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Summary

In the assembly of wood aircraft, glued Joints are frequently employed wherein
the grain directions of the members are at an angle, Although the shearing
strength perpendicular to the grain, on the basis of available data, has been
taken as one-third of that parallel to the grain, information has been lacking
on theostrength of joints involving grain directions intermediate between 0°
and 90" . - ;

This report covers the results of tests of the shearing strength of approxi-
mately 4,300 glued specimens in which the grain direction of one member was
varied with respect to the direction of loading. In general, this member was

a l/8-inch veneer incorporated in the specimen at the shearing zone. Six soft=-
woods and three hardwoods were investigated, of which two of each classifica-
tion were subjected to the following four methods of test each modified to
adapt it to the purpose:

1. ©Standard shear test for wood, according to the American Society for
Testing Materials, Serial Designation D143-27.

2. Block shear glue Joint test as used by the Forest Products Laboratory and
designated as "Block Shear Strength Test" in Army-Navy Specification AN-G-8.

3. Double shear test.

4, Plywood glue shear test, Specification AN-NN-P-511b, also designated as
"Plywood Shear Strength Test" in Army-Navy Specification AN-G-8.

LThis 1s one of a series of progress reports prepared by the Forest Products
Laboratory relating to the use of wood in alrcraft issued in cooperation
with the Army-Nevy-Civil Committee on Aircraft Design Criteria. Original
report published in 1945,
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The influence of method of cutting was investigated by subjecting rotary-cut,
quarter-sliced and quarter-sawed Douglas~fir and Sitka spruce to the first two
of these methods of test. Resulte of tests were analyzed by comparing the
shearing strengths at various grain directions with the 0° value for each
serles of tests and by comparing the results obtained by different methods of

testing.

No definite or consistent relationship was found to exist smong the four test
methods considered. The effects of such factors as eclassification of wood,
specles, and method of cutting differed in their individual effects on the
results obtained by each test method. A consistent relationship was found to
exist, however, between the shearing strengths parallel and perpendicular to
the grain and thoge at intermediate angles, and the results show that the
Hankinson formula® can be used to determine values for intermediate angles
when the values at 0° and 90° are known.

The average value for the shearing strength perpendicular to the grain was at
least one-third of that parallel to the grain for all species when planed from
solid wood or when cut in sccordance with Specification AN-NN-P-511b., The
average value for hardwoods was at least one~half.

The shearing strength parallel to the grain can be assumed to apply without
correction to glued joints when the angle of grain between members does not
exceed 15°.

Introduction

The widespread use of glued fastenings in modern wood aircraft construction
created a demand for more complete design data. On the basis of available
data, the shearing strength of a glued fastening with the grain of one face
parallel and the other perpendicular to the direction of loading has been
teken as one-third of that for one in which the grain of both faces is paral=-
lel. Information has been lacking as to the strength of joints involving
grain directions itermediate between 0° and 90°.

The purpose of this investigation was to compare the shearing strengths of
glued fastenings determined by different laboratory methods of testing, and to
evaluate the shearing strengths of joints in which the grain direction of one
face is parallel to the direction of loading and the other is at angles vary-
ing from 0° to 90° with the direction of loading.

Tests of esmall, secondary glue Joints, designed to simulate those used in alr-
craft construction, are feasible, but are difficult to perform. Such tests
are not included in this study but form the subject of a concurrent investiga-
tion.

24 formula derived empirically by R. L. Hankinson from tests made for the Army
Air Service on the bearing strength of wood at various angles with the grain.,
It was checked by the Forest Products Laboratory in tests on aircraft bolts
bearing at various angles with the grain.
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Description of Material

The species, specific gravity, and manner of cutting of materisl for each
series of tests and the grain angles and methods of test used for each seriles

were as follows:

Specific gravity, oven dry
based on volume at 12 per-
Mgterial cent moisture content

Test2 No. 4 at grain angles of 0°, 15°, 22.1/2°, 30°, 45°, 60°,
6r=1/2", 75°, 90

Plain-sawed Sitka BPTUCCsoesossesotsccacsesosssnecse 0.56
Plain-sawedDouglaps-fir‘l....‘.I.'.’l..'..l'...'. .hg
Quarter-saved sweelgUM.seescsavessssocsssosonaacns 955

Testd Nos. 1, 2, 3, 4 at grain angles of 0°, 15°, 30°, 45°, 60°,
75°, 90°

Bataryscubt 81tka BpIrUCt.ssesssssnsssvssbasasscsns Oadlh
Rotary-cut Douglas-fir.ceececesacesosocencessssass oo
Rotary-cut yelloWw-DOPlarseeseeseeccssoaseasnssses  oUD
Rbtiery=cut BWestglll, cussssvorvnansvabonsansnuanis ' o530

