adequate study . Laminae of the full length of themember have generally been required, which is inconsistent, wit h
conditions in the United States where lumber must be shipped lon g
distances .

The principal object of the tests described herein was to afford infor-
mation that of itself or in conjunction with other available data ; could
be used to determine (1) the effect on glued-up curved members of
the stress produced in bending laminations to the required curvature ,
(2) acceptable methods of joining pieces end to end to form lamina-
tions of greater length than are conveniently available as single
pieces, (3) the extent to which material with knots and other defect s
can be used, and (4) stresses for use in design .

Two binds of test were made. For preliminary study of the effec t
of initial stresses, hunina.ted curved members were subjected to
transverse load . Other objects were served by tests that subjecte d
curved members to end thrust m the same way as an arch rib i s
stressed in service .

TRANSVERSE TESTS ON CURVED AND STRAIGHT MEMBER S

The effect of initial stress was studied in tests on southern yello w
pine (Pinu.,s pctly . tr is, 7) . taula, or p . eel'ata), Douglas fir (Pseudo-
t.svga ta .r-',:f(alia), oak (Quereu.s sp .), and Sitka. spruce (Pieea sitchen,sj .s') .
The thickness of laminations was varied . Assemblies were, made t o
circular curves, the radii of winch ranged from 80 to 320 times th e
thickness of a lamination . Only material free from defects was used .
Laminae prepared yr pairs consisted of two pieces from end-to-en d
or side-by-side positions in a flat-sawn hoard . One lamina. of a pair
was used in a curved assembly, and the other in the same position i n
an assembly of straight pieces . The straight and curved assemblie s
were glued at the same time and after a period of seasoning were tested
under transverse loading . Ha►lf the curved members were tested wit h
the convex side tip as indicated by figure 12 and the other half in th e
reverse position . Subsequent to the transverse tests, specimens cu t
from uninjured portions were tested for strength in compression paral-
lel to grain .

Data from the transverse tests are shown, in figures 13 to 15 .
Figures 13 and 14, in which each plotted point represents the strengt h
value for a. single curved specimen expressed as its ratio to the sam e
strength value of the matched straight specimen, are each for tw o
species as indicated. Average ratios for Sitka spruce, souther n
yellow pine, and Douglas fir are shown in figure 15 . The dotted
curves shown in these figures represent the formula later suggeste d
for relating design values to curvature . Results of compressio n
tests are summarized in table 1 .
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FIGURE 12.--Curved member in testing machine in position for transverse test .
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TABLE 1 .-Ratio of maximum crushing strength (compression parallel to grain )of curved to matched straight members ; by species, thickness of laminae, and ratioof radius of curvature to thickness of lamina e

Species and thickness of lamina e
(inches)

Ratio of curvature-320

Average Maximum Minimum

Ratio of curvature-17 4

Average Maximum Minimum

Southern yellow pine :

1/ I	 .	

Douglas fir :
98. 7

IIIII. 5
---------

	

-

	

- -

Sitka spruce :

	

101 . 8

96. 4

	

101 .9

	

92 . 9
95.6

	

100. 0 91 . 1

96 .8 109. 2 86 . 7
96 . 3 98 . 7 93 . 4

92 .9 I

	

9o .8

	

88 . 1

96 .2

	

98 . 9 93 . 0
95 . 7

	

1

	

109 .2 86 , 7

Based on 2 tests . Each other line of data represents 4 tests for each ratio of radius to thickness .

Boards that are free from knots or had cross grain, particularly
those of coniferous species, when bent to a radius as small as 80 time s
their thickness, as for some of the members tested in this series, ar e
strained almost. to breaking. Minty pieces containing knots or severe
cross grain and occasional pieces free from defects and of relativel y
straight grain fail, bnt exceptional pieces can he bent inuch more
severely . Bending to a radius 160 times the thickness produce s
stress approximately one-half the ultimate and about equal to the
value at the proportional ]ililit .

The moderate deficiency (maximum individual value barely over
50 percent for the maximum curvature and most values for thi s
curvature less than 40 percent) in strength properties of the curve d
members, as shown by figures 13 to 15, indicates that the initial
stresses have had much less effect than might have been expecte d
front a consideration of their magnitude .

Several of the ratios shown in figures 13 to 15 and in table 1 are
greater than 100 percent . This indicates that the strength of th e
curved members is affected by factors other than the curvature and
the initial stress in the laminae . Hence it may be doubted that the
strength deficiency is as 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 percen t
and the average less than 10 percent .

The data from tests of strength in compression parallel to grain, a s
listed in table 1, indicate a maximum strength deficiency in an y
instance of about 16 percent and an average for the most severe curva-
ture of less than 5 percent .

Oak :
----------- --

	

-

All species and thicknesses - I

	

101 . .9

Southern yellow pine :
101 . 4
101. 8

________________-_______- _

----- ---------------------- -

Douglas fir :
------------------------------ -

Sitka spruce :
_________________________

	

- -

Oak :
--------------------------- -

112. 4
97 . 6

100. 4

99 . 4
97 . 6

95 . 2

99 . 1

Ratio of curvature=l C-0

120 . 5
99 . 6

104.2
105.5

104 . 3

104 . 5
120 . 5

116 . 4
103 .0

94 . 7
100 . 1

	

110 .0

	

84 . 5

	

101 .1 1

	

93 . 5

97. 5

107. 4

95 . 3
93. 2

92. 2
91 . 5

96 . 2

97. 4
91 . 5

91 . 7

95 . 1
All species and thicknesses-_

	

99 . 1

	

116 .4

	

84 . 5
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TESTS OF CURVED MEMBERS UNDER END THRUST

For further study of the effect of initial stress, for investigating theffects of joints in laminations and of defects, and for o btainin g which to derive-values for design, curved members were
.
date

bjetted to thrust along the chord joining the centers of thei r' e sub_
indicated by figure 16, 1he load being applied through hinged ends, a s
Load, lateral deflection at the center of the length, annge

in
th ge
th .
the

M27750 FFIGURE 16.-Curved member in testing machine in position for test under endthrust .

length of the chord were observed simultaneously . A large number
of members built up at the laboratory were tested in this way as wer e
also half arches of two types as used in the laboratory service buildin gpreviously men tinned .

The members built at the laboratory had parabolic axes with th evertex at the center of the length . The curves were such that the
central offset from a clydrd of 20 feet was 1 foot, 3 feet, or 6 feet .
The corresponding radii of curvature of the axes at the center of th e
length were 50, 161, and 83 feet (600, 200, and I00 inches) . Xn nearly
all instances, the thickness of laminae was three-fourths of an inch ;
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Frorni 17 .-Cross section showing character, with respect to rate of growt
h

'Id Percentage of silIIullerwood of southern yellow pine -used in experimenta
l

eur'.•F~(1 members . Ill N o . 28, which has a total of 12 laminations, the 4 central .

ldlnirlations are from G-inch No . 1 Conluion boards. In No. 117, which has

12 laminations, the 10 central laminations are from . 6-inch No. 2 Common

hoards, In No . 74, which has 18 laminations, the 14 central laminations are

from Li-inch No . 1 Common boards. In No. 73, which has 18 laminations, th e

14 central laminations are from 6-inch No . 2 Common boards . All other

]animations are from halves of 12-filch No . 1 Common hoards .
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the ratios of central radius of curvature to thickness were conse-quently- S00, 266 , and 133?{, . These experimental arches are desia-
nated 1-foot, 3-foot, or 6-foot., respectively, according to the centra loffset from a 20-foot chord . The length of laminations was lirrrite

1to 16 feet or less which resulted in the chord lengths being usual
l15 feet for the 1-foot and 3-foot offsets, and 14 feet for the6-6)3;

offset. The actual offsets were the nominal ones multiplied by th echord length in feet '
factor. (	 ,~ t1	 -) ; usually- then

	

20N, or 353;6 inches .
Some 300 curved members with parabolic axes as just describe d

were made in the laboratory shops for test under end thrust. Cross
sections were about 6 inches wide with depths of 6, 9, or 13',2 inches
composed of 8, 12, or 18 laminations . each of a. 3,-inch finished thick-
ness . Combining the :3 depths with the. 3 curvatures enumerated
previously- oracle 9 differing combinations of depth of rnenrber an d
curvature . For the most hurt . well air-dried uorninal 1-inch lumbe r
was used . Boards, alter being ripped to the required width, were
prepared for gluing by being passed over a jointer for a light cart ou r
1 race, followed by a. planer cut on the opposite face, after which t i
planer (single surfacer) curt was taken from each side leaving th e
faces smooth and trite . Hid e (hot) glue was used because mechanica l
spreaders for the convenient application of casein glue were. no t
available .

SOUTHERN YELLOW PIN E

Laboratory-built arches, which were tested to obtain further dat a
on the effect of initial stress and to study the effect of knots an d
joints in laminations, were made. principallv of southern yellow pine .

The material used in the arches was purchased as No . 1. Con-non
and No. 2 Common boards . The No . 1 Corrurron was not so defective
as the grading rules permit . For the most part it. was nearly free
from knots, those present being small and usually located near th e
ends of the boards. Laminations designated "clear" were from thi s
stock . The No . 2 Conuno r was tvpical material of this grade an d
supplied the laminae classed as "defective .'' The general characte r
with respect. to rata of growth and proportion of stnnmerwood is
illustrated in figure 1 7 .

Sixty-three members built entirely of clear material were included .
For study of the effect of defects in laminae, clear boards were com-

bined with defective ones in the same rm°.n.rber . Defective boards
formed the central part of the cross section, clear boards being use d
for the outer laminae on each side . Some of the members of this
kind were. matched to members consisting entirely of clear lamina-
tions . For the outer Ianuriac of the notched members, 12-inch
boards were ripped into two equal pieces, one of which was used i n
the outer portion of one assembly and the other rn the same positio n
in another. The central portion consisted of t ;-inch clear hoards in
one assembly and 6-arch defective hoards in the other . In all in-
stances sketches of bath sides of each larnin :rtion, made before gluing ,
recorded the direction of the grain and the sizes and locations of knots .

MEMBERS WITH LAMINATIONS FREE FROM DEFECT S

Tables 2, 3, and 4 present data on 63 members made from clea r
southern yellow pine lumber . The distribution of values, classifie d
according to the number of laminae and the curvature, is shown .
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As may be noted, the strength values for any one combination o f

curvature and number of laminae, or depth of member, vary con-

siderably. Figure 1-8, in which average values from tables 2, 3, an
d

4 are graphed, discloses no consistent relationship between strength

values and number of laminations . It does show, however, that values

for the 6-foot offset are lower

than for the 1-foot and 3-foot.

offsets. with but little differenti-1 ma

ation between the latter two.

MEMBERS WITH DEFECTS IN LAMINATION S

Figure 19 presents data from tests on matched pairs of members

with defective material in the central portion of the cross section of

one individual, the other being made entirely of clear material .

Each plotted point in this graph represents the ratio of the strength

of a. member with defective material to that. of the matched member .

The strength values used are the combined bending and compressive

stresses at the proportional limit and at maximum moment .

Data from members consisting entirely of clear material, paired

or matched by ripping 12-inch clear boards and placing the resulting

6-inch laminae in identical positions in the individuals of the pair, are

useful in interpreting figure 19 . These data are shown in table 5 .

Considering, in connection with figure 19, the spread in strengt h

values between matched members of clear material (table 5) it i s

concluded that up to 60 percent of defective material in the central

portion of a laminated member does not significantly reduce th e
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4	 8 6 86 84 96
12 1 107 94 96

6-_ - 12 88

1 All ratios for a pair have as their base the strength values of the same individual .

2 04

strength below that of members consisting entirely of clear lamina-
tions . Members with less than 00 percent defective material averaged
99 .5 percent as high in proportional-limit values and 97 .7 percent as
high in values at maximum moment. as the ail-clear members with
which they were matched . The corresponding ratios for members with
more than 60 percent defective material are 84 .11 and 81 .9 percent .

-

	

2,200.

2/00

2,000 W

40 ,/3 ,6

MODULUS OF EL AST/C/T Y

25 0 2

03

O 3 0 4

2

/900

a
180 0

1,70 0

h
/0

	

1,600
jW

	

1

	

J
Q

5

v Q 8

7'it'
Rv h

6
K.

1,500

4
0

	

/0

	

20

	

30

	

40

	

50

	

60

	

7 0
OEFECT/1/E. A-1,4TER/AL (PERCENT)

FIGURE 20.-Modulus of elasticity and stresses at proportional limit and at
maximum moment for southern yellow pine members having 1-foot and 3-foot
offsets with various percentages of defective material .

:CABLE 5.-Ratios between strength values of members of matched pairs compose d
entirely of clear material

80 90 /00



22 TECHNICAL BULLETIN 6 91 1 U . S. DEPT. OF AGRICULTURE

A further evaluation of the effect of defective material is afforde d
by tables 6, 7, and 8 and figures 20 and 21 . The tables show th e
distribution of strength values according to the percentage of defectiv e
material. Average strength values are plotted against the percentage s
of defective material ; in figure 20 for 1- and 3-foot , ffsets combine d
and in figure 21 for the 6-foot offset . These tables and diagrams inn -
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FIGURE 21 .--Modulus of elasticity and stresses at proportional limit and a t
maximum moment for southern yellow pine members having a 6-foot offse t
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elude all available data on members with various percentages o f
defective laminations whereas figure 19 presents data on matche d
pairs of members only . Figures 20 and 21 like figure 19 indicat e
only moderately lowered average strength values for members wit h
up to about 60 percent of defective laminations as compared wit h
members consisting entirely of clear laminations .
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Table 9 is a resume of the data in tables 2, 3, 4, 6, 7,, and 8 and i n
figures l9, 20, and 21 . It summarizes the results of end-thrust test s
on southern yellow pine members and, .m addition to average an d
minimum values, includes certain statistical measures to which refer-
ence will be made later .

TABLE 9.-Resume of end-thrust tests on parabolic curved members of southern
,fellow pine

STRESS (BENDING AND COMPRESSION) AT PROPORTIONAL LIMI T
-+ems=

'Pest material Tests Average
Stand -
ard de- x- 2-30

Mini -
mum

Coef i -
cient.

of va r(z) viation 2.3260 tort
(v) value tativ n

( Q =2)

All laminations clear : No .
Lbs ./sq .

in .
Lbs ./sq .

in .
Lbs ./sq.

in . PRt.
1-foot offset___ .	 21 4,980 859

	

2, 980

	

2, 400 3, 560 17 . 2
3-foot offset.	 18 5,080 692

	

3, 470

	

3, 000 3, 640 13. 6
1- and 3-foot offsets combined_ __ 	 39 5,020

	

788

	

3,190

	

2,660 .

	

3, 560

	

15. 7
6-footofset__- .	 24 4,400

	

698

	

2, 780

	

2, 310

	

3,020

	

15. 9Up to 543 percent of material in central part of
Icross section defective :

1-foot offset	 32 5,270 1,027

	

2,880

	

2, 190 3, 560 19 . 5
3-foot offset	 .__ .	 I 34 5,250 876

	

3,210

	

2,620 3, 540 16. 7
1- and 3-foot offsets combined	 . 	 I 66 5, 260 953

	

3,040

	

2, 400 3, 540 18 . 1
6-foot offset__ .o ff s e t	 37 4,360 734

	

2,650

	

2,160 3, 020 16 . 8
66 to 100 percent of material in central part o f

cross section defective :
1-foot offset .	 .__ 11 935

	

2, 600 1, 960 3, 100 19 . 6
3-foot offset	 I 44',10

	

4
,
,420

770

	

553 3,130 2, 760 3, 780 12 . 5
1- and 3-foot offsets combined _ combined	 21

	

4, 600

	

797 2, 750 2, 210 3,100 '17 . 3
6-foot offset	 .__- _ 6

	

3,500

	

775

	

1, 700

	

1, 180 2, 130 22 . 1

STRESS (BENDING AND COMPRESSION) AT MAXIMUM MOMEN T

All laminations clear :
1-foot offset	 13

	

10,000

	

1,239

	

7,120

	

6, 280

	

6,820

	

12. 4
3-foot offset	 .	 12

	

10, 120

	

1,1631

	

7,410

	

6, 630

	

7,380

	

11 . 5
1- and 3-foot offsets combined	 , 25

	

10,060

	

1,204

	

07, 260

	

6, 450

	

6,820

	

12 . 0
6-foot offset __ 96020

	

7,830

	

5, 6,00

	

4, 950

	

6,110

	

12. 3
Up to 56 percent of material in central part o f

cross section defective :
1-foot offset	 21

	

10, 240

	

1, 093

	

7, 700

	

6, 960

	

6, 820

	

10. 7
3-foot offset	 .	 .__ ._ 27

	

9, 450

	

1, 585 5, 760

	

4,700

	

5, 390

	

16. 8
1- and 3-foot offsets combined 48

	

9, 790

	

1, 445 6, 430

	

5, 460

	

5,390

	

14 . 8
fl-foot offset-- .	 . 31

	

7, 550

	

1,194 4, 770 3, 970

	

5,000

	

15. 886 to 100 percent of material in central part o f
cross section defective :

1-foot offset	 9

	

8,060

	

912 5, 940 i

	

5, 320

	

7,180

	

11 . 3
3-foot offset	 8

	

7, 480

	

1, 945 2, 960

	

1, 640

	

5,020

	

26. 0
1- and 3-foot offsets combined _ _ . _ .	 17

	

7, 760

	

1,574 4, 100

	

3, 040

	

5, 020

	

20 . 3
8-foot offset,	 6

	

6,300

	

1, 871 1,950

	

690

	

3, 920

	

29 . 7

MODULUS OF ELASTICITY

1,000

	

1,000 1,000
lbs./sq .

	

lbs ./sq . lbs./sq .
All laminations clear : in .

	

in . in .
--=-1-foot offset	 22

	

2

	

I

	

1,305 10. 5
3-foot offset	 18

	

1, 975

	

1
3199

	

1
1,43 9

670

	

582

	

1
1,63 1

67 8
1 - a n d 3-foot. offsets combined

	

__ . _

	

__ - 40

	

1, 935

	

176

	

1, 526

	

1,407

	

1, 631 9. 1
6-foot offset	 24

	

1,825

	

157

	

1,460

	

1,354

	

1,416 8. 6
Up to 56 percent of material in central part o f

Bross section defective :
1-foot offset	 33

	

1,919

	

192

	

1, 472

	

1, 343 1, 631 10. 0
34oot offset	
I- and 3-font offsets combined . _ _ . - _ _ . . . . .

34

	

,94 567

	

1 187

	

1,510

	

1,384 1,584 9 . 6
6-foot offset	 37

	

1,817 149

	

1,470

	

1,370 1,416 8 . 2
66 to 100 percent of material in central par t

cross section defective :
of

11 1,793 197

	

1,335

	

1, 202

	

1, 416 11 . 01-foot offset	 .	
3-foot offset	 11

	

1, 657 170

	

1, 262

	

1, 147

	

1, 408 10 . 3
1- and 3-foot offsets combined	
6-foot offset	

22

	

1,72 5
1, 625

196

	

1,269
129

	

1,325

	

1 , 238

	

1,419 1 7 .9
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MEMBERS WITH END-TO-END JOINTS IN LAMINATIONS

Provision for laminated members longer than available board s
requires consideration of how end-to-end joints in laminae can b e
made and of the effect of such joints on the strength of the member .

Obviously, butt. joints without glue have no strength in tension, an d
tests have shown that when glued they are very erratic in strength ,
the best technique in using available glues affording no more than 2 5
percent of the tensile strength of wood (29, pp. 59-6'0) . Hence. glued
butt joints are inadequate to resist the bending of laminae to shape o r
to resist tensile stress in n member after it is formed . Butt joints ar e
undesirable in curved laminations because of their effect on in terlainin a

/NSUFF/C/ENT PRESSURE ANO
OPEN OR /MPERFECT JO/N T

FIGURE 22.--Conditions at a butt joint in a lamination of a curved assembly .

contacts in their vicinity . It is impossible to produce curvature righ t
tb the end of a square-ended piece, hence, in the vicinity of butt joints ,
Contact between adjacent laminae can result only from pressure
sufficient to crush the wood and expel the glue, thus making the joint s
between laminae locally deficient in resistance to shear . Furthermore ,
effectiveness under longitudinal compression is lacking because th e
square ends of the two parts of the jointed lamination cannot be
brought into contact for the full thickness . These conditions are
illustrated by figure 22 .

Tests on several species of wood (10, 29) have shown that a scarfed
joint, if carefully prepared and well glued, has strength in tension or
bending approximately as great as does the wood itself provided th e
length of the scarf is as much as S to 15 times the thickness of the
material, depending on the kind of wood .

A slope of 1 in 12 is as long as seems practicable for scarf joints an d
tests of the effect of longer joints were not considered .



28 TECHNICAL BULLETIN 691, U. S. DEPT. OF AGRICULTURE

Table ] 0 presents the results of tests on members with 12 lamina-
tions each, matched in pairs, 1 of each pair having all lamination s
continuous, and the other having, at the centers of the 3 laminations
next to the convex or tension face, glued scarf joints with slope of I in
12 . The jointed laminations were made by preparing scarfs at eac h
end of a board, which was then cut in the middle and the scarfed end s
brought together and glued .

In making another series intended to be similar to that . just de-
scribed, an error resulted in joints being rna.de in the laminae of both
members of a pair . Three members of this series (Nos . 163, 186, and
189) did not fail in the joints and these are listed in table 10 as if al l
laminae were continuous, together with the matched members (Nos .

TABLE 10.-Results of tests on matched pairs of parabolic curved members of souther n
yellow pine having 12 laminations-1 of each pair with S laminations next) t o
convex face scarf-jointed at 1 in 12 slope ; the other with all laminations continuous 1

At proportional limit At maximum momen t

Offset and serial No .
11

	

of jointed and paired Bend-
Modu -
lus of Bend- r]e- Kind of failur ea

continuous members 2

1

Bend -
in g

stress ing +coml .
pressfonl

-
t4e
1Je

c -
tir>n

elas -
ticity

Bend-
ing

stress
ing +
corn -

pression

flee s
tion

'ill
ro 1,000

110 Lbs ./ Lbs ./ lbs ./ Lbs ./ Lbs. /
I

	

3-foot offset *
1233	! 111V

sq . in .
5,485

sq . in .
5 .890

Inche s
2,135

sq . in .
1,825

sq . in .
6,175

sq . in .
6,625

Inches
2 .,12 Tension . No failure i n

X96, 4, 820 5, 195 1 .755 1,904 7, 175 7,705 2 .70
joints .

Tension .
(235	 5,235 5,630 2.175 1,720 7,335 7,860 3 .20 Tension

	

in

	

half

	

o f

1234

	

.

	

__

	

.	 •	 4, 780 5,145 2. 125 1, 589 6, 955 7, 455 3 .25

joint in first and i n
all of joint in secon d
lamination .

Tension .
(237	 4,290 4, 615 1 .900 1,580 5,315 5,705 2.51 Tension

	

in

	

half

	

o f

1236	 4, 760 5, 120

	

2.995 1, 589 5 , 885 5, 320 2 . 70

joint in third lamina-
tion .

Tension .
230	 3,700 3,985

	

1 .340 1,918

	

5,595 6, 015 2.6s Tension

	

in

	

half

	

o f

238	 ._ 4,805 5,175

	

1 .785 1, 870

	

8, 680 9, 290 3 .62

joint in third lamina -
tion

	

and

	

in

	

all

	

of
joint in second lami .
nation .

Tension .
2, 11	 I

	

3,710 .1,025

	

1 .175 1,820 5,975 6, 400 2 .68 Tension

	

in

	

joint

	

i n

1240	 I 3, 390 3,650

	

1 .430 1, 706 5, 020 5, 390 2 .42

first lamination and
in

	

half

	

of joints

	

i n
second

	

and

	

third
laminations .

	

join t
in

	

first

	

lamination
partially open before
test .

Tension .
164	 3,180 3,435

	

1 . 125 1,751 7,100 7,620 2 .84 Tension

	

in

	

half

	

of

3, 050 4 .260

	

1 .390 1, 755

	

7,0001 7,510 3.09

joint in first, second ,
and

	

third

	

lamina-
tions .

Compression-no

	

fail-
ure in joints .

Average	 J 4,2701

	

4,595 L691 1,759

	

6,250 6,705 2.6 2
4, 420

	

4,750 1 . 763 1,735

	

6,785 7,275 2 .9 6

Average

	

of

	

failin g
jointed m euihersand 1,- 4.030

	

4,340 1 . 60 3
1
1

. 703
1,758

	

6,265 6,720 2.6 6
Paired rnat[s .+ 030

	

4

	

40 1,701 6,710 7, 190 3 .02

All strength values adjusted to 12-percent moisture content .
2 values for jointed members shown in boldfaced type .

Nos . 163, 186, and 159 had glued scarf joints sloping 1 in 12 in the 3 laminations next to the convex face .
No failures occurred in these joints and the 3 memhers are listed here with those having continuous lamina-
tions .

4 Failures occurred in all jointed members except No . 233 (3-foot offset) and No . 243 (6-foot offset) .
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TABLE 10.-Results of tests on matched pairs of parabolic curved members of southern
yellow pine having 12 laminations-1 of each pair with 3 laminations next to
convex face scarf-jointed at 1 in 12 slope : the other with all laminations continuous-
Continued

Offset. and serial No.
of jointed and paire d

menthcr scant inunus

24 2245 - - • - - - •
-- - - - - -

- - . - -

	

-

24`1247 . --- -- -

i

246
r-ID -

	

- - - - _ _

1 248
12 .51 -
	

•- -- -- --

	

►

Average	 _ _

Averag e Average of failing
jointed members and
paired mates . 4

- - - -- --- -189
3

At proportional limit At maxithum moment
------------ Modu- ---------------

13end -
ing

Bend -ing + D e
nee-

lelas o
f

ticity
Bend -

ing
Bend -
mg -+

De -
flee -

Kind of failure

stress aim- lion stress cnm- lion
pression pression

1,000
Lbs . /

sq . in .
Lbs./

sq . in . Inches
lbs . !

sq . in .
Lbs ./

sq . in .
Lbs . /

sq . in . Inches
3,505 3, 670 1 .235 1,670 5,110 5,380 1 .98 Progressive

	

tensio n
No failure in joints .

3, 360

	

3, 525 . 960 2, 031 8, 100 8, 465 3 .40 Progressive tension.
3,690

	

3, 865 1,1-10 1,929 I

	

5,215 5,455 1 .68 Tension failure in ha l
of joint

	

in

	

first

	

an t
third laminations .

4, •470

	

4 . 6814 1 .355 1, 4425 ~

	

5, 765 6, 035 L 79 Tension .
2, 761 2, 895 , 900 1, 885

	

5, 395 5, 645 2.06 Progressive tension fai l
the

	

in joint in

	

fir s
lamination

	

and

	

i i
half of joint in thi n
lamination .

3, 300 3, 455 1 .170 1, 705

	

6, 510 6, 805 3 .00 Progressive tension .
3, 010 3,150 1 .030 1, 840

	

4, 980 5, 205 2 . 16 Progressive tension fa i
tire in joint in atomi c
lamination

	

partial];
open before test .