Testd Nos. 1 and 2 at grain angles of 0°, 22.1/2°, L5°, 67.1/2°,
90°

Quarter-sawed SitKa SpPrUCE.c.cccececcecccccsccscons 037
Quarter-sliced Sitka SPIUCE...cecavecvossscesanes  oU4L
Quarter-sawed Douglas-fir.iececeececssscscoonsoas A5
Quarter-sliced Douglas-fir.vscescsccsscoveacscsses  oBl

Test2 No. 1 at grain angles of 0°, 22-1/2°, 45°, 67-1/2°, 90°

Rotary-cut noble fir..ceceecscecsccscscssssscsncas 037
Rotary-cit BUZEE PINB: sswvs s eavas s s mned oo sess se <53
Rotary-cut yellow birch, Series Ai.eieescicsacens 58
Rotary-cut yellow birch, Series Bieeeeoeoseoessases 58
Rotary-cut yellow birch, Series C.ceeeevecoecesss 6L

Test2 No. 1 at grain angles of 0°, 30°, 60°, 90°
Rotary-cut Port Orford white-cedar.......ee.ee... 0.4k
Test? No. 1 at grain angles of 0°, 45°, 90°

Rotary-cut yellow birch, Series Diseecesssssaseas 0.59
ROtB.I'y'-CU.t weSteI‘n hemlOCk.---c-.--n.-;.-.a.a-.-a 539

2fater described under "Methods of Testing."
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Quarter-sliced and rotary-cut veneers were of l/8-inch nominal thickness for
81l species except sugar pine and Western hemlock which were l/lO-inch thick,
For each series of tests, sheets of veneer were cut consecutively from the
same log or fliteh except for rejected sheets. The four sets of yellow birch
specimens were from different logs.

Quarter-sawed Sitka spruce and quarter-sawed Douglas-fir were obtained from a
single plank of each species. For the two methods of test to which these
materials were subjected, parallel sheets 16 feet long were cut from the center
of each plank, dressed to 1/8-inch thickness, and cut into three 6h-inch
lengths. Test pleces of l/8-inch flat-sawed Sitka spruce and Douglas-fir were
cut from random pieces of a single plank of each species. Quarter-sawed sweet-
gum was cut from boards matched for density.

Clear, straight-grained pieces were selected for specimens from these veneer

gheets. Solid Douglas-fir, Sitka spruce, or sugar maple was used to build up
block shear specimens to the required thickness. Four-ply yellow-poplar ply=-
wood 1/l-inch thick of balanced construction was manufactured from 1/16-inch

rotary-cut veneer.

Except as noted in teble 1 and on the appropriate charts, all wood was condi-
tioned at 70° F, and 64 percent relative humidity for at least 4 days both be-
fore and after preparation of the specimens. Exception was made in only one
case where the moisture content thus produced in the wood was thought to be
too high to give best results when using phenol-formaldehyde film glue with a
wood of high shearing strength.

Matching and Preparation of Specimens

The type of specimen for each of the four metrods of test employed was
adapted to the study of the shearing strength of glued joints at various grain
engles by placing in the shearing zone a glued joint in which the grain of one
interface was placed parallel to ‘the direction of loading and the other at a
predetermined angle between 0° and 90°. Three-ply construction was used for
all specimens., Test pleces l/8-inch thick and of various grain directions were
glued between longitudinally-grained outer plies. Additional wood was glued
to these plies as required to provide specimens of the desired thicknesses.
Shear specimens employing compressive loading were used for three of the
methods of test (figs. 1 through 3). Plywood glue shear specimens (fig. 4)
were used for the fourth method of test, which employed tensile loading.

Preparation of Shear Specimens for Compressive Loading

Rectangular panels sufficiently large to yleld eight test pileces were cut from
each material. The panels of each material were prepared in sets comprising
one of each desired grain direction from each of three sheets of veneer. For
series of tests employing not more than five grain directions, the panels were
taken with centers of gravity in line along the grain of each sheet. For
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series employing seven grain directions, however, it was necessary to stagger
the panels, thus using three sheets of rotary-cut veneer, 26 inches wide, for
each series. This procedure sometimes necessitated replacing defective pileces
with others from succeeding sheets. Each set of panels (or pair of sets in
double shear) provided the specimens for one method of test.

The panelgs of quarter-sawed Sitka spruce and quarter-sawed Douglas-fir were
glued between face-matched solid pieces of the plank from which they were cut.
The panels of rotary-cut or quarter-sliced materials were glued between longi-
tudinally-grained pieces of the same size cut from remaining pileces of the
same sheet or from additional sheets of the same veneer. These three-ply
assemblies were then built up to specimen size with solid wood backing as
follows:

Test Species Backing species
Sitka spruce Sitka spruce
Yellow-poplar Sitka spruce
Western hemlock Sitka spruce
Sugar pine Sitka spruce
Port Orford white-cedar Sitka spruce
Douglas-fir Douglas-fir
Sweetgum Douglas-fir
Noble fir Douglas~fir
Yellow birch (3-grain angles) Douglas-fir
Yellow birch (5-grain angles) Sugar maple

After gluing, the assemblies for each series and each method of test were cut
into individual specimens, and 20 for each grain direction were selected for
test.

Preparation of Plywood Glue Shear Specimens

The plywood glue shear specimens of the first series were of flat-sawed Sitka
spruce, flat-sawed Douglas-fir, and quarter-sawed sweetgum. For each species,
one test piece of specimen size for each of nine grain directions was cut in
longitudinal order from each of twenty, 4- by 2L4-inch sheets. The 20 test
pieces thus obtained for each grain direction were glued between yellow-poplar
plywood covers (fig. 4).

For the second series, a strip large enough for two plywood glue shear speci-
mens was cut from one side of each of the three-ply panels of rotary-cut Sitka
spruce, Douglas-fir, yellow-poplar, and sweetgum from which the other three
types of shear specimens were to be obtained., Two additional plies of like
material were glued to either side of this strip, and 20 specimens for each
grain angle and each species were prepared from the assemblies thus produced.
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Assembly Gluing

Wherever it was possible, a phenol-formaldehyde thermosetting resin film glue
was used. In certain cases, noted in table 1, a urea-formaldehyde cold-setting
resin glue was used for expediency. This glue was used also for the noncriti-
cal joints of built-up specimens. It was not intended, however, to compare the
strengths of joints made with the different types of glue. The glues selected
were intended to develop the full strength of the wood.

Methods of Testing

The various shear test methods employed, each modified to adopt it to the
purpose, are as follows:

1. A.8.T.M. standard shear test for wood, Serial Designation D143-27.

2. Block shear glue Joint test as used by the Forest Products Laboratory and
designated as "Block Shear Strength Test" in Specification AN-G-8.

3. Double shear test.

k., Plywood glue shear test, Specification AN-NN-P-511b, (also designated as
"Plywood Shear Strength Test" in Specification AN-G-8).

Specimens used in methods 1 and 2 were tested in the shearing tools illustrated
in figures 5 and 6. In methods 1, 2, and 3, a compressive load was applied
continuously throughout the test at a rate of head movement of 0.0l5 inch per
minute. The specimens in test 4 were gripped in jaws of the type illustrated
in figure 7. Tensile load was applied at a rate of approximately 70O pounds
per minute.

In the A.S.T.M. method (No. 1), shearing takes place in a single plane, 2
inches wide and 2 inches deep, but the shearing edges of the tool are offset
horizontally 1/8 inch, permitting selection of the weskest plane within the
zone thus created. In the block shear glue joint test (No. 2), shearing

takes place in a single plane, 2 inches wide and 1-1/2 inches deep. In this
test, however, the shearing edges of the tool are in the same vertical plane,
hence failure can take place only in or closely adjacent to this plane. In
the double shear test (No. 3), shearing takes place in two symmetrical planes,
2 inches wide and 1-1/2 inches deep. As in the A.S.T.M. test, a 1/8-inch off-
set permits failure to occur in the weakest plane on each side. A small clamp
was placed around the base of the double shear specimen to prevent the legs
from spreading during test. Figure 8 illustrates this method of test.
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Explanation of Tables and Charts

Results of each series of tests are listed in table 1. BEach value listed
represents the average shearing strength of 20 specimens, corrected to the
average specific gravity of the species as given in U. S. Department of Agri-
culture Technical Bulletin No. 479. Since no relationship between specific
gravity and shearing strength of wood for directions other than parallel to
grain has been developed, a linear relationship was assumed in meking these

corrections,

The relationship between shearing strength and the angle of grain between faces
of glued joints, as determined by the modified A.S.T.M. standard shear test for
wood, with the grain of one face parallel to the direction of load, is shown
on a separate graph for each of the nine species tested (figs. 9 and 10).
Similar graphs are included for each of the four species tested under the
block shear glue joint test (fig. 11); the double shear test (fig. 12); and
the plywood glue shear test (fig. 13). the plotted values are those of table
1., These data consistently define curves that are similar for all series of
tests. The shapes of these curves approximate that of the Hankinson empirieal
formula, which is used to determine the bearing strength of wood under bolts
when the loads are applied at various angles to the grain, and is stated as
follows:

N = PQ
P sina-e + Q@ cosg ©

where

the strength when load is applied parallel to grain

the strength when load 1s applied perpendicular to grain

the strength when load is applied at any angle, ©, with the
grain.