4, 120 4, 315 1 . 340 1, 872

	

6, 320 6, 61i, 2 . 14 Tension .
3, 615 3, 995 I . -105 1,715

	

1, 910 5,135 2 .00 Progressive tension fai l
i ore in

	

part of join
in third lamination .

3, 95i) 4. 140 I

	

1 . 360 1, 793 4, 780 5 . 005 1 . 74 Tension .
3,950 4, 140 1 .325 1,535 5,880 6,150 2.13 Progressive tension

	

i i
half of joint

	

in fir s
lamination .

3, 900 4, 085 1 . 320 1, 631 5, 790 5,055 2. 22 Progressive

	

tension -
no failure in joints .

4,31(1 4,500 1 .065 2,150 5,560 5,805 1,55 1'regressi ve tension

	

i
joint in second Ian
nation and in haly

c of joints in first an d
third lamination s

4, 180 4, 380 1 . 1411 i

	

1, 956 6, 430 6, 725 2 . 43 Progressive

	

tension -
^-- no failure in joints .

J 3, 580 3, 745 1,156 1, 832 5, 295 5, 540 1 .94
1. 3, 895 4, 085 1 . 236 1, 845 6, 240 6, 530 2 . 39

l 3, 590 3, 755 1 . 144 1, 859 5, 325 5, 565 1 . 9 3
1

	

3, 985 4, 175 1 . 282 1, 814 5, 930 6, 205 2. 2 2

t

f

t

t

3 Nos . 163, 186, and 189 had glued scarf joints stoping 1 in 12 in the 3 laminations next to the convex
face . No failures occured in these joints and the 3 members are listed here with those having continuou s
laminations .

4 Failures occured in all jointed members except No . 233 (3-foot offset) and No . 243 (6-foot offset) .

164, 185, and 190) which did fail in the joints . Average results of
/ tests on members with scarf joints (slope 1 in 12) at the center of th e

length of three laminae next to the convex face have been appended to
tables 2, 3, and 4 . Table 11 presents the results of tests on a few mem-
bers that include laminae jointed as described therein . I11 each
instance, the member with one or more jointed laminations is compared
to a matched member with all laminations continuous .
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The data presented in table 11 are somewhat erratic and further -
more do not cover all the possible combinations of type of joint an d
its position in the member . It is believed, however, that they, to-
gether with results of previous tests, justify the conclusion that the us e
of glued scarf joints sloping across the thickness of a lamina in not les s
than 12 times its thickness and reasonably well separated in adjacen t
laminae, will result. in members whose strength, particularly at propor-
tional limit ., will not be significantly lower than that of members wit h
all laminae continuous . It is indicated, however, by the data of table
10 and by comparing the values appended to tables 2, 3, and 4 wit h
the other values in the same tables that such joints at the same poin t
in the length of successive laminae are undesirable .

EASTERN HEMLOC K

Table 12 lists the results of tests on 15 curved members made from
eastern hemlock (Mafia h.eter'ophyila) . The material used was 6-inch
hoards with knots varying in size from to 4 1 .1 inches . Outer lami-
nations were sufficiently knotty that none of the members can b e
classed as grade I construction . (See p . 63 for definitions .) In fact,
only tlu'ee, the eighth, ninth, and tenth in the list, can he classed as
irra,de II construction . (The last. one is grade II except for oversize d
~:uots in central laminations .) All others have knots too large or
cross grain of too steep a slope to he so rated .

TABLE 12.--Results of end-thrust tests on individual curved members of easter n
hemlock ; %-inch laminations 1

Stress at proportiona l
I

	

I

	

limi t
I-

	

-
Laminations (number)

	

Offset

Bendin g

18	
18	18	
1 8
Is	

-- ----- -- -
8
8	 •	
8-- -__	

8

	

----

	

-	

8 . .	
8	 .	

Average--- .-- -

	

1 '	

	

I

	

3 ,324

	

1 , 27 5

All strength values adjusted to 12-percent moisture content .

The number of tests is obviously insufficient to establish reliabl e
averages on which to base working stress values for eastern hemloc k
in laminated arches . However, in view of the values obtained in
these tests and the behavior of the members tested, the working stress
values for eastern hemlock as obtained by the procedure later out -
lined are considered appropriate . These working stresses would,

Stress at maximu m
moment

Modulus

	

Bending +

	

of

	

Bending +

	

compres-

	

elasticity

	

compres-
sion

	

Bending

	

sio n

	

parallel i

	

parallel
to grain

	

to grain

--

	

-- ---

	

-T OOOpounds l - - - - -
Pounds per Pounds per per square Pounds per Pounds per

Feet

	

square inch square inch

	

inch

	

square inch i square inch
6

	

2, 780

	

2, 951

	

1, 222

	

4, 210

	

4, 465
3

	

3, 320

	

3, 661

	

I, 260

	

6, 540

	

7, 167
6

	

3, 2.40

	

3, 439 I

	

I, 289

	

6, 820

	

7, 216
6

	

3, 270

	

3, 468

	

I, 194

	

6, 720

	

7, 180
3

	

3 .3811

	

3, 720

	

1, 206

	

5.740

	

6, 282
3

	

2, 730

	

3, 011

	

1, 134

	

4, 480

	

4, 923
6

	

3, 500

	

3, 593

	

1, 240

	

5, 060

	

5, 188
3

	

3, 380

	

3, 526

	

1, 417

	

7, 380

	

7, 652
6

	

4, 910

	

5.037

	

1 . 445

	

6. 530

	

6, 692
3

	

, 190

	

2
3,

249

	

1 , 23 7

	

4 , 0320 70 I

	

4, 49 1
6

	

2

	

4, 173
6

	

2, 240

	

2, 301

	

1, 346

	

4, 810

	

4, 9241
6

	

3,140

	

3, 223

	

1,335

	

5, 550

	

5, 685
3

	

1,890

	

1,975

	

1,291

	

3,620

	

3,76 7
3

	

4, 430

	

4, 609

	

I, 236 I

	

5, 670 ~

	

5, 886

	 5,708
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with grade I construction as later defined (p . 63), vary from 1 .,225 to
1,370 pounds per square inch for members of the curvatures and num-
bers of laminations listed in table 12 .

DOUGLAS FI R

Tables 13, 1.4, and 15 show the distribution of strength values a s
found from a series of end-thrust tests . on arches built of Douglas fi r
boards .

TABLE 13 .-Distribution of bending plus compression stress at proportional limi t
as found in end-thrust tests of parabolic curved members of Douglas fir, accordin g
to percent of defective material 1

302,298--- - 1
280

---

	

- 295
141 283 296, 145 262 3

--------- -

	

--

	

----- 270,274,278 3
142 	 30 .3 . 14 8

1
-------- 288.291

	

- ---------- -__ 144.'294 2
285

	

146
_____________

1

2
148

282'

	

3

-
06 1

	 305
290	 1--- - - - - - - - - -
286

	

-

- - - - - --

	

- - 284

	

.	
2,2 5,3

	

8,5 o,

	

1 1 .5

	

1 5
t

t Members whose serial numbers are in italics were 6-foot offset ; all others were 3-foot offset . All values
adjusted to 12-percent moisture content .

TABLE 14.-Distribution of bending plus compression stress at maximum moment a s
found in end-thrust tests of parabolic curved members of Douglas fir, according to
percent of defective material s

Class limits for combined stress
(pounds per square inch)

25 per -j 0 percent

	

cent
33Y,,t per -

cen t
-__

50 percent
Tally ,
3-foo t
offse t

I-

	

_
Numbe rSerial No .1 Serial No .

	

Serial No . Serial No .
4,500-4,799-•	 280 1

	

_

	

_
4,800-5,099____ 264 .266,266,276
5,100-5,399 . _

	

_ _ 268
5,400-5,6149 _ 27 8
5,700-5,999 _ 291 27 4
6,000-6,29 9
6,300--6,59	 _

	

_ 292,298 27 0
6,600-6,899	 288 296,304,148

	

3
6,900-7,199	 285, 287 295
7,200-7,499___ -

_
294,302 I

	

262

	

2
7,500-7,799__ ._ .	 283 145,8051
7,810)-8,099- _ _ _ .	 286 29 7

284, 290, 18, 100-8 , 399	 142

	

I

	

289 3
8, 400-8, 699	 147	8 , 700-8 , 999	 	 1	 146 ----------- -9 , 000-9, 29,9	 __________________ _
9 , 300-9,599	 148

	

282

Tally	 number	 21

	

5,5

	

6, 6
1-1 0,91 13

Members whose serial numbers are in italics were 6-foot offset ; all others were 3-foot offset . All value sadjusted to 12-percent moisture content ,

3,000-3,199 _
3,200-3,399__ .	
3,400-3,599_ _
3,600-3,799___ _
3,800-4,399_ _
4,000-4,199_ _
4,200-4,399_ .
4,400-4,599_ _
4,600-4,799_ _
4,800-4,999
5,000-5,199 _ _ _
5,200-5,399 _
5,400-5,599--__ ._ .
5,600-5,799	
5,800-5,999	
6,000-6,199	 -6,200-6,399	
6,400-6,599_ _ .
6,600-6,799_ _ _

_ __number
-

Tally, _

Class limits for combined stress
(pounds per square inch)

25 per-

	

3315 per -i

	

cent

	

I

	

cent0 percen t

Serial No Serial No . Serial No. Serial No .

Tally ,
50 percent I 3-foo t

offset
I-

	

--
N+ember I Number

Tally ,
foo t
set

Tally ,
6-foot
offset

Number

3
1
1
2

2

3

3

2 1
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TABLE 15 .---Distribution of modulus of elasticity as found in end-thrust tests of
parabolic curved members of Douglas fir, according to percent of defective material 1

-

	

-

	

I
Class limits for combined stress

(pounds per square inch)
33 ;1 per-

cent 50 percent
Tally ,
3-foo t
offset

Tally ,
6-foo t
offse t

!Serial No . Serial No . Serial No . Serial No . Number Numbe r
i .•tIIIH1,449	 141	 }
1,4,50-1,499-

	

288

	

268,274, 280 1

	

1
1,500-1 .519 .__

	

I'95,301
1,550-1,599 -

	

1'-12 ---

	

304,907

	

2

	

I
1,1P11-1,649 . -

	

294, 295,305

	

286, 270

	

1

	

1
1,6+1H1,61-1 9 - -

	

27 8
1,7110 -1,749

	

306 1
1,750-1,7119 - -

	

.285,291

	

292, 15 264, 272, 276

	

I

	

t t
1,800-1 .849	 282,'290 :3112.1

	

2f1

	

1 .111

	

3

	

~
1,850 1,899 -

	

1
1,900-1,949	 286

	

1 --

	

- -
1,950-1,999	 285,289	 2
2,000-2,049	 147

	

144,296

	

962

	

3
2,050-2,099	 ' - -

	

284,287	
2 , 1 0 0 - 2 , 1 4 9	 • - - - -

	

f ' 	 1
Tally - .	 number__,

	

2,1

	

5,6

	

8,8

	

0,10

	

15

	

25

Members whose serial numbers are in italics were 6-foot offset ; all others were 3-foot offset . All valu es
adjusted to 12-percent moisture content .

The stock used in the Douglas fir members had been kiln dried to a .
comparatively low moisture content and when the testa were made th e
average Ialoisture content was 10 percent . . The average moisture
content, when the boards were bent to shape \'vats probably S percen t
or less. Because of this low moisture content, which rendered the
material more subject to breakage, some pieces splintered slightl y
when bent to shape, particularly when bent to the 6-foot offset . This,
together with the• higher stress induced in bending the drier material ,
caused some of the members to fail prematurely when tested . I n
compiling tables 13 to 15, values that appeared to be lowered by these.
causes were omitted . The remaining values are probably affected
similarly but to alesser degree. The, tabulated values in tables 1 3
to 15 have all been adjAsted to a basis of 12-percent moisture content :
so that differences in strength due to differences in moisture conten t
at- time of test do not affect comparisons .

Results of tests on Douglas fir and southern yellow pine members
are compared in table 16 .

Considering the experience• in milking up and testing members of
Douglas fir as related above, together with the comparisons shown i n
table 16 and other experience with and information on this specie s
and on southern yellow pine . it appears acceptable to use for laminate d
glued members of Douglas fir the same working stresses as for souther n
yellow pine, provided such members are• made up from stock with a
moisture• content appropriate to the curvatures to which lamination s
must be bent.

Experience with the tests of Douglas fir points definitely to th e
inadvisability of attempting to build up laminated members from stock
dried to a low moisture content unless the curvature is very moderat e
(p. 60) .

142718 °-39--3
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TABLE 16.-Comparison of results of end-thrust tests on curved members of southern
yellow pine and Douglas fir i

Southern yello w
pine Douglas fi r

Item,
3-foot
offset

6-foo t
offset

3-foot
offset

6-foot
offset

Stress (bending + compression at proportional limit) :
Tests	 number	 34 37 15 1 5Average value, ±	 pounds per square inch 	 5,250 4, 360 5,070 4;18 0
Standard deviation, a	 do	 876 734 906 71 1
z - 2 .326 a	 3,210 2, 650

	

2, 960 2, 53 0
z - 3 a	 2,620

	

2, 160

	

2, 350

	

2,050
Min ■ mum test value____

	

___pounds per square inch	 3, 540

	

3, 020

	

3, 020

	

3, 200
Coefficient of variation a =±	 pereeft	 16 .7

	

16 . 8

	

17 . 9

	

17 . 0
Stress (bending + compression at maximum moment) :

Tests	 number_ 27 31 13

	

21
Average value,±	 pounds per square melt 	 9,450 7,550 7, 830

	

0, 560
Standard deviation, a	 do__ .	 1,585 1,194 988

	

1, 173
-2.326 a	 . I 5,760

	

4,770 5, 530

	

3,830
--

	

-	 I 4,700

	

3,970 4, 870

	

3, 041'
Minimum test value	 .__pounds per square inch_ 5, 390

	

5, 000 5, 210

	

4, 760
Coefficient of varia.tiona	 percent	 1 16 .8

	

15 .8 12 . 6

	

17 . 9
Modulus of elasticity :

Test	 munber_ .

	

34

	

37

	

15

	

2 5
Average value, z 	 1,000pounds persquare inch	 1,971

	

1,817

	

1, 812

	

1, 725
Standard deviation, a	 .	 do	 178

	

149

	

181

	

19 5
f - 2.326	 1,557

	

1,470 1, 391

	

1, 27 1
f - 3a	 1,437

	

1,370 1, 269

	

1, 140
Minimum test value .	 1 .000 pounds per square inch 	 1, 584

	

1, 416 1, 458

	

1, 43 7
Coefficient of variation± = a	 .	 percent	 9 0

	

8 .2 10 .0

	

11 .3

I All strength values adjusted to 12-percent moisture content .

TESTS OF BUILDING ARCHE S

Roof supports in the service building at the Forest Products Lab -
oratory (fig . 1) included three-hinged glued laminated arches of tw o
types, designated C and D, as described on page 67 . In addition to
those. required for the building, two half arches of each of these type s
were made . These were tested under end thrust .

TESTS OF BUILDING ARCHES---TYPE D

The half arches of the D type that were tested are designated D- l
and D-2 .

Figure 23, which shows half-arch D- 1 in position in the testing
machine, illustrates the arra.ngelrlent of the tests . The ends of both
half arches were cut square with the cllorcl joining the centers of thei r
ends . Each half arch was marked with stations spaced 1 foot apar t
along this chord and designated alphabetically, A being at the lower
end .

In half-arch 1)-1, which was tested in the full length, the principa l
failure occurred in the straight upper portion . Before testing D-2 ,
about 11 feet of its upper end was cut off in order to encourage fail-
ure in the vicinity of the knee and thus get a measure of the strength
of the most severely curved portion .

Horizontal deflection was measured at three stations by reachin g
scales attached to the arch against fine wires fixed in a vertical posi -

tion (fig . 23) . Figure 24 shows five pairs of special nails as arrange d
across half-arch D-2 . Nails of each pair were spaced to a gage lengt h
of 2 inches and changes in this gage length were measured by mean s
of a strain gage rending to (l .t)(li)I inch . Similar strain readings mad e
on I)--l proved unreliable because the nails with slender stems as use d
were insecure . Nails used in D-2 had larger stems .
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Stations at which horizontal deflections were read were :
For half-arch D-1 (fig . 23) :

E	 in the straight lower portion and 4 feet above the lower end .
I-in the curved portion and at the point where the axis i s

farthest from the line of application of the load, 8 feet
above the lower end .

P-in the straight upper portion and 15 feet above the lowe r
end .

FIGURE 23 .-Half-arch D-1 in position in machine with scales for reading hori-
zontal deflections attached at stations E, I, and P .
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For half-arch D-2 :
F-in the straight portion and 5 feet above the lower end.H+i-in the curved portion and at the point where the axis i s

farthest from the line of application of the load, 'N feet
above the lower end .

Ii-in the straight upper portion and 10 feet above lower end .

FIGURE 24.-Arrangement of pairs of special nails used in reading longitudina l
strains at station of half-arch D-2 . Nail pairs or gage lengths are
numbered 2 to 6 from the convex to the concave face of the member . No. 1
was an exact 2-inch gage length on a steel bar fixed in the block below th e
special nails and was used to check the zero reading of the strain gage .

Tables 17 anct 19 record readings on arches D-1 and D-2, respec-
tively, together with brief notes describing the character and sequenc e
of failures . Tables 18 and 20 list results of tests on small specimen s
cut from parts that were tminjured in the test of the member as a whole .
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TABLE 17.-Record of test on half-arch D--l 1

Horizontal deflection readings at

Load

	

station-

(pounds)
E I P

Shortening
of chord

Remark s

5 . 70
5 .80
5. 95

_______ ---- -
6.00
6.00
6.0 5
6.12
6.30
6.5 2
6 .6 7
6 .7 5
6. 85 Tension on corner near J. Tension on

face near V .

Tension on face N to J and Q to V .

Compression wrinkle at G.

Inches

	

Inche s

	

0 .07

	

0.1 4

	

.20

	

.3 5

	

.30

	

.47

	

.42 1

	

.62 1

	

.52I

	

.75 I

	

.64

	

.89

	

.74

	

1 .04

	

.86

	

1 .1 6

	

.96

	

1 .30
1

	

1 .07

	

1 .43

	

1 .20 I

	

1 .5 7

	

1 .30 1

	

1 .69 1

	

1 .41

	

1 .8 6

	

1 .53

	

2.0 0

	

1 .65

	

2 .14 I

	

1 .76 1

	

2 .29
I1 . 86

	

2 .44

	

1 .98 I

	

2 . 58 Slight tension between E and F .
2 .1 0

	

2 .26 ~

	

2 2
.
. 9

073
I
1

	

2 .34

	

3 03
2 .4 6
2. 59

	

3.3 7

	

2 .72

	

3. M
2.83 3. '+ 1

	

2.96

	

3 .8 8

	

3 .09

	

4 .05
3. 24

	

4 .23

	

3 .37

	

4 .43

	

3 .50

	

4 .63

	

3 .65

	

4 .83

	

3 .78

	

5 .00

	

3 .91

	

5 .21

	

4 .06

	

5 .42

	

4 .20

	

5.63

	

4 .36

	

5.9 1

	

4 .50

	

6.0 6

	

4.67

	

6.30

	

4.84

	

6 .53 I

	

4 .98

	

6 .85

	

5.16

	

7 .06 I

	

5. 35

	

7 .33 1 Tension on corner R In Q .

	

5 .52

	

7 .60 Compression first. noted .

	

5 .65	 T-'nsion on face R to 11 .
	 ' Tension on face I) In 1 .

7 .8 1
7.98
8 .19 1

-----------
8.25
8.36 I
8 .33 I
8 .45
8 . 80 Increased compression .

Tension on face near S .

Inches

	

Inches
0 I

	

0 .06

	

0 .0 7
1,000

	

.12

	

.1 8
2 .000

	

.18

	

.2 6
3,O0n

	

.24 I

	

.3 6
4,OOII

	

. 29

	

.4 5
5, 001 i

	

.34

	

. 5 4
6,00(i

	

.40

	

.62
7,1100

	

.45

	

.7 1
8 .000

	

.50

	

. 80
9,000

	

.56

	

.89
10,000

	

.61

	

.98
1 .1)011

	

.66

	

1 .0 7
2, 000

	

.72

	

1 .1 6
13,000

	

.77

	

1 . 2 6
14, 000

	

.82 I

	

1 .3 6
15,000

	

.88

	

1.45
16,000

	

.94

	

1 . 54
17,000

	

.99

	

1 . 63
18,000

	

1 .04

	

1 .72
19,000

	

1 . 10

	

1 .82
mil, 000

	

1 .16

	

1 .9 2
21,000

	

1 .22

	

2 .0 2
22,00(1

	

1 .28

	

2.1 3
23 .1100

	

1 .34

	

2. 2 4
24 .1 100

	

1 .40

	

2.3 4
25, 000

	

1 . 47

	

2 . 45
20, 111111

	

1 . 54

	

2 . 56
27.000

	

1 .60

	

2 .68
28,000

	

1 . 67

	

2 . 80
29, 1100

	

1 .74

	

2 .92
30,000

	

1 . 80

	

3 .04
31 .000

	

1 .87

	

3 .1 6
32 .000

	

1 .94

	

3 .2 8
33, 000

	

2 .02

	

3 . 40
34,000

	

2 .09

	

3 . 5 2
35 .000

	

2 . 16

	

3 . 6 6
36,000

	

2 . 24

	

3.7 8
37, 000

	

2. 32 I

	

3 .9 4
38,000

	

2.40

	

4 .08
39,000

	

2. 48

	

4 . 20
40 ;000

	

2. 58

	

4 . 38
41,1100

	

2.67

	

4 .05
42,000

	

2 .76

	

4.70
42, 630

	

2. 80

	

4 . 80
42,820
42,39(1

	

2 .83

	

4. 8 3
43,1100

	

2 .88

	

4.9 3
43,8211

	

2 .96

	

5 .0 7
43.8911
43,740

	

2.98

	

5 . 1 0
43 .89(1 '

	

3 .00

	

5 .1 2
13, 6841

	

3.01

	

5 .1 5
44,000

	

3.06

	

5 .22
45,000

	

3.16

	

5 . 40
45,920

	

3.27

	

5 .60
46,130

	

3.32 I

	

5 .70
46,610

	

3 .38 1

	

5 . 80
47,000

	

3.44

	

5.90

47,410

	

3 .49

	

6.00
47,820	 I	
47, 690

	

3 .55

	

6.10
47,970

	

3 .60

	

6.2 0
48,060

	

3 .61

	

6.2 4
47, 280

	

3 .63

	

6.2 8
47,810

	

3 .70

	

6 .40
48,010

	

3.72

	

6.4 7

Length between ends 28 .23 feet . Average width 10 .84 inches. Weight before test 1,687 pounds . Aver
age moisture content 10.7 percent .
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TABLE 18.-Results of bending tests on 2- by 2- by 30-inch specimens cut from, arch
D-1 following test of th.e arch

Moisture Fiber stress 1Todulus o fcontent

	

at propor-

	

rupturetional limit
Modulus o fe lasticit yPosition from which taken

Adjacent to convex face in straight portion heloW the

acnce	

Same but concave face_ _ . _

Adjacent to convex face in straight portion near top en d

Saute 1 -out eonca.vc face - _ .	

Adjacent to eon v0‘; face in straight, portion between I,, t

and icne o _ _

Same but concave face 	 .

Near convex face in most severely bent part __ __ .

Same but concave face

	

_ _ _ . _ _

Average	

Pounds pe r
Percent

	

square inc h
10 .0

	

7,760
11 .2

	

7,35 0
10 .4

	

7, 880
10 . 5

	

7,920
9 .8 1

	

9,980
9 .9

	

9,980
10 . 8

	

10, 50 0
12.1

	

8, 400
10 .9

	

8,40 0
10. 1

	

7,880
11 .3

	

7,92 0
10 .6

	

8,93 0
9 .7

	

10,020
10. 5

	

10, 50 0
12. 1

	

7, 91 0
12.0

	

8,400
11 .2

	

7,88 0
10.8

	

8,93 0
9 .9

	

8,70 0
11 .0

	

6,67 0
8.1

	

6,460
9.3

	

5,970
9.4I

	

7,650
9.9

	

7,880

10. 5-1

	

8,33n

1,000 pounds
Pounds per per squar e

	

square inch

	

inc h

	

13,450

	

1,740

	

11,2301

	

1,511113,180 1, 670

	

13 .320

	

1 .860

	

15,600

	

2,4811

	

15, 1 50

	

2,170

	

14,180

	

2, 28 5

	

12,020

	

2,110

	

11, 660

	

2,118 0

	

12,120

	

1,74 0

	

9 .420

	

1,800

	

15, 170

	

2,33 0

	

13,500

	

2,09 0

	

15, 090

	

2,325

	

10,1170

	

1,801 1

	

13,020

	

2,11 0

	

10,970

	

1,77 0

	

14 . :00

	

2,13 5

	

13,720

	

2,00 5

	

11,490 !

	

1,56 0

	

8,080

	

1,77 2

	

10,390

	

1 .955

	

14,15E1

	

2,00 5

	

11,300

	

1,89 5
12,660 1,967

4

`I ' Ae1.F 151 . -Record of ?e21 nra Ilfllf arch D- ;?

	

Pounds

	

Inche s

	

2, 080

	

0 .0 8

	

4, 000

	

. 1 3

	

6,000

	

.1 8

	

8,000

	

.24

	

10,000

	

.2 9

	

12,000

	

. 3 4

	

14,000

	

.3 8

	

16,000

	

.4 4

	

18,000

	

.49

	

20,000

	

.55

	

22, 000

	

. 60

	

24, 000

	

.65

	

26,000

	

.7 0

	

28,000

	

.7 6

	

30, 000

	

.82

	

32,000

	

.88

	

34, 000

	

.94

	

36 .000

	

1 .00

	

38, 000

	

1 . 07

	

240,000

	

1 .14

	

42, 000

	

1 . 2 1

	

44,000

	

1 .27

	

3 46, 000

	

1 .3 4

	

48 . 000

	

1 . 4 2

	

50, 000

	

1 . 50
4 52,0001

	

1 .6 0

	

2 54, 000

	

1 .68

Inche s
0 .06
.1 2
.1 7
.22
.28
.34
.40
.45
.5 1
.5 7
.63
.69
.7 5
.8 1
.88
.94

1 .00
1 .0 8
1 .1 5
1 . 23
1 .3 1
1.3 8
1 . 4 6
1 . 5 4
1 .64
1 .7 4
1 .84

	

Inches

	

Inch

	

0 .
.06 10

	

0 .000 4

	

.16

	

.000 5

	

.22

	

.000 6

	

.27

	

. 000 7

	

.32

	

.000 8

	

.37

	

.000 9

	

.42

	

.000 9

	

.48

	

.001 0

	

.53

	

.001 1
.58

. 0000123

	

.64

	

. 1

	

.70

	

.0014 1

	

.75

	

.001 4
.80 .001 5

	

.86

	

.001 6

	

. 92

	

.001 7

	

.98

	

.001 8

	

1. 05

	

. 001 9

	

1 .13

	

.0020

	

1 . 20

	

.002 1

	

1 . 26

	

.0022
1 .3 2

	

1 .41

	

.002 3
0024

I

	

1 .50

	

0026

	

,

	

1 . 58

	

002 6

	

■17

	

0028

Inch ' Inch

	

0 .0153

	

0 .010 2

	

.0154

	

.010 2

	

.0155

	

.010 2

	

.0155

	

.010 2

	

.0156

	

.010 2

	

.0157

	

.010 3

	

.0157

	

.010 3

	

.0158

	

. 010 3

	

.0159

	

.010 3

	

.0159

	

.010 4

	

.0160

	

.010 4

	

.0160

	

.010 4

	

.0161

	

.010 5

	

.0161

	

.010 4

	

.0162

	

.010 5

	

.0162

	

.010 5

	

.0163

	

.010 6

	

.0164

	

.010 6

	

0164

	

.010 6

	

.0165

	

.010 7

	

.0166

	

.010 7

	

.0166

	

.010 7

	

.0167

	

.010 7

	

.0167

	

.010 8

	

.0168

	

.010 8

	

.0168

	

. 010 8

	

.0169

	

. 010 8

Shorten-
_

	

ing of
chord6

Inch

	

Inches

5

Inc h
0 .0044 0 .0150 0 .3 3

.0044 .0148 .40

.0043 .0146 .48

.0043 .0145

	

.56
.0042 . 0143

	

.63
.0042 .0142

	

.7 1
0041 .0140

	

.80
.0041 .0138

	

.89
.0041 .0136

	

.97
.0040 .0134

	

1 .05
.0040 .0132

	

1 .1 4
.0039 .0130

	

1 .23
.0039 .0130

	

1 .32
.0038 .0126

	

1 .43
.0038 .0124

	

1 .54
.0037 .0122

	

1 .64
.0036 .0120

	

1 .74
.0036 .0118

	

1 .84
.0036 .0115

	

1 .93
.0035 .0113

	

2 .03
.0034 .0111

	

2 .1 4
.0034 .0108

	

2 .26
.0033 .0105

	

2 .39
.0032 .0102

	

2 .55
0031 .0108

	

2.69
.0030 .0093

	

2 . 83
.0029 .0089

	

2.94

Strain gage readings at station H+-?2 on gage
length No .-

i Length between ends 18 .04 feet . Average width 10 .97 inches .
2 Compression at FI-i-
3 Slight tension at G+/ .
4 Slight tension at F and increase at

Horizontal deflection at
station-

--Load

F

	

Id-i} I

	

K

	

2 3

	

4
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TABLE 19 .--Record of test on half arch D-2-Continued

Horizontal deflection at
station-

Strain gage readings at station II-}-Y2 on gag e
length No .- Shorten-

ing o f

II-1- 1 2 K 2 3 .1 5
chor d

Pounds Inches Inches Inches Inch Inch Inch

-

	

I
Inch Inch

	

I

	

Inche s
56, 000 1 .77 1 . 94 I . 76 .0029 . 0169 .0108 .0029 .0084

	

3 . 1 0
57, 000 1 - 83 2 . 00 1 .82 -

	

______ 3. 2 0
58, 000

	

1 . 87 2 . 06

	

1 .86

	

_ 3. 2 8
59,000

	

1 .91 2 . 10

	

1 .90	 3. 3 6
60, 000

	

1 .96 2. 16

	

1 . 9 :i	 . 3 . 4 5
6 I , 000

	

2. 01 2. 22

	

2.00 I	 3 . 5 0
62, 000

	

2.1)8 2 .28

	

2.06 3 .6 0
63, 000

	

2. 14 2.13	2. 3 6
64, 000

	

2. 21 2

	

20 I	 • .	2 44

	

2 . 2 0	 3 .70
5 65, 000

	

2.28 2. 52

	

228 ----- - 3 . 80
66, 000

	

2 .36 2.61

	

2 36 -------- - 3 .95
s 67, 000

	

2 .44 2. 70

	

2.44 __________ 4 . 1 1
7 OS, 000

	

2 . 53 2.80

	

2 . 53 4- 33
68, 860

	

2 . 64 2. 93

	

2 .6-1 -------

	

- 4 . 4 8
68 . 650

	

2 . 64 2 .94 2 . fi5 _'	 4 .50
69, 000

	

2.73 2.98 2 .69 I	 4. 5 5
10 69, 180	 --_-

-

5 Compression at I I
Increased compression a t
Further compression at II.

s Tension at L .
0 Scarf joint opened slightly at F .
10 Final failure longitudinal shear .

TABLE 20.-Results of bending tests on 2- by 2- by 30-inch specimens cut from arch
D-2 ,following test of the arch

Fibe r
Moisture I stress at I Modulus
content

	

propor-

	

of rupture
tional limit

1

Adjacent to concave face in straight portion below the L
knee	

to	

(
f
L

Adjacent

	

convex face in straight portion below th e
knee	 1

Adjacent to concave- face in straight portion above th e
knee	

Adjacent to convex face in straight portion above th e
knee	

Average	 '	

Figures 25 to 29 show the principal failures .

PROPORTIONAL LIMIT

Because of the curved and tapering form, neither horizontal de-
flection nor shortening of chord, as measured in the tests of half -
arches D-1 and D-2 and listed in tables 17 to 20, can be expected to b e
directly proportional to loads or to bending moments . As the strain
gage readings on half-arch D-1 proved unreliable, no acceptable
method is available for locating the proportional limit in this instance .
The strain gage readings afford a means of estimating the propor-
tional limit of half-arch D-2 . In figure 30, moments at station
11+, are plotted against the strain readings made near the two
curved faces. From this figure the limit of proportionality betwee n

Modulus o f
elasticity

11, 020 17, 750 2, 440
11, 780 18, 520 2, 240
8, 400 13, 760 2. 110
8, 930 11,820 1,65 0

10, 500 14, 180 1,75 0
9, 450 14, 330 1, 71 5
8, 400 13, 440 2, 07 0
9, 640 11, 780 2, 54 5

12, 190 18,980 2, 30 0
10, 070 12, 510 1, 88 5
7, 030 9, 630 1, 640
7, 500 11, 780 1, 625

9, 581) 14, 040 1,99 8

1,000 pound s
square inc h

Pounds per
square inch

Pound-is pe r
square inchPercent

8. 6
7. 5
8. 8

10 5
10.7

8. 8
10. 5

8 .9
9.6
9 . 6

12 . 1
11 . 4

9 . 8
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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-pound s

M25189 F

FIGURE 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 a corresponding tensile strain of
0 .0014 inch. From these data, the stress at the proportional limit a t
station where the curvature of the member is approximately a
maximum, is computed (table 21) .
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RESULTS OF TESTS AND COMMENT S

Table 21 is a summary of the tests on half-arches D-1 and 13-2 .
As shown by figure 29, the upper end of D 2 had been notched an d

M25197F

hIGURE 26.-Compression failures on and near concave face of half-arch D- 1
between stations G and J . The longitudinal split showing in this figure and i n
figure 25 is not a shear failure but a continuation of the tension failure that bega n
m the upper leg of the half arch . The compression failures are shown to a larger
scale in figure 27 .

vertical and horizontal cuts made at each end to fit the arch to the
end bearings . Similar fitting was done to the ends of D-1 . Th e
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 shearand in compression parallel to grain take no account of the modifica-tions of the cross sections at the ends, nor of the holes made at th
elower ends for the bolt to which the rope shown in figures 28 and 2
9was attached. These holes may have caused a sdbsta,nt :ial weakeningin shear although, of the two members tested, only D-2 failed in shear
.

M25651 F
FIGURE 27 .-Compression failures on and near concave face of half-arch D-2 nearstation H+ i .

In considering the stresses at maximum moment as listed in tabl e21, it should be noted that failure at the knee or point of maximu mcurvature did not occur in either I)--1 or D-2 Although failur
e at this point in both instances, considerably higher maximu mlumoments would probably have been attained had the full strengthin the region of the knee been developed . Bending moments i nwooden members often increase after initial failure occurs and i nmany of the other tests of curved members the maximum momentwas considerably greater than the value when failure 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 .
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TESTS OF BUILDING ARCHES-TYPE C I

The building arches of the C type (p . 68) afford an interestingexample of the use of glued laminated parts . Consideration of -com _

M25E54 F

FIGURE 28 .-Tension failures near stations G and H of half-arch D-2 ; longitudinalshear failure passing through hole near bottom and expending upward aboutto station L .

posite members of this type involves two new phases of the uses o f
wood in construction, namely, curved laminated parts and plywood .
A detailed discussion of the C type arches is therefore beyond the
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scope of this bulletin . A brief account of the tests on two half arches
of the C type is presented, however, but without attempting to gener-
alize from the results or to set up a procedure for the design of suc h
members .

The two half arches designated C-2 and C-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 applie d
through hinged bearing plates at each end .

FIGURE 29.-Longitudinal shear failure in half-arch D-2 .

Tests on the two half arches were made in the same way excep t
that the projecting parts of the plywood webs at the knee were lef t
on C-5, but before the testing of C-2 were cut away along the oute r
curved border of the flange. Horizontal deflections were read at fiv e
points along the length (fig . 31, A) in the same way as in tests (p . 34 )
of half-arches D-1 and D-2 . Strain was read between nails of eac h
of four pairs located as shown by figure 31, B . Shortening of th e
distance between the two flanges was read near the point where the
curvature is most severe. The webs of the type C half arches were

t
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stiffened at and approximately midway between splices (p . 70) . At
one point, about midway - between stiffeners, readings were taken o n
one web to measure any buckling that might occur in it (fig . 31, B) .

Forces tending to cause the flanges to approach each other ar e
set up when, as in these tests, the applied moment is such that th e
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FIGURE 30.-Moment at station H+M of half-arch D-2 plotted against strain i n
gage lengths N os . 2 and 6 (near convex or tension and concave or compressio n
faces of the member) .

flange on the convex side is in tension . This results in a. radially
directed compression m webs and a radially directed shear between
webs and flanges . The pieces inserted between the webs as stiffeners
and at splices (p . 70) acting as struts between the inner faces of the
flanges, lessened the shearing stress in the glued joints between th e
webs and the central parts of the flanges . There was no such rein-
forcement for the joints connecting the webs to the overhanging oute r
portions of the flanges, however, and stress in these joints was th e
primal cause of failure in both tests .

An early stage of the failure of C-5 is illustrated by figure 32, A .
The fact that the glued joint connecting the overhanging part of th e
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flange to the plywood web was stronger than the joints within th e
web caused the failure to be between plies in the web . A later stage is
shown by figure 32, B, which is a view of the concave face of the mem -

1

FIGURE 31 .-A, Half-arch C-5 in position for test ; B, position of strain gage
points (near top of picture) and of devices for measuring relative movement o f
flanges (dial gage attached to end of bar) and buckling of web (dial gage inserte d
in straight edge toward bottom of picture) in tests of half-arches C-2 and C-5 .

ber . Lateral buckling of an outer portion of both flanges has now
taken place .

Study of the strain readings indicates that in neither C-2 nor C- 5
was the proportional limit of the flanges exceeded when failure began .

The principal results of tests on. half-arches C-2 and C-5 are shown
in table 22 .
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After failure of C-2 had begun, clamps were placed to hold th eparts of the tension flange together and restrain la tera .l buckling. Thereinforcing action of the clamps, which were not used in the test o
fC-5, was probably the principal cause of the greater maximum loa
dtaken by C-2 . Inspection after test showed that the gluing betwee
nthe plies of the webs was not first class . Had this gluing been, good ,

M :5385-7 FFIGIntE 32.-Failure of half arch C'-5 : A, early stage ; note devices for measurin grelative movement of flanges and buckling of well : B . later stage, loukin towardconcave face of member .

and had there been struts between the outer overhanging portions a swell as between the central portions of the flanges, the strength of th emembers would have been consider,a•bly higher . Either of these fac-tors alone would probably have produced significan tstrength . The s trengthening effect of the struts is demonstrated bythe fact that separation of the webs from the portions of the flangesbetween them did not occur and by the further fact that the load con-
tinued to increase after the outer overhanging portions of the flangesseparated from the webs, buckled, and became quite ineffective .



THE GLUED LAMINATED WOODEN ARCH

	

49

TABLE 22 .	 Principal results of tests on members C-2 and C-5, at first and maximum
failure

Item

	

C-2

	

C- 5

Chord length	 feet and inches_

	

27'

	

27'9)"
At first failure :

Load	 pounds__

	

32,000

	

32,800
At top end :

Shear stress in web	 ._

	

_-pounds/square inch_

	

1,000

	

1,025
Shear stress in web__-	 do__

	

1 750

	

1 77 0
Station L+'-pointofmaximum stress in flanges :

Horizontal distance axis of member to chord (line of action of load )

	

feet and inches

	

6 ' 4 .98"

	

6 ' 7 . 80"
liori'[.ontal deflection	 incites

	

1 . 805

	

2.07 5
a b o u t

	

inch-pounds _

	

2, 219, 680

	

2, 382, 59 0
Moment about center of outer flange

	

inn

	

2, 822, 560

	

2, 996, 600
Total compression in inner flange_ .	 pounds_

	

149,800

	

160,080
C ' otnpression stress in inner flange	 pnunrls .sgnare inch

	

2,760

	

2,990
'rotaltension inouter flange .-_ .	 pounrh -

	

117,800

	

127,280
'Pension stress in outer flange	 pounds/sgILa re inch_

	

2,430

	

2,39 0
Shear stress inweh	 .

	

dn_

	

340

	

350
Station I-point of maximum moment -

Horizontal distance axis of member to chord (line of action of load )

	

feet and inches__

	

7' 5. 38"

	

7' 5 .34"
Horizontal deflection .__-

	

___ ._inches ._

	

1 .475

	

1 .660
Moment about center of inner flange	 inch-pounds2,383,200

	

2,513,460
Moment about center of outer flange

	

3, 303, 200

	

3, 459, 420
Total compression in inner flange__- . _ .	 ._-hounds_

	

114, 890 119,950
Compression stress in inner flange _ _ - _

	

_ _ pounds/square melt .l

	

2, 200

	

2, 33 0
Total tension in outer flange

	

._pounds_

	

82, 890

	

87, 150
Tension stress iu outer flange_ _

	

pnnnds ,quaff Inch_ _

	

1, 720

	

1, 820
Radius ofcenter line ofouter flange	 feet and ruches

	

3' 8"

	

3' 8"
Radial shear between outer flange and welt 	 poundsraquare inch -_

	

88

	

9 3
At maximum load :

Load	 pounds__

	

47,000

	

42,89 0
At top end :

Shear stress in web_ _ _ -

	

_

	

_ _ _

	

pounds!s'I tare inch _ _

	

1, 470

	

1, 34 0
Shear stress in wet;	 d . .

	

1 1, 100

	

1 1, 010
A t station L+?z-- -mint of maximum stress in flanges :

Horizontaldellection	 1m:1 rs _

	

3 .39 ---------- -
Moment about center of inner flange _

	

_ _ inch-pounds . . _ 3, 322, 900

	

3, 169, 00 0
Moment about centerofout:erflange __

	

__

	

__ _rio ..__

	

4,208,380

	

3,970,00 0
Total compression in inner flange _

	

pounds _ .

	

223, 370

	

212, 070
Compression stress ininner flange 	 ltnuntIs/square.inch _

	

4,120

	

3,96 0
Total tension in outer flange	 pounds__

	

176, 160

	

169, 290
Tension stress in outer flange	 pounds/square inch_ _

	

3, 640

	

3,180
Shea.rstress in web	 d° _ _ I

	

500

	

460

I Computed by the usual formula for shear at the neutral axis of a beam, that is, shear stress equal s
VA11

I t
where V=external shear ; A9-statical moment of area above neutral axis ; I=moment of inertia of section ;
t=total thickness of webs . Other computations are as follows : Load on flange-moment about other flang e
divided by distance C to Cof flanges ;,stress in flange-load on flange divided by cross-sectional area of flange ;
shear stress in webs= V divided by distance C to C of flanges times t ; radial shear between outer flange an d
web-- tension stress in flange times width of overhanging portion of flange divided by radius of center line o f
flange .

RELATION OF STRENGTH PROPERTIES TO CURVATURE

The common assumption that bending stress is linearly distribute d
across the depth of a beam subjected. to flexure does not hold true, eve n
within the proportional limit, for curved members . The error of this
aSS1uIllption increases as the quotient, radius of cuI'vatlire divided b y
depth of the member, decreases . For values of this quotient tha t
apply to some of the members discussed herein, the error of thi s
assumption is Iarge . Common engineering formulas that involve th e
assumption of linearity of stress distribution are nevertheless employe d
throughout this bulletin in computations of stresses from tests, excep t
in tests of members of I section with plywood webs (table 22), and are
accordingly assumed to be used in design . With this procedure it is not
believed that the errors of the assumption of linearity of stress dis -

14271$ `-39-4
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tribution result in any significant error in applying the data from test s
to design . It is probable. that some of the effects ascribed to

the
influence of stress induced in bending laminations (p . 52) are du e
to some small extent to the curvature of the members themselves .

Figures 33 and 34 bring together the principal data available fo r
showing the relation of strength to curvature .

Data from the transverse tests are plotted on a . percentage basis i1 1
figure 33, those for Sitka spruce, Douglas fir, and southern yellow pin e
being combined as in figure 15, values for laminated straight mem -
bers to which the curved members were matched being the bases .

Similarly plotted in figure 33 are data
from end-thrust tests on laboratory ..
built members of southern pine, th e
average strength value for member s
with the least curvature (1 .-foot offset) ,
relative eurvature=0 .00125 being
taken as the base of percentages .

The plotted point sTin figure 34
represent average and minimu m
values as determined from end-thrus t
tests on laboratory-built members o f
southern yellow pine and individual
test values for the two building arche s
D-l and D-2, which were also o f
southern yellow pine .

The curves shown in figures 33 an d
34 are essentially identical . In plac-
ing them, consideration was given to
figures 33 and 34 and to figures 13 to
15, inclusive, to the number of tes t's
represented by each plotted point ,

ZD0

	

--

	

-

	

-

	

and to other pertinent . information .
Furthermore, more weight has been
give-n to the values at. the proportional

FIGURE 33.-Strength of laminated limit than to those at the maximummembers as related to curvature .
Strengthvaluesonpercentagebasis . moment. As has been noted . the full

ultimate, bending strength at the sec -
tion of maximum curvature was not developed in the tests of half-arche s
D-1 and D-2 . Consequently, the points representing these arches i n
the upper part. of figure 34 are too low .

Considering half-arch D-2 alone, the curve for the proportional -
limit values in figure 34 would seem to be too high . However, the
value for 1) -2 is counterbalanced by values representing nearly a s
great curvature and lying, ire . general, well above the curve in figure s
13, 14, 15 . and 33 .

A further factor for consideration is the relation between the dept h
of a. wooden beam and the strength . Tests have shown that, as the
depth increases, the fiber stress at the proportional limit, as well a s
the modulus of rupture, decreases . This relation has been put into
the following formula
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large differences in strength values,

	

,,

where H is the depth factor for a beam of depth h, and is unity for a
beam 2 inches deep . Values of H for members represented in figur e
34 are. as follows :

Laboratory-built members of 8, 12, and 18 laminations with depth s
of 6, 9, and 13 1 , inches have values of H of 0 .95, 0 .92, and 0 .89 . re-
spectively . The D arches used in the service building with a depth
at knee of 24 inches have value of H of 0 .83 .

The strength values for the various beams would be made more
nearly comparable by dividing each by Hie appropriate value of H .
Inasmuch, however, as differences in height among the experimenta l
members with 8, 12, and 18 lamina .-
Lions are insufficient to make any

adjustments for height effect were
~

not made. The foregoing tabulation

	

= / 00001/_200Vf ,

suggests that an upward adjustment F 9	 - {
of approximately 10 percent might z

	

VALUEJArMAx/MON/ OMFNT I

properly be applied to the values for

	

----r--I--I-- -
D-1 and D--2 in figure 34 to make them

	

_
nearly comparable to the value s

for the laboratory-built members .

	

S ; . I

Such adjustment would brim th e
value's for 11)-1 and D--2 consider -
ably nearer the curves, which might

I
r

	

wrtvEJl sr RRO"BR ro [ uMr T

then be considered as corresponding 2
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members were subjected to bending

	

OF CURVATURE OF MEMBER AT CENTER 0/)
stress combined with stress in coin- FIGURE 34.--Strength of laminate d
pression parallel to grain . Since members of southern yellow p ine
stresses in compression parallel to the as related to curvature . Strength

grain of wood, both at propor-

	

values in pounds per square incr .

tional limit and ultimate, are considerably lower than bending stresses ,
the validity of adding longitudinal compression to the compression
resulting from bending might be questioned . However, in the tests ,

/ the bending stress hasbeen from 78 to 98 percent of the total and a
( previous investigation (19) has shown that within this range the

combined stress is not significantly lower at the proportional limit o r
at the ultimate than bending stress alone would be .

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

The data that have been discussed, together with some additional
information and test results that will be introduced currently are the
basis for deriving stresses for use in the design of glued laminate d
members .

BENDING COMBINED WITH COMPRESSION

Table 9 presents strength values from end-thrust tests on souther n
yellow pine members together with figures on standard deviation ari d
coefficient of variation of these values .
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From these data on variability it is estimated that the stress at th e
proportional limit will exceed 60 percent of the average value in 0 g
out of 100 members, the central three-fifths or less of whose lamina e
are defective. Values of stress at proportional limit lower than 3,120

1-2,000 ( ) ], which is 60 percent of the value indicated by the aver .

age curve in figure 34, are accordingly to be expected no oftener tha n
once. in a hundred times . Failure of wooden members under long-
con-tinned loading is to be expected at a stress equal to that at the pro -
portional 1uilit. . Consequently, if for such material as is represented i n

()2
] these tests, a value of 2,080[1-2,000

	

were used in designing

the factor of safety would he approximately 1 .5 under indefinitel y
prolonged loading with respect to a failure of 1-percent probability.
Since, as previously stated, the curves iii figure 34 may well h
consiclerecl as corresponding to a• height. factor of approximately 0 .92 ,
the reduction of working stresses by the application of height factor s
in the manner later suggested increases the factor of safety somewhat .
The factor of 1 .5 is approximately the same tts obtains with bendin g
stresses reconlniended by the Forest Products Laboratory and widel y
accepted in designing timber beams . The recommended vahte fo r
southern yellow pine beams, without any rate of growth or densit y
requirement, is 2,000 pounds per square inch to which is added
for pieces with not less than six growth rings per inch, making th e
value for such material 2,133 pounds per square inch . The. materia l
in the outer parts of the cross section of the laminated nteniher s
tested under end thrust was of this character and it is conclude d
that the basic bending-stress values as used for determining design
values for timber beams iliay he accepted for laminated member s
having each outer fifth of the depth of the cross section formed of
ppractically clear material and with the interior part• made up o f
lCa,niina•e containing defects .

COMPRESSION PARALLEL TO GRAIN

The data of table 1 indicate that, up to a relative curvature of 0 .012 5
(laminations bent to a radius of 80 times their thickness), bent materia l
has suffered no significant loss of strength as compared with straight •
material of the same character . Consequently no reduction for th e
effect of curvature seems necessary, and stress in compression paralle l
to the axis of curved members may be on the same basis as for straigh t
members with appropriate reduction for the defects permitted in th e
laminations of the curved members .

COMPRESSION AND TENSION PERPENDICULAR TO GRAIN

Stress in compression perpendicular to the grain requires coitsidertt -
tion because it. is developed a.t . the connection of arches to tie rods or
to abutments . Conditions at such points do not differ essentiall y
from those at• the ends of beams and the same• allowable stress values
may be used as for the bearing of beams .

As may be demonstrated (p . 118) a radially acting compressio n
exists in a curved member subjected to bending moments that ten d
to increase the curvature. For this radial compression, the same
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allowable stress values are suggested as for compression perpendicula r
t,, grain at the ends of beams .

\\'lien a curved wooden member is subjected to bending moment s
that tend to straighten it and decrease the curvature, the radiall y
acting stress is tension perpendicular to the grain . The principal
data available as a basis for determining allowable stresses in tensio n
perpendicular to the grain in laminated curved remembers are the
results of tests made as part of a standard series on some 164 specie s

.FIGURE 35 .-- Specimen and appliance for tests in tension perpendicular to grain .

(16) . The type of specimen and testing appliance is illustrated i n
figure 35 . Average values of tension perpendicular to grain for air -
dried material (moisture content 12 percent) vary from as low as 180
for a lightweight, noncl .ense. softwood, to as high as 1,200 pounds per
square inch for a very heavy, dense hardwood . In this test, the
tensile stress is not, uniformly distributed over the area by whic h
the load is divided to get the unit value . Hence the values obtaine d
are somewhat lower than the true tensile strength . They are roughly
correlated with other mechanical properties, and a study of availabl e
data indicates that, for coniferous species, the tensile strength wil l
rarely be less than 30 percent of the compression perpendicular value
or less than 40 percent.. for hardwood species . It would seem proper
then to permit a tensile stress 30 to 40 percent as great as the allow-
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able stress in compression perpendicular to grain . However, ice_avoidable imperfections and discontinuities of gluing, together wit hchecking during seasoning or in service, may result in less than fullareas being available to resist tension with consequent concentratio nand nonuniform distribution of stress . It therefore seems advisableto apply further factors and to make the allowable tensile stress no tgreater than one-seventh of the stress in compression perpendicular

FIGURE 36 .-Radial tension specimen in position, in machine after test . Testis made by pulling ends of specimen apart . Note circumferential cracks wheretension failure has occurred .

to the grain for coniferous species and one-sixth of the stress in com-
pression for hardwood species .

TESTS OF RADIAL TENSIO N

The radial tensile stress that, could be expected in an actual curve dmember was checked iii a few special tests . The form of specimenand method of test are shown in figure 36 .
The specimens were of southern yellow pine with 3s-inch lamina-

tions glued with casein glue. The radius of the concave face wa s15 inches and the radial depth of the specimens was 2, 4, or 6 inches .Subsequent to the test of the curved specimen, minor specimens
(these minor specimens were made so that there was a glued join tat the cross section. of minimum area) cut 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
teats from straight specimens Nos . 198 and 200, which were matche d
lamina for lamina to curved specimens Nos . 197 and 199, are listed
in table 23 . All the curved specimens failed in radial tension . Owing
to the thinness of the laminations and the use of hand . clamps, the
pressure applied in gll.iing was not well distributed, which probably is ,
at least in part, responsible in the minor tests for the errratie values
in percentage of wood failure and in strength .