P
Q
N

On each of the graphs (figs. 9 through 13) the Hankinson curve best fitting
the test data is shown.

A graphical summary of the test data is shown in figure 1k. Series D of
yellow birch, and unlike species glued to yellow-poplar, are not included.

For each series of tests and for each method of test, the average shearing
strength at each grain direction employed is plotted as a percentage of the
average shearing strength parallel to the grain. The data for softwoods and
for hardwoods are plotted on separate graphs. On each graph is shown a curve
of the Hankinson formula using Q = 1/3 P for softwoods and 1/2 P for hardwoods.

A scholten nomograph (fig. 15) provides a graphical solution of the Hankinson
formula for rapid determination of the shearing strength of glued joints at
any angle when the values for 0° and 90° are known. This nomograph is similar
to the one shown on page 117 of ANC-18 "Design of Wood Aircraft Structures,"
June 194k, but has been extended to include a greater range of 90° values, and
presents a sketch of an appropriate glue joint.
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Analysis of Results

A wide variation exists between the shearing strengths determined by the four
methods of test. In & comparison of any two types of test, the amount of
variation differs between species, between methods of cutting and between hard-
woods and softwoods. Using the modified A. S. T. M. standard shear test for
wood (method No. 1) as a basis for comparison, shearing strengths as determined
by the other three tests at 0° and 90° are expressed as percentages in table 2.

The plotted data for each series of tests define the same general type of curve
for each species and for each method of test, with the greatest shearing
strength occurring at 0° to 22-1/2°, declining rapidly from 30° to 45°, and
then more slowly to the lowest value at 90°.

When a Hankinson curve is fitted to the test data (figs. 9 through 13), a
majority of the plotted points tend to fall on or near this curve. The shear-
ing strengths at 15° and 22-1/2°, as determined by the modified A.S.T.M.
standard shear test for wood, were equal to or greater than those at 0°. The
15° and 22-1/2° values thus lie above the mathematical curve. The block shear
glue joint test and the double shear test displayed this tendency to a lesser
degree. At other angles, minor variations are equally distributed about the
curve. When a Hankinson curve was determined between test values at 0° and
90°, the values obtained from the curve for intermediate angles were generally
somewhat lower than the test results.

For the hardwoods tested, the Hankinson curve resulting when Q (the shearing
strength at 90°) is one-half of P (the shearing strength at 0°) approximates
the lowest value obtained at any grain angle by any method of testing (fig.
14). A similar curve, when Q is one-third of P, closely follows the lowest
values obtained in tests of those softwoods complying with Specification
AN-NN-P-511b., The shearing strengths of rotary-cut Sitka spruce and Douglas-
fir, which are not permitted by that specification, are somewhat below this -
curve at angles approaching 90°.

Although the materials cut by different methods were not matched, the shearing
strengths obtained for quarter-sawed, planed wood were the highest at all grain
angles for each species compared. The ratio of shearing strength at 90° to
that at 0° (Q/P) was highest for the quarter-sliced and lowest for the rotary-
cut specimens.

The shearing strengths obtained for 0° by means of the plywood glue shear test
were relatively low, hence those for 90° represent much higher percentages of
the strengths at 0° for all species. For those species glued to yellow-poplar
and tested by means of the plywood glue shear test, the shearing strengths at
the smaller angles for specimens involving sweetgum are not representative
since failure occurred in the yellow-poplar. Thus the ratios of shearing
strength at 90° to that at 0° are somewhat greater than when the specimens were
glued to matched wood of the same species. The results of these tests suggest
that the plywood glue shear test should not be considered in drawing conclu-
sions as to the relative shearing strengths at different grain directions.
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Difficulty was encountered in gluing yellow birch with a moisture content of
10.5 percent when using thermosetting phenol-formaldehyde film glue (Series D).
Glue fallures were numerous in specimens of this series. Supplementary tests
were made using a moisture content of 10.2 percent with a cold-setting urea-
formeldehyde glue (Series A) and using moisture content values of T.t percent
(Series B) and 8.5 percent (Series C) with the thermosetting phenol-formalde-
hyde film glue. ©Since the material for each series was obtained from a dif-
ferent log, no comparison of the merits of these gluing techniques should be
attempted on the basis of these results. In both series A and series B, glue
failures were practically eliminated,and the relative shearing strengths at
various grain angles were comparsble to those of other species. These appear
to be representative of yellow birch and are shown on the graph of this species
in figure 6. The material used for series C was exceptionally high in shear-
ing strength, and what might seem to be an inconsistently low value parallel
to the grain still exceeded the established shearing strength of yellow birch.