TABLE 23.-Results from tests of radial tension in curved members and from test s
in tension perpendicular to grain on minor specimens

Curved member

Cross section Maximum
stress in

radial ten - Curved member

Cross section Maximum
stress in

radial ten -
Width Depth sion Width Depth sio n

197 .	
Inche s

2.23
Inche s

2. 16

Pounds per
square inc h

206 202	
Inche s

22 .1
Inche s

2 . 07

Pounds pe r
square inch

16 3
198	 (1 ) 203	 2. 24 4 .0S 19 2
199	

6 .
.22 218 2n4	 2. 21 4. l S 18 6

20o	 (1) 2( 15- - 2 25 6 .25 18 2
201	 .--- - 2.24 2. 14 269 201i	 2.23 6 .25 240

Minor specimens

	

Minor specimens

	

Minor specimens

	

Minor specimen s
from member 197 from member 198 1 from member 199 from member 2001

Minor specimen
Stress

	

Wood

	

Stress

	

Wood

	

Stress

	

Wood

	

Stress

	

Woo d
in ten-

	

failure

	

in ten-

	

failure

	

in ten-

	

failure

	

in ten-

	

failure
sion

	

in joint

	

sion

	

in joint

	

sion

	

in joint

	

sion

	

in join t

Pounds

	

Pounds

	

Pounds

	

Pounds
per square

	

per square

	

per square

	

per squar e
inch

	

Percent

	

inch

	

Percent

	

inch

	

Percent

	

inch

	

Percent
106

	

0

	

211

	

100

	

121

	

60

	

272

	

3 5
:	 377

	

90

	

394

	

100

	

312

	

95

	

368

	

5 0
	 355

	

5

	

451

	

15

	

402

	

95

	

442

	

3 0
	 366

	

100

	

348

	

97

	

325

	

5

	

391

	

7 0
r	 393

	

80

	

562

	

40

	

420

	

5

	

389

	

10 0
.	 .	 .	 345

	

100

	

366

	

95

	

357

	

80

	

490

	

2 5
240

	

15

	

312

	

80

	

275

	

35

	

396

	

9 5
i	 520

	

50

	

245

	

20

	

285

	

15

	

365

	

3 5
	 445

	

100

	

425

	

18

	

158

	

90

	

538

	

2 0
0	 256

	

0

	

293

	

25

	

437

	

70

	

500

	

2 0
11	 138

	

2

	

426

	

35

	

523

	

2

	

368

	

4 0
	 345

	

100

	

327

	

60

	

470

	

60

	

434

	

9 0

General average	 324

	

363

	

3413

	

__

	

41 3
Average 504

	

percen t
failures	 399

	

--_- . ._

	

326

	

322

	

396	

From mem- From them- From mem- From mem- From mem- From mem -
ber 201

	

ber 202

	

ber 203

	

ber 204

	

ber 205

	

ber 20 6

q

	

ue..

	

b

	

0

	

cam,

	

q

	

-.

	

0
Minor specimen

	

-- ~a

	

*'

	

a

	

a

	

A
0

	

0

	

0

	

0

	

~ o

	

o

	

.: ~

	

_

	

~~

	

o

	

o

	

...:
FA

	

o . .+0

	

v.'.

	

.. ,
q

	

v:

	

,70

	

OQ,

	

O

	

1~

	

C

	

5

	

N

	

C>
rn

	

. .-

	

E

U]

	

~r

	

U1

	

J

	

T

	

1.

	

r

	

r!.•

	

r
Lbs .

	

Lbs.

	

Lbs .

	

Lbs .

	

Lbs .

	

Lbs .
per

	

Per-

	

per

	

Per-

	

pcr

	

Per-

	

per

	

Per-

	

per

	

Per-

	

per

	

Per -
sq . in .

	

cent

	

sq . in .

	

cent

	

sq . in .

	

cent

	

sq, in .

	

cent

	

sq . in .

	

cent

	

sq . in .

	

cen t
	 87

	

3

	

273

	

15

	

126

	

5

	

3513

	

70

	

472

	

75

	

395

	

4 0
	 .	 189

	

5

	

307

	

5

	

300

	

20

	

21,5

	

40

	

399

	

100

	

487

	

1) 5
(	 .	 274

	

5

	

376

	

15

	

242

	

0

	

328

	

60

	

513

	

70

	

340

	

7 5
l	 370

	

40

	

328

	

20

	

280

	

2

	

263

	

25

	

350

	

50

	

414

	

2 5
	 3115

	

60

	

262

	

10

	

280

	

50

	

351

	

65

	

394

	

95

	

291

	

5 0
__

	

_

	

376

	

13

	

123

	

0

	

262

	

92

	

250

	

20

	

258

	

1

	

421

	

7 5
7

	

•--

	

118

	

25

	

146

	

0

	

189

	

50

	

345

	

25

	

82

	

0

	

466

	

1 0
	 .

	

.	 .

	

292

	

10

	

202

	

2

	

246

	

35

	

364

	

70	
General averag e	 259	 252	 241	 309

	

353

	

402

	

_ . ._- _
Average 50+ per -

cent failures	 365

	

_

	

244	 350	 426	 38 5

1 Straight specimen ; not tested in radial tension .
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The values of radial stress when compared with the value of about ,
45 pounds per square inch that would be derived as allowable fo r
southern yellow pine by the method already outlined, namely, divi-
sion of the allowable stress in compression perpendicular to grain by 7 ,
indicate factors of safety of or more. Factors at least this larg e
are desirable because of the possibilities of imperfect . glued joints and
of checking of members in service .

LONGITUDINAL SHEAR STRESS

Longitudinal shear was the primary failure in tests of 29 out o f
201 members of southern yellow pine . Values of the compute d
shearing stress at failure in these instances ranged from 162 to 78 6
pounds per square inch with eight• values below 250 . The average
was 354 pounds per square inch .

The shear-test values, attained in the remaining 172 tests at th e
time the member failed from other causes, are distributed as follows :
5 below 160 ; 45 between 160 and 250 ; 77 between 250 and 350 ; 45
between 350 and 720 pounds per square inch .

Of the eight shear failures that occurred at a stress below 250 pound s
per square inch, five were entirely in the glue line . In three instances ,
joints in which failure occurred were observed before test to be partl y
open.

These members were glued in the Laboratory shop where temper-
ature is not subject to the regulation that is needed to insure con-
sistently good gluing with animal glue, which was the type used . The
large percentage of glue failures in some of the joints is attributed t o
the probability that unfavorable temperature conditions obtaine d
at the time the joints were glued . In all probability, however, the
gluing practice followed was better than obtains in the use of animal
glue in the average commercial plant .

Some of the glue failures were probably due to one particular feature
of the procedure iii gluing . Each member was glued in two or more
installments . Laminations were spread with glue (on both faces
except. that next to the form and the outer face of the last . laminatio n
of the installment or group) and placed in proper order in a stack ,
after which the group was turned so that the widths of the lamination s
were vertical . The group was then drawn against and clamped t o
the preceding group . the exposed face of which had been spread with
glue . With this manipulation, joints between groups were open
longer before clamping than were those between the laminations in a
group . Thus there was more chance for glue to drain from the join t
between groups and for the glue to be affected by unfavorable temper-
ature or other conditions . The joints that were found to he imper-
fect before test were between groups of laminations . Casein and other
types of glue suitable for use in building laminated members do no t
require such close regulation of temperature, and, with reasonabl e
care in controlling gluing conditions, poor and weak joints are con-
siderably less likely .

Material for glued laminated members, being of smaller dimensions ,
checks less in drying than do large timbers . Consequently it might
he thought that higher values for horizontal shear could be used in
designing such members . However, methods and procedure tha t
are ordinarily available for gluing large members, particularly curve d
ones, are not such as to insure that glue joints will always be perfect
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and continuous . Tests have shown that discontinuities in shear -
resisting areas (17, 20) cause very high concentration of stress . Hence
it is suggested that in the design of glued laminated members three-
fourths the unit shear-stress values that have been set up as basic
for structural timbers (table 24) be used .

TABLE 24.--Basic stress values 1 for laminated wooden construction in pounds per
square inch (to be used only after modification as indicated in the accompanying
text)

Combined
bending

	

Compres -and corn-

	

sion per-
pressive pendicularstress in

	

to grai nextrem e
fibe r

(I)

	

(2)

	

(3)

	

(4)

	

(5)

	

(6)

Softwoods :
Cedar, Alaska__ .__ .	 1,466 250 1,066 120

	

1,200,00 0
Cedar, northern and southern white_ __ 1, 000 175 733

	

93

	

800, 000
Cedar, Port Orford	 1 . 466 250 1, 200

	

120

	

1, 200, 00 0
Cedar, western red___ ._ _ r e d. _ _ .	 i

	

1,200 200

	

933

	

106

	

1,000,00 0
_Cypress, southern .	

Douglas fir, coast region	
1, 73 3
2 .000

300

	

1, 466
325

	

1, 466
133

	

1 . 200, 00 0
120

	

1, 600, 00 0
Douglas

	

Rocky Mountain region _ . 1, 466 275

	

1, 066

	

113

	

1, 200, 00 0
Fir, commercial white . _

	

_

	

_

	

_ 1, 466 300

	

933

	

93

	

1, 100 . 00 0
Fir, b a l s a m	

62006-
-

	

1, 150

	

933

	

93

	

1, 000,00 0
Hemlock, eastern	 i,466 300

	

933

	

93

	

1,100,000
Hemlock, western 2	 1, 733 300

	

1, 200

	

100

	

1, 400, 000
Pine,

	

western

	

white, ?

	

northern

	

white ,
sugar, and ponderosa_

	

1, 200 I
-

	

--
250

	

1, 000

	

113

	

1, 000, 000
Pine, red	 .___-

	

1,466 300

	

1 .066

	

113

	

1,200,000
Pine, southern yellow +	 2, 000 325

	

1, 466

	

146

	

1, 600, 000
Pine, southern yellow, dense	 2,333 380

	

1,711

	

171

	

1,600,000
Redwood	 1,600 250

	

1,333

	

93

	

1,200,000
Spruce, Engeltnann .	 1,000 175

	

800

	

93 800,00 0
Spruce, red, white, and Sitka__ - 1, 466 250

	

1, 066

	

113 1, 200, 000
Tamarack	 .	 1,600 300

	

1,333

	

126 1,300,000
ariwoods :

Ash, commercial white _ _ 1, 866 500

	

1, 466

	

167 1, 500, 000
Ash, black_ __ .	 1,333 300

	

866

	

120

	

1,100,000
Beech _ _ .	 2, 000 500

	

1, 600

	

167

	

1, 600, 000
Birch, sweet and yellow	 .	 2, 000 500

	

1, 600

	

167

	

1, 600, 000
Chestnut	 1,266 300

	

1,066

	

120

	

1,000,000
Elm, rock _ _ _ 2, 000 500

	

1, 600

	

167

	

1, 300, 000
Elm, American and slippery	 1,466 250

	

1,066

	

133

	

1,200,000
Gum, black and red	 1,466 300

	

1,066

	

133

	

1,200,000
Hickory, true and pecan	 .	 .	 2,533 600

	

2,000

	

187

	

1,800,000
Maple, sugar and black B	 2,000 500

	

1,600

	

167

	

1,600,000
Oak, commercial red and white 	 . - _ _ . 1, 866 500

	

1, 333

	

167

	

1, 500, 000
Tupelo .___

	

_	 1,466 300 -

	

1,066

	

133

	

1,200,000

t For members with laminations in volumes A and C (p . 64) of close-grained material of Douglas fir from
/ the Pacific coast region, southern yellow pine, or redwood, values in columns (2) (3) and (4) may be increase d

Ms- Close-grained material is defined as follows : Douglas fir from the Pacific Coast region and
southern yellow pine shall average on one end or the other of the piece not less than 6 nor more than 2 0
annual growth rings per radial inch . Pieces averaging from 5 to 6 annual rings per inch to be accepted a s
the equivalent of close grained if having one-third or more summer wood . Redwood shall average on one en d
or the other not less than 10 nor more than 25 annual growth rings per radial inch . For members with lami-
nations in volumes .4 and C of dense Douglas fir or dense southern yellow pine, values in columns (2) . (3) ,
(4), and (5) may he increased .4 . Dense material of these species shall average on one end or the other
not less than 6 annual grori•th rings per radial inch and in addition not less than one-third summerwood .

7 Also sold as west coast hemlock .
Also sold as Idaho white pine .

I Also sold as longleaf or shortleaf southern pine .
Also sold as white elm or soft elm .

6 Also sold as hard maple .

In the test of half-arch D-1, the maximum shearing stress when
failure from other causes occurred was 413 pounds per square inch .
In D-2 the maximum stress was 420 pounds per square inch when
failure occurred by longitudinal shear through a bolt hole at th e
lower end of the member . Thus there was a. factor of slightly les s

Species
Compres-
sion par-
allel to
grain

Maxi-
mum
longi-

tudinal
shear

Modulu s
of elas-
ticit y
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than 4 with respect to the design value of 110 pounds per square. inch
which would be obtained for southern yellow pine by multiplying th e
basic value of 146 pounds per square inch (column 5 of table 24) by
three-fourths as suggested in the preceding paragraph .

MODULUS OF ELASTICITY

Available data indicate, in general, that modulus of elasticity de _
creases with increase in curvature (tables 9 and 21) . The indicated
decrease is so small as not to require consideration in computation s
of the deformation or deflection of members .

LIMITATIONS IN DESIG N

RATIO OF DEPTH TO WIDT H

The strength and stiffness of a member subjected to bending var y
as the second and third powers, respectively, of the depth, whereas
both vary as the first power of the width . Consequently, the amount
of material required for strength and stiffness is minimized by makin g
the depth as great as other considerations will permit . Because any
change of curvature under load usually adds to the stress in a curve d
member, the maximum attainable stiffness is desirable . .

Frequently, resistance to longitudinal shear, which n members of
rectangular section is proportional to cross-sectional area, limits the
depth of straight beams. Shear is less likely to be a limiting factor
in curved members .

The extent to which strength and stiffness can be increased b v
increasing the depth and decreasing the width of a member is limn e( I
because large ratios of depth to width lead to lateral irnstaa-hility and t o
failure by twisting and lateral buckling at loads less than those com-
puted by the usual formulas for flexural strength . The critical buck-
ling load depends on the modulus of elasticity and modulus of rigidity
(in torsion) of the material, the length and cross-sectional dimension s
of the member, location or distribution of load, and the way in whic h
the ends and edges of the member are supported and restrained .
Formulas for critical load have been developed theoretically and
checked experimentally for several combinations of these factors i n
straight beams (30, pp. 159-162) . Adequate information along
similar lines for curved members is lacking .

Consideration of some special tests on curved members and of th e
relation between dimensions and buckling loads as found in tests o n
beams and on columns with thin outstanding flanges (28) leads to th e
suggestion that the ratio of depth to width in a curved member with
rectangular cross section should not exceed four when one edge i s
braced at frequent intervals, as by gists or roof ptarlins, and shoul d
not exceed three when such bracing is lacking. The length of mem-
bers that are braced along one edge. is probably not. important. It is
suggested that the combined bending and compressive stress in un-
braced members be limited to one-third or less of the stress that ,
according to the Euler formula, would cause lateral buckling i n
straight members of the same cross section and of a length equal to
the chord length of the curved member .
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I- OR BOX-FORM OF CROSS SECTIO N

Use of cross sections of I- or box-form affords an apparently obviou s
method of obtaining the required strength and stiffness with a mini -
mum amount of material in members subjected to bending stress ,
since they have greater moments of inertia and greater section modul i
than rectangular sections of the same area . Their use is, however ,
limited by the resistance of webs to buckling, to radial compression o r
tension, and to longitudinal shear ; by the resistance of overhangin g
parts of flanges to buckling ; and by the "form factor" of the section .

FORM FACTOR

Tests (18) have demonstrated that in wooden beams the fiber stres s
at proportional limit and the modulus of rupture depend on the shap e
or form of cross section. Consequently, stress values appropriate t o
beams of rectangular section must be multiplied by a form factor t o
make them applicable to a beam with cross section of other form, and
the usual formula. for internal resisting moment becomes M=F. f. S . ,
in which F= form factor of section ; f=fiber stress value for beam of
rectangular section ; and S=section modulus of section .

F is taken as unity for rectangular sections and is less than unity
for I- and box-forms and greater than unity for a circular section (for
which it is 1 .18) or for a square section with transverse load actin g
along a. diagonal of the section (for which it is 1 .41) .

The form factor relation ((8) was developed from a series of tests
on members similar in size to airplane wing beams . That it is appli-
cable to such larger members as are here under consideration has no t
been checked by similar systematic tests but is indicated by numerous
observations . The form factor at proportional limit 6 is given by the
following equation :

F=0.58+0 .42 [K (1-t)-l-t] ,

where F is the form factor of a section composed of two flanges an d
one or more webs, the ratio of the total width of webs to the widt h
of the section being t . Values of E. depend on d, the ratio of the dept h
of the compression flange to the total depth according to the followin g
tabulation :

d K d K d K
0.10 0 .085 0.45 0 .660 0.75 0 .970

.15 .155 .50 .740 .80 .985

.20 .230 .55 .810 .85 .995

.25 .315 .60 .875 .90 .998

.30 .400 .65 .920 .95 1 .000

.35 .490 .70 .950 1 .00 1 .000
.40 .575

Unlike stress, modulus of elasticity is unaffected by the shape o r
form of cross section . Consequently formulas for the deflections du e
to bending stress require no modification because of the shape of th e
cross section.

THICKNESS OF LAMINATIONS

The permissible or desirable thickness of laminations is affected by
several considerations.

The stress induced in bending laminations for curved members i s
proportional to the ratio of thickness of lamination to radius of cur -

6 The tests referred to above demonstrated that the form factor for modulus of rupture is less than that fo r
stress at proportional limit .



60 TECHNICAL BULLETIN 691, U . S . DEPT. OF AGRICULTURE

vature. The tests discussed herein demonstrate that the effect o f
this stress on the strength of the member is less than might be expecte d
from its magnitude but it is nevertheless necessary progressively t o
reduce working stress as this ratio increases . When the curvature is
fixed it is possible to use thick laminations with comparatively low
working values of flexural stress or thinner laminations with consid-
erably higher stresses. 1f a large number of thicknesses of lumber
were readily available, it would be possible to choose the most economi -
cal one in relation to the curvature and the cost of preparation, assem-
bly, and gluing as affected by the number of laminations .

Standard thicknesses of lumber are, however, such that, withou t
special sawing, choice is limited to nominal 1-inch or 2-inch stoc k
which, when suitably surfaced, will have actual thicknesses of approxi-
mately % or 1N inches, or to material of nominal 232 inches or greate r
thickness . Consequently, it is essential in design to adjust curvatur e
to standard thicknesses unless it. is found that special thicknesses ob-
tained by resawing standard thicknesses or otherwise are economical .

Pressure applied in gluing should be correlated to the viscosity of th e
glue in order to insure close contact between surfaces joined and ye t
permit a. thin and continuous film of glue to remain in the joint .
insufficient pressure and thick glue, or excessive pressure and thin
glue, will cause inferior joints . Considerable warp, and twist i n
comparatively thin laminations can be overcome by pressure withi n
acceptable limits but the stiffness and torsional rigidity of thick lamina -
tions make it. difficult. to bring warped or twisted surfaces togethe r
without excessive pressure a.t. some points and insufl-icient. Pressure a t
others . Also, stiff laminations may, by retaining a tendency t o
straighten, put a strain on the glued joint when the clamping pressure
is released . Changes in moisture content and in moisture distribution
during seasoning subsequent to Oiling and during service• are more
likely to cause objectionable and weakening checks if laminations ar e
thick than if they are relatively thin . Consequently it is desirable
that. laminations be of reasonable thickness and with a . minimum
amount of twisting and warping . The maximum thickness of piece s
that may be safely joined by gluing has not been determined but .
general experience suggests that the hazards of poor joints and o f
undesirable checking in service increase rapidly with increase in thick -
ness . Most of the recent glued laminated construction in the Unite d
States has been built up from nominal 1-inch stock . In Europe, wher e
material is often specially sawn for such construction, the thickness
used has rarely exceeded 114 inches .

A ratio of radius to thickness of about . 70 obtains in the glue d
laminated arches in the Laboratory's service buildiIlg . Such it small
value would not, however . be feasible with some species and grade s
of lumber, and a ratio approximately twice as great corresponding t o
a radius of 100 inches with nominal 1-inch lumber is perhaps desirabl e
as a. minimum .

MOISTURE CONTENT OF MATERIAL FOR GLUE D
LAMINATED CONSTRUCTION

Wood at any moisture content below 20 percent can be satisfactoril y
glued with casein glue . Hence no very close control of moisture is
necessary to provide for good gluing and the principal determinants
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for the proper moisture content of glued laminated structural members
at assembly are the effects of moisture on the bending of lamination s
and on the behavior of members in service .

The degree, to which lumber can be bent depends on the moisture.
content . In general the curvature that can be produced withou t
strain beyond the proportional limit increases as the moisture content
is lowered . On the other hand, the curvature that can he attained
without. breakage decreases with decrease m moisture content .
1-fence for extreme curvatures, a moisture content as high as other
considerations permit, is desirable .

1n order to minimize the effects of the shrinkage anti swelling . which
occur with evaporation aaad absorption of moisture, and to minimiz e
changes in curvature (p.119), the moisture content when as member is
installed should be within the range that will obtain in service . Wood
that. is sheltered from precipitation hut otherwise subjected to natural
atmospheric conditions tends to assume as moisture content that varie s
from as low as S percent or less iii the more arid to as high as I5 percent .
or greater in the more humid parts of the United States . In heated
buildings the equilibriums moisture content may be as low as 4 or 5
percent. during parts of the heating season . Changes in moistur e
content are consequently unavoidable and their effects will be minim-
ized if laminated members when made up have a moisture conten t
within the range of the equilibrium values to be expected in service .
Consequently, a value of approximately IU percent• would seem to b e
most, generally acceptable . It. is doubtful, however, whether th e
necessity of close restriction of average moisture is critical .

Equality of moisture content. among laminations incorporated int o
the same member is perhaps more important than is the averag e
moisture content If adjacent laminations differ widely iii this respec t
when bonded together, subsequent changes will cause one to shrink or
swell more. than the other with consequent stress on the glue .joint .

Observation of glued laminated construction does not indicate nee d
for any extreme care either with respect to average moisture conten t
or its spread among pieces in the same assembly . Avoidance of any
abnormal spread is . however, desirable and the greater the uniformity
and the closer the conformity to service, conditions the less is the chanc e
of disfiguring checks or other ill effects .

SPECIFICATIONS FOR MATERIAL AND CONSTRUCTION O F
LAMINATED WOODEN MEMBERS

The following information for use in specifications is coordinate d
to the working stress values suggested on pages 65 to 67 .

Two grades of construction are. described ; also, three alternativ e
methods of distributing taper in members that vary in depth . In
any case the grade of construction and method of distributing tape r
should be specified and if close-grained or dense material is to be use d
rn outer portions of the cross section it, should be. so stated .

Comparatively low-grade material is permitted in laminations i n
the central part of the cross section in both grades of construction .

EQUIPMEN T

The builder must have facilities for mixing and spreading glu e
properly, for maintaining proper temperatures in the shop where
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gluing is done, for clamping material to the specified pressure, fo r
checking the pressure, and for completing the clamping within th e
specified period after spreading the glue .

SEASONING OF MATERIAL

Material must, before gluing, be seasoned to an average moistur e
content of not more than 15 and not less than 10 percent with a
spread of not more than 5 percent of moisture content, among pieces
incorporated into a single built-up member .

DIVISION OF MEMBER INTO VOLUME S

For the purpose of specifying the selection and preparation o f
material, members are divided into three volumes as indicated din
figure 37, where volume A extends from one face of the member t o

i 1rn ~ Ir h
h-~

FIGURE 37 .-Division of laminated member into volumes A, B, and C for spec-
ifying permissible defects in laminations according to their position in th e
assembly .

a surface that is at each point in the length at least one-fifth th e
depth of the member from that face . Similarly volume C extend s
from the opposite face to a. surface that is at every point at leas t
one-fifth the depth from that face . Volume B is the remaining centra l
portion .

	

PERMISSIBLE DEFECT S

Limitations of knots apply to both sides and limitations of slope o f
grain to both sides and both edges of the lamination . All laminations
shall be free from shakes or splits that when viewed from the ends of
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the piece make an angle of less than 30° with the wide faces . Size
of a knot is to be taken as the dimension of the knot between lines
touching it and parallel to the edges of the lamination . Direction
of grain is to he measured over a distance sufficiently great to deter-
mine the general slope, local deviations being disregarded . Material
that is obviously so resinous as to be likely not to hold glue shall b e
rejected .

LAMINATIONS IN VOLUMES A AND C

Laminations in volumes A and C must not contain any part of th e
pith of the tree .

When laminations of Douglas fir, southern yellow pine, or redwoo d
are specified to be "close-grained" or "dense" they shall conform t o
the requirements for rate of growth or for rate of growth and per-
centage of summerwood as specified for close-grained or dense materia l
of these species . ? Regardless of the grade of construction, the oute r
lamination on each side of the member shall be of the characte r
specified for volumes A and C in grade I construction . Further ,
these laminations shall have a thickness not greater than one one-
hundred-and-fiftieth of the minimum radius to which they are bent .

GRADE I CONSTRUCTION

For grade I construction, full-width or part-width laminations i n
volumes A and C shall be free from knots whose size exceeds one-eight h
the width of the piece maximum size 1 2 inches . The sum of the
sizes of all knots in either face in any length equal to the width of th e
piece shall not exceed one-eighth the width . Laminations shall b e
free froln diagonal or spiral grain whose slope 1s greater than I iilcll i n
17 inches. Wane, whose greatest width does not exceed one-half th e
thickness of the piece, is permissible .

GRADE II CONSTRUCTION

For grade II construction, full-width or part-width laminations i n
volumes A and C shall be free from knots whose size exceeds one-fourt h
the width of the piece-maximum size 2j inches . The sum of the
sizes of all knots in either face within any length equal to the width
of the piece shall not exceed one-fourth the width of the piece . Lami-
nations shall be free from diagonal or spiral grails whose slope is greate r
than 1 inch in 15 inches . Wane, whose greatest width does not excee d
the finished thickness of the piece, is permissible .

LAMINATIONS IN VOLUME B

GRADES I OR II CONSTRUCTIO N

Full-width or part-width laminations in volume B may have knot-
holes or sound knots whose size does not exceed one-third the width o f
the lamination except that no defects shall be permitted that interfer e
with bending to the required curve without localized irregularities i n
the curvature, or that interfere with bringing laminations into clos e
contact . Wane whose greatest width does not exceed the finishe d
thickness of the lamination is permissible .

7 See footnote I, table 24 .



Such tapering is probably not feasible with woodworking machines now available except for lamination s
,i{f

	

that are so short that each can be fed through a planer on a properly tapered board ,
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ARRANGEMENT OR DISTRIBUTION OF TAPE R

The tapering of members that vary in depth shall be accomplishe d
by whichever of the following methods is specified .

4 1 . All laminations to parallel the center line of the member excep t
the. last one. at each face, which shall follow the curvature of the fac e
and be accurately fitted to the preceding laminations .

2. A group of outer laminations totaling at least one-fifth the depth
of the member at the point of maximum depth or one-half the dept h
at the point of minimum depth to run parallel to each face of th e
member, the remaining laminations bein g so arranged that fitting
their ends will not require cutting at a slope steeper than 1 in 12 .
Such fitting must be accurately done so that a good glue . joint . results .

3. The total taper to he approximately uniformly divided among
all laminations, that. is, each lamination to he tapered in the sam e
proportions as the member itself .' For example, if there are 20 lami-

Scarf joints in volumes A and C shall be so arranged that at an y
section perpendicular to the axis of the member the sum of the width s
of the joints in any group of 3 successive laminations shall not excee d
the width of the member . Furthermore, joints showing on either
edge of a member shall not be closer together, center to center, in
adjacent laminations in volumes A, B, or C. than 24 times the thickness
of a single lamination .

Joints in curved portions are to be avoided insofar as possible an d
laminations in volumes A and B shall not be jointed at any poin t
where the radius of curvature to which they will be bent is less tha n
125 times the thickness of the lamination .
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LAMINATIONS IN VOLUMES A, B, AND C

It may be specified that all laminations shall be free from knots
knotholes, or wane that will be visible when the member is in place in
the structure .

PREPARATION OF LAMINATION S

Laminations will be single piece in length or will be built up to th e
full length of their runs by joining shorter pieces end to end, prior t o
the final surfacing of either side, by means of glued plain scarf joint s
that cross the thickness of the piece in a distance not less than 12 time s)
the thickness for joints in volumes A and C . and not less than 6 times/
the thickness for joints in volume C. In volumes A and C, the sloping
surfaces joined to form a scarf joint must be free from knots or pitch
pockets .

JOINTS IN THE WIDTH OF LAMINATION S

Outer laminations shall he of one piece in width . Other laminations
may be of two or more pieces provided their widths and arrangement,
are such that longitudinal joints in adjacent laminations are separated
at least 1',2 inches. Laminations or part laminations composed o f
two or more pieces edge glued to each other prior to the final surfacin g
of either side may be considered as one piece .

JOINTS IN THE LENGTH OF LAMINATION S

DISTRIBUTION OF JOINTS
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nations, each will have at each point in its length a thickness approxi-
mately one-twentieth the depth of the member at the correspondin g
point .

	

MACHININ G

All surfaces to be joined by gluing shall be carefully machined s o
that they are true and free from humps or depressions, and at th e
time of gluing shall be free of dust, dirt,, or grease .

GLUE

Only a water-resistant casein glue, or other glue known to be equal
in strength and moisture resistance to best quality casein glue, is to b e
used . Glue must be thoroughly mixed and be free from lumps and
from excessive air bubbles .

Not less than 8 pounds of wet casein glue per 100 square feet o f
joint area, or equivalent amounts of other types used, shall be applied .
Glue shall be applied to a uniform thickness and preferably to both o f
the faces meeting at a joint . Glue-coated pieces shall be laid together
as soon as the glue is spread .

PRESSURE

All glued joints are to be subjected while the glue is setting to a
pressure of not less than 100, nor more than 200 pounds per squar e
inch by means of clamps, screw jacks, presses, or other similar appli-
alic.es .

Clamping must be completed within 20 minutes after the first glue .
is spread if glue is applied to both faces meeting at a joint or within 1 5
minutes if glue is applied to only one of t.lu'se face; . When a membe r
is built up in installments, each group or installment of lamination s
shall remain under pressure for at least 3 hours before being release d
to add the. next installment . Pressure shall be maintained at leas t
12 hours after the addition of the last installment.

Special care must be taken to assure good gluing between successiv e
installments of laminations .

TEMPERATURE

The room in which gluing is done shall be maintained at a tempera-
ture of 50° F . or higher . Material is to be brought approximatel y
to the temperature of the glue room before gluing is begun .

DESIGN STRESSES

The following is suggested as the procedure for deternuning fro m
table 24, which is a tabulation of l .)a.sic values adapted from a pre-
vious publication (3.1), stresses foI' use Ill the design of laminated
lnembei .s built in accordance with the specifications presented in th e
p receding section .

COMBINED BENDING AND COMPRESSIO N

The sum of the bending stress and the compressive stress paralle l
to the axis of the member shall not exceed the value in table 24, cohin n
2 (increased in accordance with footnote 1 when this footnote is apph-

142718 °-39--5
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cable to the material specified for use in volumes A and C) multiplie d
by grade of construction, curvature, and depth factors as follows :

Grade of construction factors :
For grade I construction	 1 .000
For grade II construction 	 . 875

Curvature factor	 1 . 00-2000 G) 2 ,
wherep- is the maximum value of thickness of lamination divided b y

the radius to which the lamination is bent at that point in the lengt h
of the member at which the stress occurs . (No curvature factor is t o
be applied to stress in a straight portion of a member regardless of th e
curvature elsewhere . )

Depth factor	 1 . 07-0. 07 2

where h is the depth of the member in inches at the point under
consideration .

If I- or box-sections are used further multiplication by the appro-
priate form factor should be made (p . 59) .

COMPRESSION PARALLEL TO GRAIN

The allowable stresses in compression parallel to the grain are :
For laminations of the type specified for volumes A and C ua grade I

construction : The value given in table 24, column 4, increased fo r
close-grained or dense material according to footnote 1 .

For laminations of the type specified for volumes A and C in grade . I I
construction : 40 percent of the value given in table 24, column 4 .
increased for close-grained or dense material according to footnote 1 .

For la.mination.s of the type specified for volume B : 75 percent of the
value given in table 24, column 4, without increase for close-grained o i
dense material .

The total thrust at any cross section shall not exceed the sum of the
products of the cross sectional areas of laminations of each typ e
multiplied by the. allowable stress in compression parallel to grain for
laminations of that type .
COMPRESSION PERPENDICULAR TO GRAIN (AT BEARINGS OR RADIA L

COMPRESSION)

For allowable stresses in compression perpendicular to grain, th e
value taken from table 24, column 3, increased for close-grained or
dense material according to footnote 1, should be used .

TENSION PERPENDICULAR TO GRAIN (RADIAL TENSION )

For allowable stresses in tension perpendicular to grain, the value s
taken from table 24, column 3, should be used when multiplied by :
One-seventh for softwood species or one-sixth for hardwood specie s
and further multiplied by the following factors according to the typ e
of material at the point under consideration :

1 .00 for defects restricted as specified for volumes A and C in grad e
I construction ; 0 .70 for defects restricted as specified for volumes A
and C in grade Ii construction ; 0 .60 for defects restricted as specifie d
for volume B .
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LONGITUDINAL SHEAR

For allowable stresses in longitudinal shear, three-fourths the
values in column 5, table 24, should be used .

DESIGN, MANUFACTURE, AND ERECTION OF LAMINATE D
ARCHES IN FOREST PRODUCTS LABORATORY SERVIC E
BUILDING

Three types of roof supports were used in the Forest Products Lab-
oratory service building (fig . 1) . One was a framed truss designate d
type B . The other two were type C, a. three-hinged arch with
double-I section consisting of ply-wood webs and bent laminate d
flanges, and type D, a three-hinged bent laminated arch with rec-
tangular cross sections . Principal dimensions of types C and D ar e
shown in figure 38 . Figure 39 shows a cross section of one arch of
each of these types .

For purposes of design, a dead load of 15 pounds per square foot o f
horizontal area and a uniformly distributed live load of 30 pound s
per square foot were assumed, it . being further assumed that the live
load could occupy the full span or either half span .

On the basis of the then existing information, the following stresse s
were taken as a guide to the. design of the D-type arches:

Pounds pe r
square inc h

Bending stress	 1, 500
Compression stress parallel to grain	 . 1, 000
Longitudinal shear 150

Owing to the fact that the computed required sizes of cross sectio n
were increased at several points to give even dimensions and th e
further fact that these sizes were not recomputed when some change s
in height of roof peak were made, actual maximum stresses on th e
basis of the dimensions as built and with the assumed loadings ar e
approximately 1,165 and 110 pounds per square inch for bending an d
shear, respectively . In an arch of this shape the stress in compres-
sion is very low because bending and shear stresses dictate the size s
of cross sections .

Because of a desire to conserve space within the building, the radi i
at the knees of the arches, particularly type I), were made very shor t
necessitating the use of %s of an inch laminations or thinner . (As
shown by fig. 38 the inner radius at the knee was 39 inches .) Mate-
rial of this thickness was used in the flanges of type C also although
the larger radius would have permitted the use of thicker material .
The laminations were made from nominal 1-inch southern yello w
pine boards that were practically free from knots . The moisture
content was about 8 percent when the material was ready for gluing .

Laminations were surfaced to the required thickness after those tha t
were longer than a single length of lumber bad been made up of board s
joined end to end by casein glued scarf joints having a slope of 1 in 12 .
(Fig . 40 shows a number of the joints under pressure in a . press .) They
were then spread on both sides with casein glue by a mechanica l
spreader, after which a number were assembled in a group in prope r
order on the gluing frames . Beginning at one end, pressure was ap-
plied by means of hand-operated screws . As far as possible, the time .
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from the spreading of the glue till the completion of the pressure,on a

group of laminations was restricted to 20 minutes . The procedure
with the D-type was to build, at the first operation, about .4 inches

M2G 07F

FIGURE 39.-Cross section of one arch of each of types C and D as used in th e
Forest Products Laboratory service building .

thickness at the concave side with full length laminations ; then to add

laminations shortened at one or both ends in installments of _7 to 1 0

until the assembly at all points extended beyond a line about 4 inches
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from and parallel to the convex face of the member . Next, the re-sulting stepped surface was planed to give a true face to which th egroup of eight remaining laminations was glued .
One complete flange for a type C arch was glued at one operationand was later ripped to form three pieces of the required sizes .
Measurements with hydraulic cylinders inserted in the clampingsystem showed that the average pressure applied in the gluing was 100to 200 pounds per square inch of glued surface .
Six flange pieces and two plywood webs with stiffeners an splice

plates were later assembled with casein glue to form a half arch f typ eC as shown in figure 38 .
The outer laminations of type-D arches were full width, as shown infigure 39, while others were each of two pieces, the longitudinal joint s

M25101 FFIGURE 40.-Scarf joints in laminations for the Forest Products Laboratoryservice building arches under pressure .

in adjacent laminations being staggered . No_ attempt was made tojoin the edges of adjacent parts of the width of a lamination withglue.
After attachment of the steel bases, the roof supports were erecte dby means of a portable crane (fig . 41) . Later the bases were groutedto the same level .
The framed trusses and the types C and D arches for the servicebuilding were made by Unit Structures, Inc ., of Peshtigo, Wis . Aspart of the contract, two half arches of each of types Cf and D werefurnished in addition to the number required for the building . Theseextra half arches were tested at the Laboratory. The results of thesetests are presented on pages 34 to 49 .

TESTS OF GLUED LAMINATED MEMBERS UNDER
CONTINUED LOADIN G

Tests on one arch of the D-type in the Laboratory service building
and on a Laboratory-built member afford information on the behavio r
of laminated curved members under long continued loading .
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TEST OF BUILDING ARCH

The center span of the service building was tested udder long-con-

tinued loading . The loading was bags of sand and gravel stacked on

the roof immediately above the arch and covered for protection fron t

precipitat ion (fig. 42) The bags were uniformly distributed ; at first

M25D7`F

FIGURE 41 .-Erection of arches in Forest Products Laboratory service building .

FIGURE 42
.-Sandbags on central arch span of Forest Products Laborator

y

service building .

across the half span and later across the fall span. The elevation o f

the peak of the aa•c.h, and the horizontal
ers were measured at f re ~uut

the arch 10 feet above the foundation p

intervals . During the latter part of the period the temperatu re and

relative humidity within the building were measured periodically
.
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The load was placed in increments the final total being 31,50 0
pounds, approximately uniformly distributed over the full span .
This load is equivalent to 42 .8 pounds per square foot on the roof are a
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 . Each load increment: was, of course,
accompanied by an increase of deflection ; also deflection increased
between placements of increments . Separating out and combining
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FIGURE 43 . Record of deflections of center arch of Forest Products Laborator y
service building in continued loading test .

the deflections that occurred immediately on placing the several
increments gives the data plotted in figure 44 . It is not to be expected
that an exactly linear relation will exist within tlie proportional limit .
of the material between. deflection and the load on a . member of such
a shape. Figure 44 indicates an approximately linear relation
between load and deflection with 0 .74 inch as the deflection tha t
would have occurred immediately had the entire load of 31,50 0
pounds been placed at. one time . The actual deflection at the conclu-
sion of the placing of the final load increment was 0 .94 inch.

The. graph of peak deflection (fig . 43) shows between the twenty -
fifth and seventy-seventh day of the test three brief periods of 10 to 1 5
days each, during which there was little change . 13eginiung about the
seventy-seventh day and continuing to the one hundred and fiftieth
the deflection gradually increased with only minor depressions or dips
in the curve, the total increase being about 0 .45 inch and the
increase per day three times as great as in the preceding 52 days .
During this interval was a period of severely cold weather and th e
temperature within the. building was maintained between 75° an d
90° F ., with the relative humidity averaging about 30 percent, a n
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atmospheric condition under which wood tends to dry to a moistur e
content of 5 or 6 percent .

The moisture content of the arches when this test was begun is no (
accurately known but was probably 10 to 15 percent. Drying prob-
ably proceeded slowly in the early part of the test and at an increase d
rate during the later period of low humidity . Inasmuch as woo d
shrinks across the grain but not along the gi ail], a curved membe r
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FIGURE 44.-Relation between loads on center arch of Forest Products Laborator y
service building and the deflections at midspan resulting from their placement .

tends (p . 119) to become more curved as drying, accompanied by
shrinkage, proceeds . Absorption of moisture being accompanied by
swelling tends to decrease the curvature . It is computed from an
equation developed later that a shrinkage of 0 .5 percent. across the
grain, such as might result from a decrease of about, 3 percent in mois -
ture. content, iii these arches wolllfl of itself cause a depression of th e
peak of about an inch .

1s shown by figure 43, a comparatively large (about Y8-inch) decrease
of deflection occurred between the one-hundred and fifty-first an d
one hundred and fifty-fourth day . This accompanied a slight increas e
in relative humidity but it does not seem that swelling of the wood fro m
the absorption of moisture could have been sufficient to account for th e
upward movement of the peak.

The conclusion from a consideration of this information is that th e
possible effects of changes of moisture content on the deflection ar e
such that it is impossible to determine whether increased deflectio n
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was caused by load during the 5 months it was in Place. Only an
inconsilerable amount of snow was on the roof at any time durin g
the test .

A further factor affecting the deflection is that the construction of
the roof was such that it added considerable support to the arch abov e
which the load was placed . The roof panels were 4 feet wide and 1 6
long. Each had a nominal 2- by 6-inch joist at each edge and at the
center of its width. Outer faces of the edge joists were grooved to
receive splines holding faces of adjacent panels in alignment . For the
most part these splines fitted the grooves very tightly . Glued to the
lower edges of the joists was a sheet of three-ply %-inch plywood and
to the upper edges a sheet of five-ply %-inch plywood. The panel s

FIGURE 45 .-Nailing of roof panels to arches of Forest Products Laborator y
service building .

thus formed box girders 4 feet wide, 16 feet long, and slightly more tha n
6 inches deep . The lower plywood sheet of each girder panel wa s
nailed at each end to the upper face of one of the arches (fig . 45) with
sixpenny nails spaced 6 inches . Also, the 2- by 6-inch joists withi n
the girders were toe-nailed to the arches .

Vertical deflection of the loaded arch is, of course, due to bendin g
and is accompanied by spreading near the junction of roof and sid e
walls . Being nailed to the arches and being very stiff edgewise, the
roof panels transmit forces causing spreading of the other arches ,
with consequent vertical deflections of their crowns .

The five central arches of the building are alike (D type) and th e
load was on the center one . Observations were made of the chang e
in elevation of peaks of the five arches accompanying removal of the
load at the conclusion of the test and accompanying replacement o f
the same load at a. later date. Assuming that the change in elevatio n
of each arch is a measure of the load carried by it and that only th e
five central spans participated in carrying the load on the buildin g
the ratio of the change of elevation of any one of these arches to th e
sum of the changes of elevation represents the proportion of the loa d
that was carried by that arch . Data from the two sets of observa-
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tions mentioned above and derived values of the ratio for the center
arch are shown in table 25 .

TABLE 25 .- Changes of elevation of the central 5 spans with removal and replace-
ment of load of 31,500 pounds

At re -
n meal
of brae

At re-
inicva l
of load

Span No .
At replace-

ment of
load

Span No,
At replace-

ment o f
loa d

3	
I	

f	

Ivchcs
11, 06

2 7
.S I
,1r,

Inches
0.0 7

2 2
.88
.21

Sun] I - -

Indies
-O. 114

I . 26

Neche s
a l u

1 . 4 2

Ratio No . 5 to sum . - -

1 The sums listed in this table are the deflections that v,ould have occurred had the load been carried by a
single one of the D-type arches .

Obviously the ratios in the lost column of table 25 taken as estimate s
of the- proportion of the load actually carried by the- center arch ar e
only approximate . Nevertheless a substantial distributing effect o f
the roof panels is indicated . Such a. Hinting means little in connection
with load uniformly distributed over an entire roof or over one slope .
It does, however, bring attention to the fact- that- roof panels, if suffi-
ciently resistant to shearing forces acting in their plane, may hav e
significant effect in distributing concentrated or nolllnliformly dis-
tributed loads, or moving loads such as might be carried by a crone .

TEST OF LABORATORY-BUILT MEMBER

A curved member set up within the. Laboratory was subjected t o
an end load (luring a period of 2 1, years. This member consisted of
eight %-inch southern yellow pine laminations free from defects . It
was in the form of half an arch of 25-foot span and had a cross sectio n
3% inches wide by 6 inches deep . Load was applied along the lin e
connecting the ends of the half arch . The set-up is shown in figur e
46 . The load applied through the lever system shown was 3,17 5
pounds .

Prior to the period under load the member was tested for stiffness
and finally it was tested to destruction. Determinations from these
two tests showed that there had been about: 4 percent : increase i n
stiffness. In the final test the load at proportional limit was 8,75 0
pounds . The average moisture content was 5 .6 percent at the fina l
test and about 10 percent when the load was first placed . Adjust-
ment for the difference in moisture content indicates that.. the value
of load at proportional limit at the time the loading period began wa s
about € , 7 50 pounds . Thus the applied load of 3,175 pounds was 4 7
percent of the estimated proportional limit at the beginning and 3 6
percent, of the proportional limit as determined at the conclusion o f
the loading period .

The scale shown in figure 46 was attached at the point where the
deviation of the axis of the member from the line of action of th e
load was a maximum (19 .41 inches at the beginning of the test) an d
was read against a fine vertical wire to measure the deflection . Pen-
o(lical weighings of a thin board that was kept alongside the membe r
indicated the equilibrium moisture con tent- which the member cur-
rently tended to approach . Readings of deflection and of equilibrium
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moisture content are graphed i n
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
April 1, 1934, the deflection in-
creased (but at a diminishing rate)
while the equilibrium moisture con -
tent decreased . During the sum-
mer of 1934, the equilibrium mois-
ture content rose and the deflection
remained almost constant . With
the beginning of the heating seaso n
(about October 1) lower atmos-
pheric humidity returned and th e
deflection again increased till nea r
the end of January 1935, when
rising equilibrium moisture conten t
was accompanied by decreased de-
flection till about August 1 . Over
the subsequent period to April 1 ,
1936, the drier atmospheric condi-
tion was accompanied by a sligh t
increase in deflection. The evident
effect of changes in moisture con-
tent makes it difficult in this case ,
as in the test of the building arch,
to distinguish the purely time effec t
of the load from that of moisture
changes and the resultant shrinkag e
and swelling and to determine when
deflection resulting from the action
of the load ceased to increase .

GLUED LAMINATE D
CONSTRUCTION IN FARM

BUILDINGS

Glued laminated constructio n
holds much promise as a means o f
improving the structural features of
barns and other farm buildings .
For example, although rafters, be-
cause of lower costs and less ob-
struction of space, are preferred t o
trusses for supporting barn roofs ,
previously available methods o f
construction have not in general
provided rafters of adequate
strength and of sufficient stiffness t o
avoid sagging . Two manufactur-
ers are now making glued laminate d
rafters for the gothic-style dair y
barn and other farm structures .

FIGURE 46.-Laboratory-built curved
member of southern yellow pin e
under load of 3,175 pounds applie d
to its ends through a lever system .
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Designs include a member which is straight and vertical from th e
foundation to the mow floor level and thence curves uniformly to th e
roof peak, thus combining in a single piece the functions of stu d
and rafter (5) .

The present research has not included specific study of glue d
laminated construction in farm structures but a few tests have bee n
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FIGURE 47 . Deflections and equilibrium moisture-content values in dead-load

test of laboratory-built member .

made to demonstrate comparisons with barn rafters made according
to current practice . A brief account of these tests follows .

COMPARISON OF COMMON TYPES OF CURVED BARN RAFTER S
WITH GLUED LAMINATED MEMBERS

NAILED LAMINATED RAFTERS
One common type of curved barn rafter consists of a number o f

boards bent to the required curvature and nailed together. Com-
parison of members of this type with those mode in the same way bu t
glued instead of nailed is afforded by tests on five pairs of beams .
Although the tests were on straight members, similar comparison s
would result from tests on curved assemblies . Iii these tests, N-inch
laminations cut from the same board occupied similar positions in
nailed and glued assemblies constituting a pair . The laminations were
horizontal (p . 2) . The lumber used was at about 12-percent moistur e
content and after completion the beams were stored for a month
under conditions of temperature and relative humidity to give a n
equilibrium moisture content of about 12 percent . They were then
tested . Table 26 gives important details of construction and result s
of the tests .

These tests clearly demonstrate the superiority, with respect t o
both the strength and the stiffness, of glue over nails as a means o f
joining laminations. Experience, test, and observation show that nail s
decrease in effectiveness with fluctuations in the moisture content o f
the material nailed, and tests made after a period of service unde r

z

2

e

u
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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 at Iowa

Agricultural Experiment Station (12, 13) .

TABLE 26.-Comparison of beams with nailed laminae to those with glued lamina e

Detail of beams tested Load Deflection

Lam - Treatment
At pro- Maxi- At pro - A t

maxi-No .' inae Length Span portional
limit 2 mum a portiona l

limit 7 mu m
load =

Number Inches Inches Pounds Pounds Inches Inche s
1

	

8 96low I

	

90 Glued	 7,250 12,170 0 .81 1 .63
2	 8 971 ;

	

90 Nailed	 --------- - 3, 400 7.75
3	 6 96

	

93 Glued	 5,000 6, 880
	

1.3 1.81
4 6_ - .	 6 97 93 Nailed

___
2, 270 4.t e_______________
2,320 7.20

56	 4 64i 60 1,990 5.00
3, 110 6 .30

6

	

-- .	 4 64% 60 Glued	 3 .250 6, 080
	

.88 2.40
76 4 64% 60 Nailed	 2, 550 6.3 5---------- 2,990 __________ 6.4 0
8 .	 4 64% 60 Ohied	 2, 750 6, 710 72 2 .71 1
96	 4 64X

	

60 Nailed	 2,900 __________ 6.110
10	 4 64%

	

60 Glurd .-- .	 .-

	

3,500 6, 725 .81 2.05

On beams 4, 5, and 7 two tests were made .
2 Load-deflection graphs for the nailed beans were rounded almost from the beginning and showed prac-

tically no direct proportionality .
a Tests of the nailed beams were discontinued +'hen the deflection became extreme and the recorded

maximum loads are final loads rather than true maxima .
i Beam No . 2 -An assembly of 3 laminae was first nailed together with sevenpenny cement-coated box

nails driven from each side . 3 laminae were then added at the top and 2 at the bottom, each laminae being
nailed to those previously assembled with sevenpenny cement-coated box nails . 182 nails passed throug h
the neutral surface or joint. between laminae at mid height of the beam .

6 Beam No . 4 .-An assembly of 3 laminae was first nailed together with about 64 sevenpenny cement.
coated box nails driven from each side . 3 laminae were then added at the top, each being nailed to those
previously assembled with 64 sevenpenny cement-coated box nails-129 nails through neutral surface .
After the first. test, the beam was reversed and the second test was made without the addition of nails .

6 Beams Nos, 5, 7, and 0.-3 laminae nailed with sevenpenny cement-coated box nails driven from eac h
side ; top lamina then added and nailed with sevenpermy cement-coated box nails . The first test on No.
5 was made with this nailing of 102 sevenpenny cement coated box nails through the neutral surface . After
beam was straightened and 37 or 38 nails driven from the top and bottom of the beam (making 75 eightpenn y
nails through the neutral surface in addition to those present in first test), second test was made . Firs t
test on No . 7 made with the original nailing of 116 sevenpenny cement-mated box nails through the neutra l
surface . Beam straightened and second test made after driving 37 or 38 eightpenny common nails fro m
the top and bottom of the beam, making 75 eightpenny common nails through the neutral surface in addi •
tion to those present in first test . 32 eightpeunv common nails were driven from each face of beam No . 9
before the test, making 102 sevenpenny cement-coated box nails and 164 eightpenny common nails throug h
the neutral surface .

SEGMENTAL RAFTERS

A second and widely used type of curved barn rafter is the segmenta l
rafter made by band-sawing the edges of boards to the required curva-
ture, assembling the boards, which must be in comparatively short
lengths, and nailing them together with the necessary butt joints
staggered in the adjacent layers . In this type the layers, or lamina-
tions, are vertical instead of being bent to follow the curvature .
Sometimes the boards are not band-sawed but are left with straight.
edges and arranged with a polygonal outline approximating the desired
curve. Tests to compare this type of construction with glued assem-
blies of bent laminations were made on members constructed a s
follows :

Nos . 53 and 55, bent laminated members 15 feet long consisting o f
seven %- by 5/-inch laminae each and made on the form of 1-foo t
offset (p . 14) .

No . 54, seven vertical laminae, % by 5% inches each from the sam e
board as the one used in No . 53, cut and nailed as indicated by figur e
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48, A to form a member 15 feet long and with the same offset as Nos .
53 and 55 .

No . 56 consisting of laminations cut from the same boards as thos e
from No . 55, and made like No . 54 except that faces of lamination s
were spread with casein glue immediately before nailing the laminae
together .