No definite relationship was found to exist between the four test methods
considered. The effects of factors such as classification of wood, species,
and method of cutting differed in their individual effects on the results
obtained by each test method. The block shear glue Joint test, which re-
stricts the zone in which failure may occur, produced the highest shearing
strength values. The plywood glue shear test, in which eccentric loading is
inherent, resulted in the lowest shearing strengths parallel to grain.

In the test wmethods considered, a consistent relationship was found to exist
between the shearing strengths parallel and perpendicular to the grain and
those at intermediate angles. The Hankinson formula, originally developed for
bearing strengths of wood at various angles to the grain direction, can be
used to determine shearing strength values for intermediate angles when those
at 0° and 90° are known, and the values can be determined graphically from

the Scholten nomograph.

For all of the species tested that were cut in accordance with Sepcification
AN-NN-P-511b, the average values for the shearing strengths perpendicular to
the grain were at least one-third of the shearing strength parallel to the
grain, in all methods of test used. The average values for the hardwoods
tested were at least one-half the shearing strength parallel to the grain.
Using these factors to obtain the shearing strength at 90°, the shearing
strength for a glued joint at any grain angle may be determined by the
Hankinson formula from handbook values of shearing strength parallel to the
grain.

For grain angles not exceeding 15°, the shearing strength parallel to the grain
can be assumed to apply without correction.
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Table 2.--Comparison of the

shearing strength values obtained by

three different methods of test with those obtained

by the A.S.T.M.

standard shear test of wood

ee os seo

Type of test

.
.
.
.

- . " - - w0 N om Dl

Block shedr glue Jjoint test
Softwoods ® @ 0 0 0 0 00 0000 e o0
Hardwoods ® 0 0 00000 96 508 e

Double shear test
Sof twoodB. csssnnsosnan s
Hardwoods. .o a's s asvas s

Plywood glue shear test
SOftWwoOdBissssnnsevounsnst
Hardwoods-.-.....-.-.---:

@ s¢ 9% e eo ©8 o8 s° ee sE 8 sa a®

Percent of A.S.T.M. standard
shear test vslue

- v T > tea T B e S G S M e e e e S W T w0 WS e M

At 0° grain angle

- o o e

Average of:Range of

At 90° grain angle

all tests :variationsall tests :varilation
Pazetnt % Peresnt § Dethelit.)- Bemgsnt
150 : 108-201 : 116 98-139
123 : 116-13%30 : 102 : 97-107
83 : T78-87 : 75 : 75-75
92 : 85.98 78 : 7283
Ll : Y1-h7 ; 92 ;Bh-loo
56 t 53-59 59 : 57-61

Report No. 1522



d LTOLS WZ
1831 YVIHS INT9
A AS83L AINIOPr 3NT9
GOOMAN, S04 SHIMORE ¥ 40 YVIHS N2078 ¥04 SNIWNIDIJS --'2 F¥N9IS
AIMVS-NIVTd HO . 030175-¥ILHVNO
Prom azmvs- N4 so aIMYS-8318VN0 prosplie St
SITONY NIVYS A SITONY NIVHD

~ |
s317d f— M.. _
. . o
i
-~z .2./
4 L A
TOOMATS
YV IIO-MOTTIA w

aoom J0 LS3L YVIHS QYVANVLS
WLS'V 03IJIGOW Y04 SNIWIDILS--"| FHNIIS

1S3L YVIHS 378Nn00 H0J NIWIDIJS--'€ &N G39/75-8ILHVNO
Q.u.:!%-twktwao tokbﬁitﬁot

SITONY NIVY9 ¢
SNOIYYA LV K7d T

EITINV NIVE9
SNOIYVA LV S317d
"

—

E-\A (I THEDA




! OFFSET

g




L&

I/,u\

7

A



Figure 7.--Apparatus used for the plywood glue shear test.
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Figure 14.--Summary of all tests of shearing strength of glued joints in which the
grain of one interface is at an angle to the direction of loading. The percent-
age (N) of the parallél shearing strength (P) that may safely be used at any
grain direct%on is shown by curves of the Hankinson formula,

= i = 1/3 d. = 1/2 P for h ds.
N PsinZ 0 + Q cos2 &7 wherein Q /3 P for softwoods, Q /2 P for hardwoods
Z M 57627 ¥
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