1esults 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 genera l
conclusions . However, the indications from the tests are in line wit h
engineering experience and judgment, and are :

TABLE 27.-Comparison of bent laminated members with segmental member s

Proportional limit
Maxi- Maxi-

Deflec-
tion a t

Arch
No . Construction

Load men(
Deflec -

tion
itI, meat l loa dload

mum
mo-

ment 1

maxi-
mum
mo -
mentdeflection

Pounds
Inch-

pounds Inches Pounds
Inch -

pounds Iatche .x
53 Bent and glued	 17, 500

	

186, 500 4 .13 45, 160 21, 550 308, 100 9 . Cr y
54 Vertical laminae nailed :.	 6, 00(1 43, 500 1 . 13 38, 500 11, 160 106 .300 3.60

(41, 000) (36, 280) (100, 000 )
55 Bent and glued	 13, 000

	

133, 300 3 .69 36, 120 15, 680 183, 900 5, 1 ti
56 Vertical laminae nailed an d

glued	 10, 000 77, 200 1 .90 40, 630 14, 650 151, 900 4 . 5 5
(76 . 700) (40, 370) (151, 000)

t A small difference in moisture content at test existed between Nos . 53 and 54 and between Nos . 55 an d
56 . Values in parentheses opposite Nos . 54 and 56 are adjusted to the moisture contents of Nos . 53 and 55 ,
respectively .

1 . That the stiffness (measured by
mome	 at the proportional
deflection

limit) of the segmental members, particularly when glued in additio n
to the nailing, is comparable to that of members with continuous ben t
and glued laminations.

2. That the strength, both ultimate and that at the proportiona l
limit, is low for nailed segmental members as compared to those wit h
continuous bent laminations, but is very considerably enhanced b y
gluing. Possibly gluing under adequate pressure in a . press would
produce further improvement . However, the direction of grain in
each lamination is at an angle to that in the adjacent lamination .
With this arrangement there is less assurance of permanence of glue d
joints under such changes in the moisture content of the member a s
may occur in service than when direction of grain is parallel in adjacen t
laminations, as is true of bent laminated members .

Due to lack of lateral stiffness No . 54 (nailed member) bent side -
ways before final failure as shown by figure 48, B . Maxiinuni load
and maximum moment were affected but little, if at all, by this latera l
bending. In service such bending or buckling is often considerabl y
restrained by roof sheathing or other parts of the construction .

PROTECTION OF FRAMING MEMBERS IN BARN S

Co ndensation of moisture in walls is of frequent occurrence in
barns housing livestock in the. colder climates . This results m
subjecting studs or other framing parts enclosed in the walls t o
conditions favorable to decay and numerous instances of such decay
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A

FIGURE 48.-A, Segmental curved member, with vertical laminations ; B, view
of concave face of segmental curved member No . 54 showing lateral bending .



have been observed . Tlie same conditions are favorable to the
deterioration of glue . Regardless of the kind of members used in th e
walls, whether one-piece or hirninated, effective moisture barriers t o
prevent the passage of water vapor from the interior of the buildin g
with resultant condensation in walls is desirable . Vapor is also
likely to be condensed in the haymow or on the . under side of the roof
with similar ha,.ards to mow joists and to rafters . -Moisture barriers
in the ceilings above livestock are consequently likewise desirable .

NAILING AS A SUBSTITUTE FOR PRESSING OR CLAMPIN G
IN MAKING GLUED LAMINATED MEMBER S

The test, data previously reported ill this bulletin relate to glue d
laminated members in the making of which pressure on joints wa s
produced by clamping . The use of clamps to produce such pressur e
has been the method principally practiced both in this country an d
in Europe with the exception of Sweden (p . SS) . It is obvious ,
however, that. if nailing of successive laminations without clampin g
or with but a minor armlunt, of claniping would produce glued joint s
of adequate and dependable strength, ina.uiafactiu•e of glued laminate d
members would he simplified and cheapened . Also, members coul d
be built, in place or near the building site thus retaking possible the .
use of sizes too large for convenient transportation over long distances .

The possibilities of nailing were explored in a preliminary way iii two
series of tests . The first, consisted of shear tests on blocks cut fro m
small assemblies glued up in the straight and referred to as "shear -
block tests ." In the second series curved laminated glued member s
were built by nailing glue-coated laminations together and wer e
tested under transverse load in such a . way as to vause failure b y
longitudinal shear . These are designated as "longitudinal shea r
tests under transverse load . "

SHEAR-BLOCK TEST S

For the. shear-block tests assemblies each consisting of four three-
qua•rter-inch laminae about 5 ] inches wide and 24 inches long wer e
made up . The total climber of such assemblies was 32, one-half o f
which was of southern yellow pine, and one-half of Douglas fir . One-
half the assemblies (A-H) of each species was glued in press unde r

pressure of 200 pounds per square inch and the other half (1-P)
was. after being spread with glue, nailed together . Laminations cu t
from end-to-end positions in a board occupied similar positions in a
Pressed and in a nailed assembly . Casein glue was used . Figure 4 9
shows the nailing and the positions from which specimens for the
shear tests were obtained . These specimens were so cut that in test
the shearing stress would come oil the central glued joint .

As shown in. figure 49, 8 eightpenny common. nails were driven
from each side . Nails 2% inches long passed through three lamina-
tions and penetrated one-quarter inch into the fourth . There were
then 16 nails through the central glued joint and, the joint having a n
area of approximately 132 square inches, there was on the averag e
1, nail for each 8% square inches of area. of the central glued joint .

142718 °--39---6
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TABLE 28.-Summary of shear-block tests

82

Nailed and glued specimen Nos . Pressed an d
glued

Species and 1 and 2 3 4 5and6 r Al l
assemblies

Shear
Wood
fail -
ure

Shear
Wood
fail -
ure

Shear
Wood
fail-
ure

Shear Shear
Wood

fail -
ure

Shear
Woo d
fail-
ure

Southern

	

yellow

Pounds
pe r

square Per-

Pound s
pe r

square Per -

Pounds
pe r

square Per-

Pound s
per

square

Pounds
pe r

square Per-

Pounds
per

square Per-
pines : inch cent inch cent inch cent inch inch cent inch cent

A, I .	 488 L4 1, 141 80 1, 089 70 820 808 44 1, 170 98
B, J 857 8 1, 015 25 1, 055 10 695 862 12 1, 171 86
C, K . 1 .040 58 1, 065 30 836 70 765 918 54 1, 186 100
D, L	 868 30 993 30 916 15 784 868 26 1, 170 96
E . M	 842 12 1, 289 5 532 0 995 900 7 1, 661 88
F, N	 1, 109 5 894 10 751 5 758 896 6 1, 543 99
G , 0 1, 140 6 1, 171 4 974 5 1, 010 1, 067 6 1, 373 75
$, P	 1, 12° 5 863 0 852 3 768 917 3 1, 472 71

Average	 934 17 1,054 23 876 22 824 904 20 1, 343 89

Douglas fir:
A, 1	 884 60 1, 150 60 1, 181 60 694 916 60 1, 269 93
B , J	 1, 038 90 856 60 1 .082 75 1, 058 1, 022 79 1, 245 100
C, K	 1, 007 45 1, 007 90 724 20 822 865 50 1, 091 94
D, L	 951 96 962 50 962 50 1, 036 983 73 1,181 76
E, M	 901 55 1, 262 90 1, 229 97 1, 031 1, 059 74 1, 245 91
F, N	 1, 319 55 1, 281 60 1, 016 50 1, 092 1, 186 55 1, 468 94
G, C	 850 38 848 45 1, 187 60 1, 002 982 45 1, 422 94
H, P	 1, 071 57 1, 175 20 1, 086 40 1.016 1, 106 44 1, 439 7 8

Average_ 1, 003 62 1 , 068 59 I, 058 56 969 1, 01 .5 60 1,295 90

1 The percentage of wood failure in these specimens was not determined .

As may be noted from figure 49, specimens Nos . 1 and 2 were
centered on a longitudinal gage line and midway between nails, No . 3
was on a transverse gage line and midway between nails, No . 4 was
centered longitudinally and transversely between nails, and Nos . 5
and 6 each included one nail driven from each side of the assembly .
Results of the tests are listed separately in table 28 for each of th e
types of location in the nailed assemblies . Location in the pressed
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assembly has no similar significance and the values entered in table 2 8
are averages for the six specimens from each pressed assembly . On
the basis of the averages shown in table 28, the specimens from nailed
assemblies of southern yellow pine had 68 percent as great shearin g
strength as those from the pressed assemblies, the corresponding figur e
for Douglas fir being 78 percent . The percentage of wood failure
observed in the shear area was likewise less in the nailed specimen s
than in the pressed, the deficiency being much less for Douglas fi r
than for southern yellow pine . In addition to the lower average
values, specimens from the nailed assemblies were considerably mor e
variable in strength than those from the pressed asseirlhlies . This is
illustrated by table 29, which shows the distribution of test results .
As may he noted, strength values for specimens Nos . 2 and 6, each of
which included two nails, are not in general higher than for othe r
specimens. Nails add no strength to a glued joint except by producin g
pressure during the gluing .

TABLE 29.-Distribution of results of shear-block test s

Southern yellow pine specimens

	

Douglas fir specimen s

Class limits
(Pounds per squar e

inch)
Nailed specimens No .- Nailed specimens No .-

PressedPressed
1, 2

	

3

	

4

	

5, 6

	

All

	

1, 2

	

3

	

4

	

5, ti

	

Al l

200-249	
250-299	
300-349	
350-399	
400-449	

------- -
------- -
------- -

________

1

450-499	 ------- - 1 -
500-549	
550-599	 ---•--- - -

	

- 1
600-649	 1
650-699	 ------ - 3 3 1 2
700-749	 1 1 2 4
750-799	

---- 1
1 3

800-849	 1 3 l 5 9 1 3
850-899	 2 2 1 1 6 1 2
900-942 - 2 3

i -
- 1____________ _

950-999	 1 1
--2

4 2 1
3

6
1 ,000-1,049	 2 1 4 3 2 1 l 5
1 ,050-1,099 2 2 5 1 2 2 6
1 , 100-1,149	 6 2 3 3 2 1 3

6 2 2 l 51,150-1,199 ____________ 1 2
1,200-1, 249 I

	

6 1 4 2 1 4___________ _1 ,250-1,299	 1 7 1 2 3
1 , 300-1,349	 i 1 3
1 , 350- 1 ,399	 2
1 ,400-1,449	 ________ 4 1
1,450-1,499	 2- 7
1 , 500-1,549	 4 5
1,550-1,599	 5 1
1 , 600-1,649	 5
1 , 650-1,699	 2
1,700-1,749	 1
1,750 1 ,799	 1

Total	 48 17 8 8 15 48 48 I

	

16 8 8 16 48

LONGITUDINAL SHEAR TESTS UNDER TRANSVERSE LOAD

Four parabolically curved members (made with a 3-foot offset at
the center of 20-foot chord) supplied eight specimens for test of longi-
tudinal shear under transverse load . Each of these curved members
consisted of twelve Y4-inch laminations 5 1/2 inches wide, the six central
laminations being of southern yellow pines and the remainder of
Douglas fir . Casein glue was used . The curved members were made
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FIGURE 50.-Curved member for longitudinal shear test under transverse load
on form with clamps .

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

The procedure in clamping was the same as in. making the other
abolic curved members except that the form was placed vertically

stead of horizontally . Figure 50 shows one of these members on th e
form with the clamps in place . Four laminations were glued at a time .

In producing the flailed members the first lamination was attached
to the form ; the second was spread with glue on its lower face an d
nailed to the first	 nailing proceeding from the center of the lengt h
toward each end . Assembly proceeded continuously in this manner
until all laminations were in place . A clamp, placed loosely at eac h
end, held each lamination in place while it was being nailed and wa s
tightened when the nailing was complete . When the assembly wa s

FIGURE 51.-Arrangement of nailing in members for longitudinal shear test under
transverse load. Numerals indicate positions of nailheads in laminations o f
corresponding number-counting from side next to form . Laminations Nos . 7
and 12 same pattern as No . 2 ; lamination No. 8 same pattern as No . 3 ; lamina-
tion No . 9 same pattern as No . 4 ; lamination No . 10 same pattern as No .=5 ;
lamination No . 11 same pattern as No. 6 ; size and kind .of nails : threepenny
common in lamination No. 2, sevenpenny cement-coated box in lamination
No . 3, tenpenny common in lamination No . 4, twelvepenny cement-coated
box in laminations Nos. 5 to 12 .
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complete each end was firmly clamped to the form . Assembly of each
nailed member required about an hour .

Nailing was in accordance with figure 51 .
After the four curved members had seasoned for about a month ,

each was cut in the middle and at points 7 ; feet (along the chord )
from the center, forming two specimens each of which was tested on a
span of 7 feet with equal transverse loads 1 ;2 feet on each side of its
center. One specimen of each pair was tested with its convex side up ;
the other with convex side down . The set-up for the tests is show n
in figure 52 .

M 297. E

FIGURE 52.-Curved laminated member in machine in position fo r
longitudinal shear test under transverse load .

TABLE 30 .-Results of longitudinal shear tests 'under transverse load comparing nailed
with clamped assemblie s

Manner of test, specimen No ., and kind of assembly
Maxi -
mum
load

Com-
pute d
shear
stress

Stress
ratio, Wood

nailed to failure I
clampe d

Convex side down :
312A,clamped	
313A, nailed	
314A, clamped	
315A, nailed	

Average clamped	
A v e r a g e nailed	

Convex side up : 331 2B,clamped_ ___

	

-___ _
313B, nailed
314B, clamped	
315B, nailed	Averageclamped_ - _

	

_	
Average nailed_-

	

___

	

_	

Pound s
46, 040
34, 230
46, 000
36, 770
46, 02 0
35, 500

30, 540
26, 18 0
27,72 0
30, 50 0
29, 13 0
28,340

Pounds
per square

inc h
670
495
670
530
670
51 5

440
380
400
440
420
410

Percen t

7 4

86

11 0

98

Percen t
2 +60
-30
+95

50
75
40

-25
+0
65

+70
45
35

Observed after splitting specimen with wedges, starting in fissure produced in test .
2 Tension, no shear.
3 In tests with the convex side of the member up there is a radial tension (perpendicular to the glued join t

and to the grain of the wood) equal to approximately 22 percent o f the computed longitudinal shear stress .

In considering the results (table 30), it may be noted that the speci-
mens tested with the convex side up are consistently lower in longi-
tudinal shear than those tested with the convex side down . With the.
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combination of curv ature and proportions of specimen and arrange_
ment of loads, there was a radial stress equal to about 22 percent o f
the longitudinal shear stress. In the specimens with convex side up
this radial stress is tension perpendicular to the glued joint and to th egrain of the wood, which tends to lower the shear resistance . With
the other placement, the radial stress is compression, which in th e
magnitude that existed in this instance probably does not affect th e
,resistance to shear .

It may also be noted from table 30 that, in three of the four corn-
parisons, the shearing stress and the percentage of wood failure is
less for the nailed than for the clamped specimens .

SIGNIFICANCE

Considering the data of tables 28, 29, and 30, it seems unlikel y
that as strong and dependable glued joints can be produced by nailing
as b clamping, except 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 onl y
moderate shearing resistance will be necessary . Furthermore, i t
may in some instances be economical to increase the size of members
to make up for the lower shear resistance of joints in nailed members
and thus provide for glued laminated construction under circumstance s
such that clamping during assembly is not feasible or in member s
that are too large to be transported to the building site following as-
seInbly by clamping .

On the basis of the data presented in tables 28 . 29, and 30, it i s
suggested that the allowable stress in longitudinal shear for member s
assembled by gluing and nailing should not exceed two-thirds of the
value for clamped members . A lesser amount of nailing than is
represented by figure 51 and used in the members listed in table 2 8
is not to be recommended . As may be calculated from figure 51 ,
each lamination had three nail-heads to each 44 square inches . The
twelvepenny cement-coated nails, 33 :5 inches long, extended completel y
through four of the. 34-inch laminations. Thus, for each 44 squar e
inches of joint area., there were 9 nails that extended through one o r
more laminations on each side of the joint or approximately 5 squar e
inches of joint area for each nail that extended through one or more
laminations on each side of the joint . Assembly started at the con -
cave side of the member and the first three joints had the same num ber
of nails but some of them were smaller as indicated by figure 51 .
The last two joints toward the convex side had a smaller number of
the twelvepenny cement-coated nails .

In assembling with nails, each nail that penetrates a joint and int o
one or more laminations beyond the joint adds to the pressure on
the glue and, provided it is driven before setting of the glue begins ,
is effective in improving the adhesion of the glue . Hence, the maxi -
mum benefit from nailing results only when the assembly proceed s
continuously from beginning to completion and is at such a rate that
the number of laminations placed and nailed within the workin g
life of the glue is at least as great as the number whose aggregat e
thickness equals the length of the nails .
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GLUED LAMINATED CONSTRUCTION IN EUROP E

Glued laminated construction was originated by Otto Hetzer o f
\'V eimar, Germany, and is known iii many parts of Europe as "Iletze r
construction" or "Hetzer system " (1, 3, 8) . The term is applied to
aIry member composed of laminations joined with a water-resistan t
glue regardless of the shape or use of the member . Cross sections are
I-shaped or rectangular. Beams often taper in depth from the
center to each end . They may also be of uniform depth and may b e
straight or cambered . In structures sheltering railway passenge r
platforms, laminated collunns and curved braces, and curved o r
straight rafters are used .

l:Ietzer construction was first used in Germany where it . attained
considerable popularity before. the World War. War conditions, how-
ever, resulted in a shortage of casein for use as glue and stimulated
the invention of mechanical devices that very greatly increase th e
efficiency of wood in jointed or framed structures such as trusses .
Building with these devices has largely superseded Hetzer construc-
tion in Germany because of less cost in structures in which the appear -
ance is acceptable. A further factor has perhaps been the expiratio n
of patents on Iletzer construction, whereas many of the mechanica l
fasteners are protected by patents, and royalties may be an incentiv e
to their promotion .

IIetzer construction was introduced in Switzerland about 1909 an d
and has since continued popular in that country . Numerous builder s
are skilled in its use . A probable reason for its success in competitio n
with other types is a scarcity of timber of suitable size for framed
construction . Structures with Hetzer members are common in al l
parts of Switzerland .

The use of Hetzer construction in Denmark began about 1913 wit h
its introduction by a builder in Copenhagen . Structures were buil t
by this system as recently as 1929 but it is said not to be economica l
at the present time ii comparison with other types .

A plant was built in southern Norway in 1918 and a, company forme d
to operate tinder the original Hetzer patents . A catalog issued the
following year stated that this concern had furnished Iletzer member s
for structures with some, 23 acres of roof area . The firm continued
in business for some years until the burning of its factory and othe r
misfortunes caused its discontinuance .

A company with a plant . on the bank of the Gotha. Canal at Tore-
boda, Sweden, began operation under Iletzer patents in 1919 and ha s
continued in business . It appears to enjoy a monopoly on this typ e
of constriction in Sweden . This is perhaps due to the advantage of
having pioneered under the original patents . Certain modification s
made in the original construction may afford continued patent pro-
tection . These modifications which were introduced several year s
ago led to "Toreboda. construction" as the name of the Swedis h
product. Water transportation to the factory door for materials an d
from it for the finished products is perhaps a factor in the company' s
success . Their product has, however, been used in many parts o f
Sweden besides those. reached by waterways .
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METHODS OF MANUFACTURE

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

GENERAL PRACTIC E

Elsewhere than in Sweden the manufacturing practice is much the
same . It consists of spreading boards with glue, assembling a number
of boards in order after spreading the glue, and then clamping th e
group against a convex form. Forms are continuous. The usual
clamping device consists of two flat steel rods rounded for a shor t
distance from one end to pass through holes in a clamp plate an d

FIGURE 53 .-Hooked scarf joint .

threaded to receive nuts . Rectangular holes through the flat part o f
the rods permit the placement of cross bars according to the dept h
of the member being clamped . Pressure is produced by tightenin g
the nuts . Laminations in the outer portions of a member are usuall y
full length, being sawed when necessary from specially cut logs .
Those in the central portion are often of two or more pieces simpl y
squared and placed end to end . Coniferous woods are used princi-
pally . Boards that have only sound knots of comparatively smal l
size are preferred ali.d resinous material is avoided . The lumber i s
usually dried, often in kilns, to a moisture content said to be betwee n
12 and 20 percent, the degree of dryness depending on the builder' s
preference . R material is planed on the surfaces to be glued .

Members are made in no greater lengths than can be handled as a
single piece. Thus beams, two-hinged arches, and. the halves of three -
hinged arches are in a single length .

SWEDISH PRACTIC E

At the Swedish plant the selection, drying, and surfacing of materia l
are done in the same way as elsewhere but special long boards are not
used for outer laminations . Procedure in assembly differs from tha t
practiced elsewhere .

Each part-length lamination is provided with a . hooked scarf (fig .
53) at each end formed by passing it . sideways under a cutter hea d
equipped with properly shaped knives and revolving about an axi s
parallel to the length of the piece . The cutting is this across the



TIE GLUED LAMINATED WOODEN ARCH

	

89

grain of the wood . A properly shaped "fence," or guide, follows th e
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 nailed to it, the nailing following the
bending closely . This is repeated until the desired number of lami-
nations have beer) placed . The assembly is then, after placing clamp s
of the type previously described, removed from the form . The scarfs
at the ends of part-length laminations are glued and nailed as assembl y
proceeds, the stepped, or hooked, form permitting the two parts to be
quickly and accurately positioned so that they neither stand apar t
nor overlap too far . The hooked scarf joints obviously have less tensil e
strength than the pieces joined . However, when accurately made ,
they are superior in both tension and c•ompres .ionl to butt. joints
and have the further advantage that each piece can be bent all th e
way to its end. to make intimate contact with. adjacent huninattioiis ,
thus avoiding such openings in longitudinal joints between lamina-
tions as may result with butt joints in laminations (fig . 22) .

The product of the firm at Tt reboda is pre+ :iominaritly deep member s
with I-form cross section . Webs are fabricated as just described afte r
which wider laminations to form the flanges are added to the edges o f
the web. Elsewhere stiffeners for the webs of members with I-section s
are placed with their grain radial to the member and hence at, righ t
angles to the grain of laminations in the web . In Tiir•eboda practice ,
stiffeners are short sections of assemblies made up in the same way a s
the. weh and have their gram parallel to that in the. web. With this
arrangemen t., high shearing stress between web and stiffener is avoided
if swelling or shrinkage occurs but the stiffeners are less effective i n
their primary function of reinforcing the webs against buckling .

Some of the Torehoda constructions a•re. designed as two-hinged o r
hingeless arches, the ribs being made in two or more sections fo r
convenience in transportation . The sections are made with squar e
ends and are provided with a. wooden splice plate on each side of th e
web and metal splice plates on top and bottom of each flange . A
typical Toreboda arch rib of 125-foot span is made in three section s
and one of 154-foot span is made in four sections .

Bending by the procedure used in the Swedish plant probably canno t
he done if the curvature is severe . The foregoing two-arch ribs have
lamella thicknesses of 1 .10 and 1 .25 inches combined with radii o f
curvature of 42 .65 and 58 .25 feet, respectively, thus giving ratios of
radius to thickness of 464 and 554 .

DESIGN STRESSE S

Stresses reported by European engineers as used in the design o f
glued laminated members are 1,280 to 1,710 pounds per square inch fo r
bending and 115 to 170 pounds per square inch for shear . Stress in-
duced rn bending laminations is in general disregarded, no reductio n
in design stresses below those for straight members being made .

INSPECTION OF STRUCTURE S

During the summer of 1936 the author visited in Germany, Switzer -
land, Denmark, Norway, and Sweden, a total of about 50 structure s
embodying glued laminated construction and varying in age up to 25
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years. Careful inspection was made of the glued laminated members
to determine the extent of decay, checking, opening of glued joint s
deterioration of glue, or change of shape of the member. The follow'
ing paragraphs relate to the most significant observations :

Footbridge over railway track, Adolfsberg, Sweden, built in 1923 .-
The deck is supported by four TQrebocla beams of I-shaped cros s
section and 36-foot span . Water, retained in a joint at, the j unction s
of one of these beams with. a stair string, has caused decay of the woo d
and complete deterioration of the glue near the junction . Otherwise
the structure is in excellent condition .

Tower about 50 feet square, ZTniecrsity of Zurich, Zurich, Switzerland ,
built in 1913.-Roof structure is of Hetzer construction (fig . 54) .

FIGURE, 54.-Tower of University of Zurich, Zurich, Switzerland . The roof
framing is of glued laminated construction .

The hip rafters are 4% inches wide by 131 inches deep, and have a tota l
of 15 laminations ; other rafters are inches wide by 7 inches deep ,
and have S laminations . The surfacing of laminations is only nloder-
ately good . Continuous exposure to warm and dry atmosphere ha s
resulted in only slight opening of the glued joints .

Hangar at military flying field, Dil.bendorf, near Zurich, Switzerland ,
built in 1918.-The building is 65 by 265 feet . Three-hinged Hetze r
arches of 65-foot span spaced about 14 '34 feet are used. The ribs are of
uniform section (6i4 inches wide by 26 ;. inches deep) throughout thei r
length, except at crown ends where they are reduced to about 5 by 2 0
inches, and pass through a vertical post whose lower end connects with
the attic floor system . Three laminations at the top and bottom o f
each rib are full length of the half arch . The attic of the building i s
now used as quarters for the personnel stationed at the field . Th e
arch ribs show considerable checking and some openings in glue d
joints, but none of sufficient extent to be serious .

Station platform roof structure at Trondhjem, Norway built in 1921 .
-This structure (figs . 11 and 55), has 17 bents spacediabout 25 feet .



THE GLUED LAMINATED WOODEN ARCH

	

9 1

M33336-33835 F

FIGURE 55.-Outer face of end bent railway station platform roof
,

of, longitudinal
Norway (same structure as shown in fig . 11) : A, slight openin g

joints ; B, imperfect longitudi nal joint near butt joint in lamination .
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The joints were slightly open in outer face of end bent as indicated in
figure 55, A . Such opening of the joints is typical of many structures
of this type . Note the open longitudinal joint adjacent to butt join t
between parts of lamination iii figure 55, B .

Locomotive barns of Federal Railways at Bern, Switzerland, built i n
191,2.-Tapered Hetzer three-hinged arches carry the roof over four
halls varying in width from 66 to 80 feet . The ribs are of rectangular
cross section, 832 inches wide with radial depths of about 18%, 40, an d
16 inches at base, knee, and roof peak, respectively . The spacing o f
the arches is 16 feet . The building was used for about 10 years fo r

;2_- _

FIGURE 56.-Glued laminated arches supporting roof of car-repair shop o f
Lotscherberg Railway at Boningen, Switzerland . Span 102 feet, arches about
6 inches wide by 20 inches deep .

steam engines, subsequently it has housed electric locomotives .
Originally the bases of the arches rested on concrete piers a few inche s
above the floor level . Decay began some years ago at the inter-
mediate piers and about• 4 feet of the lower ends of arch ribs were cu t
off and replaced by concrete pedestals . Several of the arches show
severe checking at the knee section . The engineer under whose super -
vision the building was designed and erected attributed this checkin g
to less care in seasoning material than is now practiced . Severe
checking obtains also at points along the roof near the sheet-meta l
ducts formerly used to conduct smoke and hot gases .

Locomotive bur p:, Stuttgart, Germany, built in .1913 .-The span of this
barn is about 80 feet . Fetzer three-hinged arches, about, 31 inche s
deep at foundation and 43 inches deep at knee, are employed . r1The.
members are in excellent condition with no serious checking and n o
evidence of failure cf glued joints .

Car-repair slop of Lriscberbery Railway, Boningen, near Interlaken ,
Switzerland, built in 1915.-Hetzer arches with tie rods are used in
this structure (fig . 56) . The span is 102 feet.. The sections of the
arches are about 6 by 30 inches . Some checking occurs in parts of
the a•rclies that. are exposed through skylights to the sun .
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Growing ~to~i .4e for plant:, St . Gallen,, Switzerland, built in 1913 .-

Three-hinged arches of about 30-foot span resting on
The

Cr
ete pier

sabout 2 feet high support the structure (iig . 57) .
exhibit no sign of checking, opening itlie of glue

d building ca etat times warmiLalil
ration although conditions withi n4
very humid .

Factory building, Copenhagen, Denmark, built in 1913 .-Hetzer

arches carry the roof (fig . 58) of the building over masonry walls .

FIGURE 57.-Growing house for plants for city gardens, St
. Gallen, Switzerland .

The span is 60 feet . Because of a strike during erection these arche s

stood unprotected during wet weather from February to April, an d

the following summer was hot and dry . The arches are in good

condition with no serious checking or opening of glued joints .

Footbridge over Iaarthaumstrasse, Zurich, Switzerland, bu~built
was

928 .-
The span of this bridge is about ?̀6 feet (fig. 50) . I t
as a two-hinged arch, but it has no actual hinges . The ribs bear a t

the ends against an Inclined face of a stone abutment which has
a

Steel plate, slightly smaller than the cross section of arch, interposed .

There was no visible deterioration at the time of inspection .
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Bridge for vehicular traffic across canal, Copenhagen, Denmark, builtin 1929.-The span of this bridge is 52 , feet (fig. 60) . It is carriedby four full-length Hetzer arch ribs . A sheet of roofing paper on

M 33831 F

FIGURE 58.-Hetzer arches carrying roof over masonry-walled factory building ,Copenhagen, Denmark .

M 33834 F

FIGURE 59 .-Footbridge over Karthausstrasse, Miriam' Switzerland .

top of each rib forms a roof extending about an. inch each side o frib . A bent timber about 2 inches thick resting on this paper afford s
hearing for short spandrel colui uis supporting the bridge deck .
The structure has been kept well painted and the arches show n o
sign of deterioration or of opening of glued joints .



THE GLUED LAMINATED WOODEN ARCH

	

95

DURABILITY OF GLUED LAMINATED CONSTRUCTIO N
The. observations related in the preceding paragraphs point t o

long life for members laminated with casein glue when used in build-
ings in which normal atmospheric, conditions prevail . Lack of
examples of members that have failed or have seriously deteriorate d
under such exposure during the third of a century of the histor y
of this type of construction precludes any but optimistic estimate s

FIGURE 60,-Bridge over canal, Copenhagen, Denmark : A, side view ; B, under
view .

of length of life and permanence . From experience to date it seems
safe to assume that casein-glued laminated construction will last a s
long as solid wooden members of any but the more durable specie s
or of preservatively treated material . The characteristics of casei n
glue render it unsuited for use in members in contact with dam p
earth or where the moisture content of the wood may repeatedly
exceed 20 percent, such as in greenhouses, conservatories, or pul p
mills .

The observed good condition of locomotive storage and repai r
buildings and other railway structures confirms the claim that casem-
glued laminated construction is not attacked by fumes from coal-
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fired locomotives . The reported good record in chemical factorie sin Switzerland over a period of years is furthermore indicative o f
excellent resistance to chemical fumes .

Observation of railway-passenger platform structures and th e
soundness of two bridges that had been in service for 7 and 8 years
indicate. that excellent performance may be expected from casein -
glued laminated members in outdoor structures, provided they are
built so that drainage and ventilation will cause. the rapid run-off an d
evaporation of moisture . Observed decay of wood and deterioration
of glue adjacent to a poorly drained and poorly ventilated joint
after only 13 years service of the structure emphasizes the need fo r
careful design of details .

Availability of casein glues of fully as great durability as thos e
used in some of the European structures together with superio r
practice in conditioning material and carrying out, gluing operation s
are factors that should add to confidence in American-built casein-
glued laminated construction . .

Glues made from synthetic resins and urea are much more resistan t
to moisture and to fungus attack than are casein glues . These types
are being increasingly used in the rnaanufacture of plywood . For the
most part, high temperatures are required for setting them an d
they are consequently not, in general, economically usable for build-
ing up large members . Further developments that will render them
applicable are to be expected . Such developments together wit h
advances in methods of excluding moisture and in gluing materia l
treated for resistance to fire, insect, and fungus attack may b e
expected to increase the durability of glared laminated construction
and to extend the field of its applicability .

DESIGN AND ANALYSIS OF ARCHES

The purpose of this section is to give a simplified outline of th e
theory of the arch as it relates to the design and analysis of glued
laminated arches .

Design of an arch usually involves "cut-and-try" procedure t o
some extent because the moments and forces on it cannot be compute d
until the position of the axis has been determined and this canno t
be decided until some of the other dimensions are known . For
example, the Laboratory service building was specified to have a n
external width of 46 feet . The span of the three-hinged arch coul d
not be known until the dimensions of the rib at t,lie foundation wer e
decided and the required dimensions depend in turn on the span .
Also the reaction and moments in a two-hinged arch cannot h e
computed until the size of cross section and position of the• axis i s
known . Hence it is necessary in designing a two-hinged arch t o
assume the position of the axis, estimate the necessary sizes of cros s
section, check the stresses and, if they are found to be unsatisfactory ,
to revise the design .

Two-hinged and three-hinged arches are the types to which glue d
laminated construction is best adapted . Because of its simpler
structural action, the latter type is discussed first .
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THREE-HINGED ARCHE S

The three-hinged arch consists of two parts pin-connected o r
hinged to their supports and to each other . In the more common
synimetrica.l case, the two supports are at the same level, and th e
parts are alike and meet at the high point or crown of the arch .

The three-hinged arch is statically determinate, that is, its abut-
ment reaet.ions uznlcr any loading can be determined from the thre e
basic equations of static equilibrium of forces in a plane : (1) The sum
of all vertical forces must be zero ; (2) the sum of all horizontal forces
must. he zero ; (3) the sum of the moments of' all forces about an y
point. must be zero . Application of these equations to the arch as a
whole determines the vertical reactions and establishes the fact tha t
horizontal reactions or thrusts caused by vertical loads are equal an d
oppositely directed . Determination of the magnitude of the hori-
zontal thrush requires application of the equations to parts of th e
arch separately . The parts selected must be free from moment at
either end, otherwise additional unknowns that cannot be determined
a r e. introduced . Inasmuch as no moment can exist at a hinge, th e
intermediate or crown hinge qualifies as the point of separation .
Applying the equations of equilibrium to all forces acting on th e
parts to the right and left of this hinge determines the horizonta l
thrust .

Design and analysis of a three-hinged arch are facilitated by a
consideration of the equilibrium polygons for the specified loadings .
The equilibrium curve or polygon is the moment diagram for th e
specified loading drawn in such a position . and to such a. scale that i t
passes through the hinges . Furthermore, it is the "linear arch" tha t
under this loading would be subjected only to longitudinal force s
in any of its parts, that is, no bending moment would exist in any
part of such an arch .

THREE-HINGED ARCH UNDER VERTICAL LOA D

Equilibrium polygons, horizontal thrust, and vertical reactions fo r
three arrangements of vertical loading are shown in figure 61 A ,
B, and C .

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

1 . The bending moment at any point on the arch axis equals Z,
the vertical distance from that point to the equilibrium polygon ,
multiplied by H, the horizontal thrust of the arch, namely ,

M=HX Z
If the arch axis is below the equilibrium polygon, the moment i s

positive (such as to cause compression in the upper and tension i n
the lower sides of the arch rib), and conversely . Thus in figure 61 ,
A and C the moment is positive between 0 and A7' and negative between
L and 0 and between S and R. In figure 61, B it is negative through -
out. It is zero, of course, at the hinges L, 0, and R and at. points
where, as at S in figure 61, A and C, the equilibrium polygon crosse s
the arch axis .

142718°-39	 7
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2 . The thrust parallel to the arch axis, and the shear at right anglesto it, are the components in those directions of a force whose horizontalcomponent.is H, and whose direction is parallel to the direction of th e
LOAD P
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FIGURE 61 .	 Equilibrium polygons, horizontal thrust, and vertical reactions . o f
three-hinged arch under vertical load : A, Single concentrated load ; B, load
uniformly distributed over full span ; C, load uniformly distributed over one -
half span .

equilibrium polygon at a point vertically in line with the point in th e
arch axis that is under consideration .

In accordance with this relation the thrust and the shear at an y
point is found by simple graphics, as illustrated for point U in figure 62 .

_wl2 -
H /6 r
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In the diagrams at the right in figure 62, a-b represents H, the hori-
zontal thrust of the arch, to scale and b--c is perpendicular to a-b.
A line through a parallel t,o ~1I11' (which represents the direction o f
the equilibrium polygon a,t U' in the same vertical as U) intersect s
b-c in (1. The direction of the arch axis at U is represented by a-e,
which is parallel to Then d-f is drawn perpendicular to a-e ,
and a-f and f--it represent, in amount and direction, the thrust an d
shear acting at. U on the portion of the arch to the right . of U.

C

r o

H

I/e
FIGURE 62.-Graphical method for finding thrust and shear at a point in the axi s

of a three-hinged arch .

Consideration of such diagrams as figures 61 and 62 and of th e
Properties of the equilibrium polygon as just stated enables one t o
readily visualize the action of a three-hinged arch under any conditio n
of loading .

Figure 61, B and C illustrates equilibrium polygons for load uni-
formly distributed on the full arch and on the right half, respectively .
Load that is uniformly distributed on a . roof is not ordinarily carried
directly by the arch but is transmitted to it at panel points by purlin s
or other members. It is common in the design of roof arches to inves-
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tigate stresses for load uniformly distributed over the entire span an d
over one-half of the. span only . For either of these conditions, the
equilibrium polygon consists of straight-line segments with its vertices 9

at points where verticals through the panel points intersect the para-
bola shown in figure 61, B or C. Thus the moments at panel point s
are exactly the same as if the loads were carried directly by the arch .
The correct thrust and shear 10 at the left (or right) of a, panel poin t
can be found by using as the direction of such a line as a-e in figure
62, the slope of the parabola at a point half a panel length to the lef t
(or right) instead of MAT , the slope at a. point, vertically in line with

fo/sEQUAL
TA NCES

-2 - EQU4IL 0/STANCES'
FIGURE 63.-Two methods of drawing a tangent at a specified point on ., parabola .

the panel point. These relations make it feasible to use the equilib-
rium polygon for uniformly distributed load instead of that for th e
actual panel. point loading and afford a basis for very simple analysis
of stresses .

The determination of thrust and shear requires finding the tangen t
to parabolic parts of the equilibrium polygon at specified points .
The axes of these parabolas being vertical and their vertices bein g
known, tangents can be found by either of the two simple method s
illustrated in figure 63 .

3 . In addition to the two properties of the equilibrium polygon a s
already discussed, there is a further important relation between th e

5 The fact that half a panel load is carried directly to the abutment, and thus has no effect on the arc h
itself, causes the equilibrium polygon to be inscribed in the parabola that is the equilibrium curve for uni-
form distribution of load . If the panel loads acted on the arch at the centers of panel widths, the equilib-
rium polygon would be circumscribed about this parabola .

10 The values of thrust and shear will be different on the two sides of the panel point .
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arch rib and the equilibrium polygon for vertical loads ; under load
the arch rib curves away from the equilibrium polygon for that load .
Consequently the arch axis when under load is at critical points farther
from the equilibrium polygon than in its unstrained position . This
results in increased stress which is discussed later under the headin g
of secondary stresses .

PROPERTIES OF ARCH WITH PARABOLIC AXIS

As previously stated, if an arch is so built that its axis coincide s
with the equilibrium polygon or linear arch for a particular loading ,
this loading will cause only longitudinal stress in the arch rib and

2

r/4-

	

7
02D/NOTES BETWEEN A,PCH AX/S AND
EQU/L/B,e/UM POLYGON FO2 UN/FOP/'l
LOAD ON HALF SPAN

FIGURE 64.-Three-hinged parabolic arch with equilibrium polygon for uni-
formly distributed load on right half of span and diagram of ordinates between
arch axis and equilibrium polygon .

there will be no bending moment or shear at any point . An arch
with parabolic axis fulfills this condition for load uniformly distributed
across the span .' This arch is unique also in that, under uniformly
distributed load on half the span, the maximum bending moment i s
less than with any other form of axis . This may be realized from a
consideration of figure 64 . At any point to the right of the center th e
parabolic arch axis is just as far below the equilibrium polygon fo r
uniformly distributed load on the right half as it is above it at a poin t
the same distance to the left of the center . Consequently, if the for m
of the axis be changed, while keepil.lg it. symmetrical about the vertica l
center line, one of these distances, and consequently the moment, wil l
be increased .

For the condition indicated in figure 64 the maximum vertica l
distance from the arch axis to the equilibrium polygon is at the quarte r

EQU/L IB,P/UM POLYGON F02
UN/FO,,etlL Y 0/ST2/BUTED
LOAD ON FULL SPAN
COINCIDES WITH
ARCH 'AXIS

EOU/L/B2/UM POLYGON FOe
j UN/FOPMLY D/Sre/BUTED

LOAD ON 2/GHT HAL F
OF SPAN

11 For load uniformly distributed along the axis, the linear arch or equilibrium polygon is a catenary curve .
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point of the span where it is r/4 . Since the thrust under half load i s

6r' the moment is wl2/64, or just one-eighth as great as the maximum

bending moment in a beam under uniform load on the same span .
This leads to the interesting fact that for the same bending stress th e
arch rib with parabolic axis will be just one-half as large in each cross -
sectional dimension as would a simple beam on the sairre span .

A further feature, in which the arch with parabolic axis is unique ,
is that under uniformly distributed load over the full span or over th e
half span its behavior is very much the same whether it is three -
hinge d ed or two-fringed (a hinge at each abutment only) . That it is
the same under full-span loading is evident from the fact previousl y
stated, that this loading causes only longitudinal thrust . in the arch
rib and there is no shear or bending moment, at any point . Under
the half loading the moments at points on opposite sides of the cente r
of the three-hinged arch aitcl equidistant, from the center are numeri-
cally equal but of opposite sign . Consequently, the downward deflec-
tion of each point on the. loaded side is exactly equal to the upwar d
deflection of a point the same distance from the center on the othe r
side and at. the crown the tangent to the axis on the loaded side wil l
turn through exactly the same angle as that. on the other side . In
other words, the two tangents are in the same line after loading jus t
as they were before and as they would necessarily he after loading i f
the arch were continuous at the crown (no crown hinge) . This
reasoning is partially invalidated by the fact that the chord length of
the half arch on the side without load shortens and that on the loade d
side lengthens . Nevertheless the actions of the three-hinged and the
two-hinged arch under uniformly distributed load on one side is so
nearly the same that for such loading the two-hinged arch probabl y
has little advantage over the three-hinged . Under other conditions ,
however, such as concentrated loads, rolling loads, or wind, the two -
hinged arch may have considerable advantage.

THREE-HINGED ARCH WITH HORIZONTAL FORCES

Reactions and equilibrium polygons for a single horizontaa force an d
for horizontal pressure uniformly distributed on the rise of the arch
are shown in figure 65, A and B .

In partial contrast as well as in partial analogy to the condition fo r
vertical loads, it is to be noted that, with horizontal forces, the tw o
vertical reactions are equal and oppositely directed while the tw o
horizontal reactions are unequal but. in the same direction . In this
case the moment at any point in the arch ring is equal to the vertica l
reaction multiplied by the horizontal distance from the arch axis t o
the equilibrium polygon . (Actually horizontal reactions could b e
used in this case with vertical distances ; also the corresponding pro-
cedure for vertical loads as previously stated could be similarl y
reversed. However, the procedures stated here and in paragraph 1
under the discussion of vertical loads are simpler because they do no t
involve choice between two differing Ifs or V's.) Thus, referring t o
figure 65 ; for the single load, moment. at a=V multiplied by distance
a-b, moment at c=V multiplied by c-d, and moment at e=-. V
multiplied by d-e ; while for the distributed load the . moments a t
a and d are V multiplied by a-b and c-d, respectively .
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The second property of the equilibrium polygon or curve, as state d
under the discussion of vertical loads, is also applicable to the case o f
horizontal forces with appropriate changes of wording that will b e
readily recognized .

For downward-acting vertical loads, all parts of the equilibrium
polygon, considering it as a structure supporting the loads, are subjec t
to longitudinal compression or thrust . With horizontal forces, on th e
other hand, parts of the equilibrium polygon, when it is similarly con-
sidered, are in tension and parts are in compression . Thus, for the

0
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PARABOLA L TO 0

W/TH /TS VERTEX AT e
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FIGURE 65.-Equilibrium polygons, horizontal thrust, and vertical reactions o f
three-hinged arch with horizontal pressure : A, Concentrated load ; B, dis-
tributed loa d .

distributed load, (fig. 65, B) LbeO is in tension and OR in compression .
For the concentrated load (fig . 65, A) Lb is in tension and bR in com-
pression. The part bO must be considered in two ways ; as part o f
LbO it is in tension and as part of ObR it is in compression .

Property 3 of the equilibrium polygon, as stated under the dis-
cussion of vertical loads, requires modification as follows to apply t o
h orizontal forces :

The arch axis tends to curve away from the corresponding part o f
the equilibrium polygon if, when the equilibrium polygon is con-
sidered as a linear arch resisting the forces, that part is under corn-



104 TECHNICAL BULLETIN 691, U . S. DEPT. OF AGRICULTURE

pression, and to curve toward the corresponding part if under th e
same circumstances that part is in tension .

Usually the only horizontal pressure to which an arch will be sub _
jected is that due to wind . Figure 65 (B) applies, as indicated, t o
force uniformly distributed vertically and, hence, might represent th e
condition resulting from wind pressure on a vertical wall that i s
braced against the arch at frequent intervals .

THREE-HINGED ARCH WITH INCLINED FORCE S

Wind pressure on a curved or an inclined surface is ordinaril y
assumed to act perpendicular to the surface and, hence, inclined to
the vertical and horizontal, and to vary with the inclination . A con-
venient procedure in such a case is to resolve the pressure into it s
vertical and horizontal components, find the effects of each, and the n
combine the results . Neither components will be uniformly dis-
tributed ; hence, the equilibrium polygons for uniformly distribute d
load, as shown in figure 61, B and C for vertical load and in figure 65, B
for horizontal load will not be directly applicable . They are, however,
in general, illustrative of the types to be expected .

THREE-HINGED ARCH-GRAPHICAL METHOD S

Graphical methods can often be effectively employed in arch
analysis . The preceding discussion has included graphical method s
for finding values of thrust and shear after the arch axis had been
drawn and the equilibrium polygon plotted by analytical method s
following the computation of the reactions . The reactions and the
position of the equilibrium polygon can often be found more simply
by graphics. The procedure is illustrated by figure 66, which shows
the axis of an arch carrying five vertical loads with the . magnitudes
and positions indicated . An unsymmetrical arch with abutmen t
hinges at different levels is used in this illustration in)order to show
the generality of the method .

The first step is to lay off the loads to a convenient scale and in orde r
along a vertical line. A trial pole point as H' is taken . From L a line
is drawn parallel to H'-O to intersect the line of action of P, in a' .
From a' line parallel to H' -1 is drawn intersecting the line of action
of P2 in b' . This process is continued until the final line. parallel t o
H'-5 intersects the vertical through h in R' . L-R' is then drawn
intersecting the vertical through the intermediate hinge at S . A line
from H' parallel to L-R' intersects the vertical load line in x. Then
a -- .r and x-5 represent to scale RL and R R the vertical reactions at L
and R, respectively, and La'b'c'O'd'e'R' is the trial equilibrium polygon.
The desired or proper equilibrium polygon, however, must pas s
through L, 0, and R . To make it do so a new position for the pol e
point is required . Use of a pole point anywhere to the left of th e
load line and on a line drawn through x parallel to L-R will brin g
the equilibrium polygon through L and R. To make it pass through
0 the horizontal distance from H to the load line is so taken that whe n
multiplied by r, the rise of the arch (or the height of the intermediat e
hinge above L-R, the line joining the abutment hinges) the produc t
equals the horizontal distance from H' to the load line multiplied by
the distance from 0' to S. The distance from H to the load line then
represents the horizontal thrust of the arch to the same scale to which
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the loads were laid off on the line o-5 . Using H as the pole point ,
the same procedure as in drawing the trial equilibrium polygon is
followed, and LabeOdeR the proper equilibrium polygon for the arc h
is located .

The further procedure in finding moments, thrust, and shears is a s
previously outlined .

TWO-HINGED ARCH

The two-hinged arch is continuous between its abutments to whic h
it is pin-connected or hinged. When abutments are at the same leve l
the vertical reactions caused by vertical loads are found and th e
equality of horizontal thrusts established by applying the equation s
of equilibrium to the arch as a whole just as with a three-hinged arch .
The procedure usedfor finding the magnitude of the horizontal thrus t

FIGURE 66.-Graphical method for finding equilibrium polygon, horizontal thrust ,
and vertical reactions of three-hinged arch under vertical loads .

of the three-hinged arch is not available, however, because there is n o
point at which the arch can be separated into parts without introducing
the moment, of unlnowu magnitude and direction, that may exis t
at the point of separation . Because. of this the two-hinged arch is sai d
to he statically indeterminate . Consideration of the elastic behavior
of the arch rib makes it possible to determine the horizontal thrust .
It is necessary accordingly that the position of the axis and any van -
anon in cross-sectional dimensions of the arch . rib be known .

The two-hinged arch is likely to be used with comparatively smal l
rise so that the effect of such horizontal forces as result from wind
action will ordinarily be comparatively small . Consequently the
further discussion relates to vertical load only .

INTERSECTION LOCUS

(Computations of a two-hinged arch are facilitated by the use of th e
intersection locus, which is the path traced by the peak of the equilib-
rium polygon for a single load as the load moves across the arch span .
Referring again to the three-hinged arch ; any equilibrium polygon
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passes through the hinges and that for a single vertical load is, a s
shown by figure 61, A, formed by drawing a line from the abutment
hinge farther from the load through the crown hinge to an intersectio n
with the vertical through the load and connecting this intersectio n
point to the other abutment hinge . As the load passes across th e
span, the intersection point or peak of the equilibrium polygon trace s
as an intersection locus the V-shaped figure that would be formed b y
prolonging lines LO and RO (fig. 61, A) . Omitting the center hinge

L'

Flamm 67.-Intersection loci for a three-hinged and for a two-Binged arch : A ,
Three-hinged arch with constant or variable cross section and any form of axis --
L' OR ' is the intersection locus ; B, two-lunged arch with constant cross sectio n
and parabolic axis--L'O'X ' is the intersection locus .

of a three-hinged arch and making the rib continuous converts it int o
a two-hinged arch and the intersection locus becomes aa . continuous
curve extending across the span and lying entirely above the arch axis .

Intersection loci for a three-hinged and for a two-hinged arch are
shown in figure 67 .

It will be readily recognized that, when the intersection locus ha s
been. plotted in proper relation to the arch axis, the reactions of th e
arch for any single load can be readily found, since, as indicated b y
figure 67, the equilibrium polygon consists of the two straight lines
connecting the abutment hinges to the point where the intersection
locus crosses the vertical through the load . Reactions for single load s
can then be combined to get values for any desired combination or
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system of loads . When the equation of the intersection locus i s
simple it can be incorporated in equations for reactions, moments, an d
the. like., and these quantities computed algebraically .

Equations for the intersection loci of two-hinged arches of severa l
types follow . to these equations r is the rise of the arch and y o is th e
height of the intersection locus above the hinges at a. point whose
horizontal distance from the center is k . The half span is the unit o f
measurement for !to, k, :tnd r.

A simplifying assumption often used in the design of arches is tha t
the cross section of the arch rib varies in such a manner that I=I o
sec a, where I and a are the moment of inertia of the cross section an d
the angle of inclination of the arch axis at . any point and 1 0 is the
moment of inertia at the crown . Masonry and metal arches are
often so built as to conform approximately to this assumption, whic h
leads to the following as the equation of the intersection locus of a
two-hinged arch with parabolic axis :

1 .28r
Yo'1 .00- 0 .20k2

	

(1 }

Ribs with cross sections constant are in some instances more feasible
for laminated wooden arches and the following equations are for arch
ribs with constant cross section .

Two-hinged arch with parabolic axis :

128x 5 -40r• 3 -3r

	

128 +16/ 2 + 1	 -~4 --V1-+-4r2+- - 16 --- sink-' 2 r
yA=(1 - k 2)----

	

--

	

--

1,-5 (56r•'-47)- 2 -4)/1+4r2 +(24k'r' 80k2r'H- 7k2r2 ~-40r 2 ±4)

,/1±4k2 r2 ]+ Z
r:
(1+161.2 )(sinh-' 2r-- k sinh-' 2kr )

This equation is represented with reasonable accuracy by the followin g
empirical form :

l .30r
y" i .00-0 .13k'

For a two-hinged arch with axis in the form
with cross section constant :

2r
21' } 3r 1 )

	

-

	

6r(1 - r-' )-r
?/„=!1

	

k')-

	

-

	

•, .

	

r

	

.1/0.
4r(I-/,') -4r 11

	

r i sin 'l+rs-k sin 'l -f r . ,

- 2(1 -x• 2 1 2 +2(1-r-r/i 1 hr2 1 2 -4k2 r2

When the arch is semicircular, that is, when r=1 (rise=half span )
equation (3) reduces to

y„==sin -i 1= 7r/2

and the intersection locus is a horizontal line whose height above th e
hinges is ,r/2, or 1 .57, times the half span .

Table 31 lists values of yo as computed from equations (1), (2) ,
(2a), and (3) for several values of r and k .

(2)

(2a)

of a circular arc an d

(3)
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TABLE 31.-Values for yo as computed from equations (1), (2), (2a), and (3)

Equation (1)

	

Equation (2)

	

Equation (2a)

	

Equation (3 )

Ic=0

	

k=1 k=O k=~ k=1 k=0 k= ;Z k=1 Ic=o k -3a k;

------------- - 0 . 256
.320

0 . 269
.337

0 . 32 0
.400 0 . 321 0.337 0. 397

0 . 260
. 325

0 . 26 0
. 336

0. 299
. 374

0 . 248 0 .260 0.307
. 640 . 674 .800 .646 . 671 .782 .650 . 672 . 747 671 . 605 7951 . 280 1 . 347 1. 600 1 . 317 1 .330 1 . 504 1 . 300 1 . 344 1 . 494 1 . 571 1 .571 1 .57 12. 560 2.694 3.200 2 .714 2.625 2.855 2 .600 2 .687 2.989

parabolic or a circular arc, equations for intersection loci are difficul t
If to derive and in such instances numerical integration or summariza-

tion of certain quantities are necessary to a solution of the two -
hinged arch .

Yr I I ,

, .,

	

COMPARISON OF TWO-HINGED AND THREE-HINGED ARCHE S
is

As was pointed out previously, primary stresses in a paraboli c
arch under uniformly distributed vertical load on the full span or o n
one-half the span are the same regardless of whether the arch is two-
hinged or three-hinged . For the parabolic arch under other loading s
and for arches with axis in the form of other curves under any arrange-
ment of vertical loads, maximum moments are in general less for th e
two-hinged than for the three-hinged arch . For example, in a two-
hinged arch, with parabolic axis and constant cross section under a
movable vertical load of P, the maximum moment to be provided fo r
is approximately 0 .084 P1, in which 1 equals the span, whereas in a
three-hinged arch with the same form of axis, the maximum momen t
is about 0 .096 Pl. For other forms of arch axis the differences are
likely to be greater .

DEFORMATION AND SECONDARY STRESSES IN ARCHES

The primary stresses in an arch, that is, the stresses that would exis t
if the arch axis occupied exactly the same position after loading as
before, can be determined by application of the principles previousl y
outlined . However, loading changes the position of the axis, usuall y
in such a way as to increase the stresses. Consequently in ebeekui g
a design, estimates of the deformations and of the resulting additiona l
stresses or secondary stress are desirable .

The equations for intersection loci as presented above do not take
into consideration the shortening of the arch axis resulting from cola _
pression stress and are based on the assumption that the arch bear s
against unyielding abutments . Inasmuch as dimensions of arch rib s
are likely to be determined by requirements for resisting bendi ng

moments, with consequent low stress in compression, neglect of th e
effect of compression shortening will probably seldom he serious . An.
spreading of abutments or stretch of tie rods when these are use d
renders the formulas for intersection locus as given here somewhat
inaccurate as may be observed in discussions of these phases in text -

it; books on arches . These equations also do not take into account stres s
due to thermal expansion, or contraction of the arch rib . Because o f
the low coefficient of thermal expansion of wood, such_ stresses also
are unlikely to be serious.

When the arch axis is other than a. simple curve, such as a
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Under the action of bending moments, a portion of a member with
curved axis, such as is illustrated in figure 68, will take a new shape .
The dotted curve in this figure indicates the position of the axis afte r
bending has taken place and after it has been moved so that one end
(A) is in its original position and the axis at that end is in its origina l
direction . The other end, which was originally at B, is now in th e

Y
FIGURE GS .-Axis (solid curve A T B) of curved member before bending an d

(dotted curve A- B') after being placed, subsequent to bending, so that at
one end (A) it coincides with its original position and direction .

position B' . The displacements (Ax and Ay) of B parallel to the x and
y axis, respectively, are given by the equations (9, pp . 448-450; 15 ,
PP . 128-133) .

_

	

yds
EI

B

A
_ MxdsAY J' El

B

Also the change in the angle between the ends of the member equal s
A

f
Mds
El

B
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For the application of these formulas, the origin of coordinate s
must be taken. at that end of the member (or at that point on the
member) whose displacements are to be computed .

The expressions for qa: and Ay are usually most conveniently evalu-
ated by numerical integration or suinmatioii . Their evaluation and
use will be illustrated h applcing them to the D-type arches used in
the Laboratory service building . The. movement of the. crown of the
arch relative to the abutment and the original direction of the axis a t

FIGURE 69.-Original shape and position of axis of D-type arch for Forest Prod-
ucts Laboratory service building and computed position of four points on the
axis after application of load of 31,500 pounds uniformly distributed across th e
span .

the abutment, and the vertical deflection of the crown when the arch
is uniformly loaded as in the dead-load test described on page 71 wil l
be computed .

COMPUTATION OF DEFLECTIONS OF BUILDING ARC H

The shape of the axis of the D-type arches for the service building
is shown in figure 641 together with a solid curve representing the equi-
librium polygon for the loading under consideration, that is, uniforml y
distributed had over the entire span .

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

M=HXZ
where H is the horizontal thrust of the arch and Z is the vertical dis-
tance from the arch axis to the equilibrium polygon . The arch rib ha s
a different depth at each point and this must be taken into account in
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M 12HZ
the computation . Since I= 12 bh3 , then EI- Ebh3 and inserting this

value in the equations quoted above :

Ax= Eb -fx --(Is
, h3

12H A Zxdy- a- J x, -Os
12H A Z

and the change of angle--"--fX ro ds
A,v

NowJ h cis is equivalent to the area under a curve " whose bas e

line is the length of the arch axis from X' to A and whose height above

the base at each point is the value of3 at that point . A similar rela -

tion holds for the other two quantities under the integral signs . Th e
computation of these three integrals is carried out in table 32 . Inas-
much as the process is actually summation rather than integration ,
the sign of summation (1) is used instead of the integral sign (f) and
As instead of (Is in this table . The stations are so chosen that thei r
horizontal distances from the center line (x, column 10) are expresse d
in even feet . The distance y (column 15) is the vertical distance of a
station from the horizontal line through X' and As is the distance

between stations measured along the axis of the member . E-hZ-3 As is

evaluated in columns 7 to 9, inclusive. Each value in column 7 is the

average of two consecutive values of
h

in column 5 . Each entry i n

column 8 is the product, of the value in column 7 by the value of A s
from column 6 . Values in column 9 are the sum of the values i n
column 8 to the station in question and the filial value in columm 9 i s

the summation from X' to A of Z As. Suirnia tions of js As andL1 As
h

	

h"

	

h "
are similarly computed in columns 10 to 14, inclusive, and in column s
15 to 19, inclusive, respectively . The final value in column 14 is to b e

multiplied by 1 2H to get Ay and the final value of column 19 by
E b

^Eb to get Ax . With the load of 31,750 pounds as applied in th e

!lead load test II is 10,061) pounds . The width (b) of the member is 1 1
inches (fig . 38) . E, as found by applying similar methods of compu-
tation to observed deformations in the test of arch D-1, is 1,500,00 0
Pounds per square inch . Assuming that this value of E applies to the
building arch that was subjected to dead load tests, values of Ay an d
Ax ire computed " as 3 .27 and -1 .20 incites, respectively . Compu-
tation of similar values for any other station, as Q for example, requires
that the summations be performed with values of x and y measure d
front that station . Such computations were made for three station s
in addition to X' .

u The integral could be evaluated by drawing such a curve, measuring the area under it with a planimeter ,
and

V
multiling by suitable scale

	

.
in columns 14 and 19 of table 32 are dimensionless, hence when b, H, and E are expressed in units

of inches and pounds the computed deflections are in inches .



112 TECHNICAL BULLETIN 691, U . S. DEPT. OF AGRICULTUR E

a
0

d O N N CD,0 CCO --1 N. M Cl00 00 CO CO ppCpp M nO 00 O O .~ CD N. O M N. 0 .c0 CV C O N.
d

0
O O

I.

O
-

00 0
Ci

N.
vi

O
cr

CO
M co

<O N. M
C,i

0
ce

M

a te,
N3.,

I 1 1
I

1 1	 1N-N
N m IT O N. ~J n N.

	

,~J m n n C. 0p ~ .
C

O CV

	

CV

	

•ctiN G O 00 000

	

n M O .111

	

N. N Op

	

CV
O M cD 00 op

	

,C .-+ N 00

	

00 cO y, N GO

w o

	

«n © o

N. o -+ n CO N.

	

CO N

	

nNN.

	

N. 6'C CCC N. m - `Vm
O 0CC ,[J n YC n u7 .-+ N n :~ O n ' CO O
o

	

<r

o w

	

00 O

	

op C c

	

ro m

	

CC CC q n N ,n CO N. 'C C C

	

N. .00 O N O nN. el' N. C% M C cC CC C~ m

	

~ .~COO '00 N. CO CO

	

.0 ' m C

	

O c0

	

O•3'

	

0)

	

,N.

	

tj VIO

	

I•

	

1 .

	

I .

	

I .

	

I.

	

1

	

I	 -

	

N M N: 4 4j

N. N

	

000 -N+ N. CD C
-

O CO N CC 00 O M CO CO N Oo
.

	

co '+'J M m W .y1

C

	

M 'C 0 N. N. 0 n CO O c. 00 cO cpO W co CO CO h N. O N. CO O 0 0 N CO O 0
O CO -

	

co

	

co
0 •-t CV .N-, CC ~ 0 M

p

	

co cp C N

	

_ c..0 N:

	

yi O 00
	 I	 I

-' O CA N. CO O C C> cC N y1 N M 'C 00 O m,y CO ,n O CC' CO cO m

	

CJ N.

	

CO 'C

	

O n Co
r-0 r U

	

cO N

	

oN .-

	

1 000 t0 --' 00 CO 'C 00 000 --1 CO N CCOi 'C

I

	

I

	

I

	

I

	

I

	

I

	

I

	

CO

	

"'

	

n

	

o

	

N

	

ci

	

R• N.
o0 d~ 00 N CO cO N C O y N n N N N O N Ou N --1 0 'C) O V' 0 C0 m - CO M 'C 'C N

	

00

	

C n CO

	

C: N. N d' N. 'C 'C M C~~ ti

	

00 CO

	

© N. n ,t~ 00 n 0 m 00
	 I I I I I I	 1•

	

el' rZ C~ ci ..05 ni N

- O cp N N. N. ,O 0 00 O ot[ O i" O N. O O y 1
T' 0 ~J M O 0) N N. CO O m 'C N O 'C N cO 'C▪ o cC CC N. . m CC CO O 'C ,n m n co m ,C MO

	

cC

	

o O M

	

O cO 00

	

cO O 0p m M
~

O OO O
O

	

--'

O 0) o
4 I O N.N.

	

CO
_ Q bu/1 O~ 00

4, oN I

O

Nl c

C.~

w

a-

N

j

	

d1

	

co
C+

	

N
N n
O

	

I .

bL N

	

000CJ
~; I ,~ N

	

c00

-11a

C '
y O O

--i

	

-i

nl o

	

cO
L O
O 'C

w
°

m

	

oi

	

mom''
[0

H
v

	

M

m w

O N
y 0

0.0

	

4, O

	

I

aN
QI N ~~ `.

I

	

I

	

I ,

	

I

	

I

	

I

	

N

	

N
. .

m

W
t

N IZ

_

d
), bkp'---s '-;i-'.,

I

	

I - CV rM ,C

N 1~

O O O O O O O O C_ C O O O O OO O O C O O O O

	

O O O O O O
co co' .0 N: c0 N: co' Ci O

	

C`i cc'

	

cc;--'

	

N.

n

	

N. CC N m ,n ,n N ,n N. co 'C mO M cO M cC N N. 0 . ,q

	

n N 00 m
CO CC hN- N 7 N M N Oi d' 0̀0 Cope N. O N

I

	

I

	

I

	

<I

	

IJ

	

I

	

I

	

I
CC 0 n N. N

	

O -Y N. 00 O

	

CC a' 'CCO N n N cO CO 'C 30 'C o N. 'C O I .--N. M O N 0 oC C :

	

00 0

	

u0 00 C,c0 00 n ,q N O O N

	

00

	

O .- MI .

	

I.

	

I.

	

I.

	

i.

00C. O O N.

	

h ,My y°' N. h J 0
-

00 0) CI) ,ti
O 00

	

S N N. O CC N. c'C n CCOi N. --, N

O O O C. O O O O O O O O O N. O
-:

	

.--i

cc x ,n 'C

	

d' O 0 7

	

r, C

	

CCO
-

©C5 N.

	

CC~ O N ,C 0p N CO CO O N.
CC 0~0 ti

	

m ny

	

00 0m0

	

N

	

OCCO

	

°Nh
I

II
o

	

0 000i
OC' CO N. 00) O cNi

CO C o 0
.ti

. . . .

c o 0 0 N. 0 0 0co.

	

co

	

■ 0
CC• 00 O M cO 0 co n
*-+ -- N N GV CV cV N

•

	

N N MM

	

N. N. N.

-1 N 'C N

	

--i N. O O 'C O 00 N. 00 N.N O co

	

N. N CO cO ,n
I

	

I

	

.--i

	

-

	

c i

	

CV

	

C.'J

	

.7'



E:

THE GLUED LAMINATED WOODEN ARCH

	

11 3

n

	

M Co COO ti O
N

	

"- '
O

	

N N

	

O O

a;

	

VD

0 O C
o 00

N
O O '-) <O m o0

co N. O N ti C

<p N t` C C 40

,DD CV

<p
c7

Oyi
N:

O
.c)
ti

M
N
t`

r

o

O

Co

ti x 7%
O co

	

O

C') CC oo - N
m o
N`

	

co

cD Cv N'~ N: N- CO

00 Cv~j
oO

p d+ O

yi ~n `~ ' n O
ti

	

N-.:

J CC 00 0<1
d

	

m
CC

	

d'.t-

a'

CD

CCi c

	

o`no

CD

W O n M

	

-J '

-1..

	

d'

	

-.-<

	

N

~V

	

V N

	

M

u

	

0V
< J

	

CVO
-

	

N.

c
O

	

C
so
')

	

0
0 CD

	

CD

N N N N

oo

	

co

CO

	

cO

'0
OVG

G O O

N
O

N. '0 O CV <0 O
Co 00 O a O

GNV N GV N CV M

s,a
O O O 0 O O Co

CV N
+~•1 .ar N N N N

h m v..
co co N

O Co 03'
ti
Co

O
O

N M 'ri <p 'A t W r`. ,u, .
Cd

Co D O O U
O VW co d'

00 Ny0 d0' Co a)
-; n ca mot' 'C)

bA
0co co 00 CO CD C<O O> N <O CdC`] M N-
a)

so
as

n oo w oo as
C U O CV o0 ^')

,-:i N: yi ep

N.
<00 ° M-I O

CO 00
d0 Cry CV

r.

"0

'--i
O

O

O
d'

O
N. OO coco O

O
V '
QC

N:

0 C [- 000 0 Co
N. .~ ,--1 of

C+ N
7 Co

N~
M
pp

O
C

O
N

O

Y

~ k+ W A o W -*

142718°-39--5



114 TECHNICAL BULLETIN 691, U . S. DEPT. OF AGRICULTURE

In table 32 the plus sign indicates moments (Z's) that cause tension
in the convex side of the member . Such moments tend to ca,use
clockwise rotation about A and downward motion of X' . The fact
that ray has the same sign as these moments indicates that Ay is to be
measured in the direction in which y's were taken as positive, whicl ,

is downward from X
The Ax being negative is
to be measured in th e
opposite direction of the
x's, that is, ,Lx is to be
measured to the right, .

Measuring off the coin-
puted values of Q r and A y
gives X" (fig . 69) as the
new position of X' . This

2

	

\

	

is the position X' woul d

	

`\

	

take if, after the member
was bent by the imposed

	

r /,_ 4?Z 1 z

	

~~

	

loads, it was rotated about
point A so that the direc -
tion of its axis at A is the

~,

	

X

	

1

	

same as originally, Actu -
1

	

ally, under the loading con -r	 yo I mo___ sidered, rotation does no t
take place because X' ,

l

	

being common to the tw o
half-arches, can have onl y

i

	

vertical motion . The ac-
t

	

i

	

foal position of X' after
loading must, therefore ,Z

	

be found by rotating X"
about A to X"' on the
vertical through X. Th.e

	

i

	

position of X'" can be-
I

	

found by computing th e
diagonal distance from A
to X" and then computing
the height of X"' above
X from the fact that the
diagonal distance from A
to .V"' must be the same
as from A to X" . Such a

FIGURE 70.-Diagram and notation for derivation c'onl1)tUt€It:ioll gives

	

1 .6 1
of load-deflection formula for parabolic curved inches as the vertical de-
member of the type tested under end thrust .

	

flee tion of X' . Similar
computations give th e

positions of three other points on the arch axis under load and thes e
are indicated by the small circles in fgure 61 . To compute the
moments acting on the arcl .l in the new position, Z's would be measure d
from the new axis to the new equilibrium polygon (shown as a dotte d
curve in fig . 69) and would be multiplied by a new value of H corre-
sponding to the lowered position of X' . The new value of H is 10,140
pounds or 0 .8 percent greater than the original value . Consideration
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of figure 61 indicates that the new HXZ products will not be signifi-
cantly greater at any ciitical point than tiled' original values . A
similar COIIlpntathdi using E as 750,000, thus makiiig allowance for
ii doubling of the distortions through tin g e effect, gives a peak deflectio n
of 3 .24 inches, which would increase H by 1 .4 percent of its original
value . Even under this assiiiilptioii llte new IIXZ product 's, aia i
consequently the moments and stresses at critical section, would no t
he more than about 3 percent greater than for the unstrained positio n
of the arch rib .

It is interesting now to compare the computed deflection (1 .6 1
inches) with the sums of the deflections of the five central arches o f
the D type as observed in the dead-load tests and recorded in table 25 .
(The sum of deflections is used because., as is explained ill the discus-
sion of the dead--load tests on the Laboratory service building, this
sum is approximately equal to the deflection that worib have resulte d
had the load been carried by a single arch .) The values from thi s
table are 1 .26 and 1 .42 inches or 78 and 88 percent • as great as th e
deflection of 1 .61 inches computed above . The comparison indicates
reasonable accuracy in the computation and suggests that• the buildin g
arches at• the tiilie the deflections were measured may have bee n
somewhat. stiffer than the value of E (1,500,000 pounds per squar e
inch) as derived from the test of arch D-1 and used in computing th e
deflection of 1 .61 inches, indicates .

SECONDARY STRESSES IN THREE-HINGED PARABOLIC ARC H

Provided the cross Section is constant or varies by some simple rule ,
it is possible to derive for three-hinged arch with parabolic axis a n
equation that expresses the deflections under uniform load on th e
half span and to set up formulas such that secondary as well as primar y
bending stress may be considered designing . The relations ar e
developed following :

The ordinates between the arch axis and the equilibrium polygo n
for half-uniform load (fig . 64) are. for each half span the ordinates o f
a parabola with vertex at the quarter point of the spun and height a t
that point of r/4 . Hence the moments and deflections in each half ar e
those of a parabolic member with length 1/2 and center ordinate r/4 ,

under an end load equal to the horizontal thrust : . IT which equals -iv l
16 r

On page 117 a formula is given which, when proper substitutions are
made to adapt it to the present use and the notation of figure 70,
becomes

1.28EIr2

	

1

	

wl T
y 0 r/4

	

,w14 -(sec 4

	

16EIr -1) ,

where y o is the vertical deflection at the quarter point of the span .

Now

	

w1 2N y o +rl4 multiplied by the horizontal thrust . H, or t~r, , is the mo-

ment at the quarter point of the span (maximum moment .), which ,

with bending stress f, is
6 f

bh 2 where b and h are the width and depth,

respectively, of the arch rib. Multiplying the right-hand member of
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w1 2

	

1
the foregoing equation by 16,7 setting it equal to 6 fbh2, substituting
1
12 bh' for I, and simplifying

Cos c_
4 1 1+ E

where -8h
E

b
l 1

rV

From the equation above Cos 0, and consequently 0, can be foun d
for any combination of 1, r, h, ,f, and F and after finding gib ,

9v= 3402 Eb (L or

b =25602 E--~d L)3

where w is the load in pounds per inch and W the load in pounds pe r
foot of half span that will cause a maximum bending stress off pounds
per square inch .

This formula cannot be. used directly for finding all dimensions o f
an arch rib. It, however, affords a ready means for finding th e
necessary width of the rib after finding the value of bh 2 required t o
resist the primary moment and assuming a value for h . This is
illustrated by the following example : Let it be required to find the
cross-sectional dimensions of an arch rib to resist the bending momen t
induced by a. load of 512 pounds per foot (tiV) on the half span of a n
arch whose span is 40 feet and rise 8 Feet, the allowable bending stres s
being 1,600 pounds per square inch and E being taken as 1,000,00 0

pounds per square inch . The primary moment is 714 to resist which

it is found that a value of 576 for bh, 2 is required. Assuming h as 1 2
inches (which would make b=4 inches to take care of primary moment
only), Cos is found from the relation just given to be 0.926, whence

0=22°11"-0.387 radians. Then yb =256X (0 .387) 2 X 1,000,000X 4t~ X

( 3 =120. Whence for W=512, b, the required width of the arch40)
51 2rib, is 120 or 4.27 .

It must be remembered that the formula just given for W or b
applies only to an arch with parabolic axis and constant cross section .
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For evaluation of modulus of elasticity and determination of th e
p}()portiunal limit from data on tl►e parabolic curved members teste d
under end thrust., an expression relating the dimensions of the specime n
to its load, deflection, and modulus of elasticity is required . This i s

derived as follows, starting with the well-known relation II=EI {P

and using the notation indicated by figure 70 .
2 1 /

	

II= 14:1
(1

	

1)(7,44 _ - P(?/+ r 1 2-i,1 . 2

ear -

d2 ?/

	

I '

	

_ L;1

	

7

	

Via2v

	

1

	

4.r'' ,.
?I+ r

	

1 i
- -

1 1 2(y	 	 --~ ,

where n 2 =P. EI
The solution of this differential equation, subject to the conditions that
dy -0 when x=0 and y=0 when x=±/'2, is :dx

8 cos nx

	

-1 .r 2 a ' 1 2 ~- x
n2

l 2 cos 2

When x=0, y o =deflection at center under load P ,

_ r [n2 18 - sec 2 - 1 )-

or with the original notation

8E1

	

P
yo=r[-pp (sec 1

\
Al-1)- 1 1

This equation cannot be solved directly for E when concurren t
numerical values of yo and P, as found from test, are substituted . I t
can, however, be solved indirectly in the following way . Rewriting it :

yo 2(sec 0- 1 ) - 1r
J l

where 0=z-1 l and 0 2 = -El

Then values of 4) computed from a series of values of 0 are plotte d
against 02 and a curve is drawn through the resulting points . The value
of 02 corresponding to any experimentally determined cj), or yo/r•, can

be read from this curve . Since 02=1 1- , then F;= ~~Z2 l•nd P= /0f';

	

4EI

	

40 21 `

	

l2
hence up to the proportional limit P= K0 2 , where K is a constant
equal to 4L:I• if then values of P from a test are plotted as ordinates

l a

with values of 02 read from the 0--0 2 curve as abscissas, the resulting
Points follow a straight line to the proportional limit beyond whic h
then depart from the linear relation . The P-0 2 diagram thus serves

FORMULA FOR DEFLECTION OF PARABOLICALLY CURVED

	

:•`~ ~
MEMBER UNDER END THRUST
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the same function as the load-deflection diagr for a simple bea m
subjected to transverse load . The values of P*,nd 62 at the propor.

P424801 /C CUPVEO MEMBEP NO 2B
b=5./9/N. h=6.93 /N.
I=303./ /N. 4

	

5=69.0 /N, 3 O
2=/BO/N.

	

r=6.62/N.

•AT PPOPO'T/ON.4L L/M/T: ~i •
P= 42,000 LB. % •
e 2(co2ercreo) = as.se .'• P=42,000 Lg.
MOMENT (F.eOM 02/6/N4L 04T4 SHEET) ,' •~

=- 536,400 IN. Lg. •
BEND/NC 57-2E55 = M =S 1. 0 B '= 0.55B

=336,400 ' 69.0 = 5,3/0 L B PER 501'./A
STeESS IN COMP,eE3 55/0N = I I

P- (bh) = 42,000- (5. /9 = 8.93)
= 905 L B. PER SO./N.

	

, '.
E = PZ 1 _(46 1 1) ,~•

e~= 42,000(80) 2 -
(4 .0.558,308/1

	

,~
= /, .976,000 Ls. fir

PER SQ. /N. i '•
i ~

•

B4

56

4 5

/6

0/0 020 0.30 040
0 2

0.50 060 070 0.30

FIGURE 71 .-P-02 Diagram for curved member No . 28 .

tional limit are found from such a diagram, an example of which i s
shown in figure 71 .

RADIAL STRESS IN A CURVED MEMBE R

Assuming linear distribution of bending stress and referring to the
notation shown in figure 72 :

M= 6fib,' orf= bM

and
6M z 12Mz

fZ= bh2

	

h/2 = bh3

Total tension in a strip of width b and depth from z to convex
surface

12M h/2

	

12M(h2 z2 3M
T=-

h3 z zdz= h3 8 2 -- 2h3
(h2 -4z2)
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Now the total tension in a length b of a cylindrical shell of radius R
under an internal pressure acting normal to the shell and of intensit y
p per unit of area is pbR, whence we may se t

3 M
T=-- (h'-4z') ==pbR

3M (h2 -4z2 )P
_

Rbh3
and when z=0,

	

3Mp-2Rbh

Also if z is small compared to r, that is, r is very nearly equal to R,

3M
p__2rbh3 (h

z -4z2 )
nearly, and p is radially distributed similarly to the vertical distribu-
tion of longitudinal shear in a beam, which is in accordance with th e

H f H-

FIGURE 72 .-Diagram showing notation used in deriving formula for radia l
stress in a curved member .

ordinates of a parabola whose vertex is at the neutral axis . The radial
stress p has its maximum value at the neutral axis where it equal s
3 M
2rbh

If the moment is as shown in figure 72, p is stress in compression,
while if moment were in the opposite direction p would be stress i n
tension .

EFFECT OF SHRINKAGE OR SWELLING ON THE SHAPE O F
A CURVED LAMINATED WOODEN MEMBER

A curved laminated wooden member tends to swell or shrink radially
(across the grain) with absorption or loss of moisture, but practicall y
no change in longitudinal (along the grain) dimension occurs . Figure
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73 shows the notation used in deriving the formula for change o f
curvature produced in a wooden arch by radial swelling or shrinkage .
In this figure the length of convex face, L, -Ra ; the length of con_
cave face, l=ra ; the difference in length, L-1= (R-7')a=ta .

Whence t=
L-l

a

Now suppose that, as a result of moisture changes, the thickness i s
changed by a factor k (positive for swelling and negative for shrinkage )

LENGTH = L

FIauRE 73 .-Diagram showing notation used in deriving the formula for chang e
of curvature produced in a wooden member by radial swelling or shrinkage .

so that the thickness becomes t (1+k) . This results in a change by a
factor q in the angle a which then becomes a(] . +q) . Then since L
and l are practically unchanged the new thickness equals

t(1
+ lc) --(1+q) a

but the original thickness was

L- l

L-- l
a
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and dividing the new by the original thickness

1+k==
1
+ q

whence q=1 k. Since k is usually very small in comparison with

unity, q= -k, approximately, and hence when t is changed by a smal l
percentage k, a will be changed by approximately the same percentag e
but in the opposite direction ; that is, radial swelling causes a decrease
and radial shrinkage an increase in the angle between the ends of a
curved member. It may be noted that the percentage change in
angle is independent of the length or the dimensions of the cross sectio n
of the piece .
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