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THE DESIGN OF AIRPLANE WING RIBS *

By J. A. NewLiN and GeorGe W. TRAYER

SUMMARY

The purpose of the investigation reported here was to
obtain information for use in the design of truss and
plywood forms, particularly with reference to wing ribs.
Tests were made on many designs of wing ribs, comparing
different types in various sizes. Many tests were also
made on parallel-chord specimens of truss and plywood
forms in place of the actual ribs and on parts of wing
ribs, such as truss diagonals and sectians of cap strips.

It was found that for ribs of any size or proportions,
when they were designed to obiain a well-balanced con-
struction and were carefully manufactured, distinet types
are of various efficiencies; the efficiency is based on the
strength per unit of weight. With ideal construction the
truss comes first; second, a lightened and reinforced ply-
wood type; third, a full plywood web type with stiffeners;
Jourth, a plywood web with lightening holes and no rein-
Jorcing; and fifth, a full web with no stiffeners. If a
type falls out of this order, the probable reason is either
that it is poorly designed or that it was designed with
some special consideration for manufacturing details and
is therefore not so strong for its weight as it can be made.

Each type has 1its place in airplane design because
manufacturing difficulties set up practical limits for the
various types. For example, shallow trusses can not be
manufactured and assembled without great difficulty.
Neither can a reinforced plywood truss be substituted for
a full plywood type when to obtain marimum efficiency
an excessively thin plywood must be used.

In all types of ribs the heavier are the stronger per
unit of weight. Reductions in the weight of wing ribs
are accompanied even in efficient designs by a miuch
greater proportional reduction in strength.

Obtaining maximum efficiency in truss designs would
require all diagonals to be of cruciform cross section and
all members to be proportioned according to their indi-
vidual stresses.

Members with thin, outstanding flanges and with little
torsional rigidity, especially U sections, fail by twisting,
at times carrying only 60 per cent of the calculated com-
pression load. Slight modifications in cross section

*Reprint of Report 345 of the National Advisory Committee
for Aeronautics.
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|| present.

without clia,nge in aréa increase the torsional rigidity
sufficiently to overcome this twisting.

In resistance to both end loads and bending, U and T
sections built up of wood and plywood in combination
are inefficient as compared with sections having the grain
of the wood all parallel to the axis of the piece.

Compression diagonals are more suitable in the panels
adjacent to the spars than tension diagonals, since tension
diagonals have been found more difficult to hold at the
joint than compression diagonals.

Bending stresses in plywood types can be calculated
with a fair degree of accuracy provided that the plywood
is of sufficient thickness or is so braced as to prevent
buckling and the rib is so braced as to prevent bending
of the caps out of the plane of the rib. Form factor
must be taken into account, and in calculating the mo-
ment of inertia only that part of the plywood having grain
parallel to the azxis of the rib should be included.

No tests were made from which the required vertical
rigidity of the webs can be determined absolutely, but
approximately it may be said that any unit of length,
including its proportional part of the stiffeners, should
be able to carry, as a pin-end column, two-thirds of the
load that will come upon this unit of length when the rib
18 loaded to failure.

Plywood webs with a balsa core proved very satisfac-
tory from a construction standpoint and in full webs
were found to be strong per unit of weight in comparison
with other plywoods. When lightening holes were added,
however, the strength dropped very rapidly because of the
ease with which the face plies tore the balsa core apart
around the holes at the least tendency to buckle. Even
shrinkage and swelling stresses may cause rupture of the
balsa core at the edges of the lightening holes.

In general, vertical face grain in plywood webs gives
consistently greater strength when a full web is used, but

| longitudinal face grain is better when a web with lighten-
| ing holes and stiffeners is used.

Webs of single-ply spruce, in comparison with three-
ply  poplar plywood webs of the same total thickness,
proved stronger than the plywood when lightening holes
were present and somewhat weaker when no holes were

Two-piece cap sirips in most designs are preferable to
single-piece com strime
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Wide diagonals and web members are subject to large |

indeterminate secondary stresses, which often start fail-
ures. A similar concentration of stress occurs around
lightening holes, causing buckling.

The coefficient of fixity for diagonal members under

compression appears to be about one and one-half in
a plane at right angles to the plane of the rib.

Mazimum efficiency appears to be obtained with a ratio |

of spar spacing to height of about siz, except for full ply-
wood types without stiffeners, for which the ratio appears
to be about eleven.

Double compression members with a spacer block at
the center were found to be about one-half as strong as the
same members brought together and glued throughout their
length when the length is such as to throw both in the
Euler column class.

Small stiffeners glued near the edges of lightening holes
were found very effective in reducing buckling; the small
resulting percentage of increase in weight will often be
accompanied by several times that percentage increase in
strength. Reinforcing around lightening holes to avoid
buckling should be equally satisfactory in metal con-
struction.

The appendix of this report contains other comments

Jailures.
INTRODUCTION

In aircraft construction the ordinary methods of
calculation, suitable for most engineering structures,
are either inapplicable or are too inaccurate to be
applied to an unavoidably complex structure in which
the factor of safety must necessarily be extremely low.
Wing ribs, for example, with their rigid connections
and often redundant members can scarcely be con-
sidered amenable to accurate calculation., The first
necessity in designing such structures is a knowledge
of certain principles, of broad application, that govern
the distribution of stresses, principles that will assist
in the selection of the most effective type of rib for a
given airfoil and chord length and that will help in the
design of members and details. :

Realizing the need for such information, stibstan-
tiated by experiment, the Bureau of Aeronautics,
Navy Department, financed an investigation made by
the Forest Products Laboratory, Madison, Wis.

tests made in connection with this investigation.
PURPOSE

This investigation was made to determine ger_xerb:;l»_‘
principles of broad application that govern wing-rib

design and apply also to other truss and plywood forms
used in aircraft construction. The results are intended
to assist in determining the most effective type of rib
for a given airfoil and chord length, to help in the
design of members and details of any new rib, and to
aid designers in formulating rules regarding the effect
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following report is a description and analysis of the’
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of various factors on the design and the strength of
different parts. A knowledge of the facts set forth
will not entirely eliminate the necessity of making tests
or take the place of testing, but it should be of con-
siderable value in planning designs for new ribs.

SOURCE OF MATERIAL

Many tests have been made at the Forest Products
Laboratory on wing ribs and parts of airplanes during
and since the World War. Pari of these were made
simply to determine the strength of & particular rib
while others were made primarily to improve the de-
sign of a given rib. Considerable general information
that is of value in determining factors of design resulted
from these studies. The ribs or parts tested were
sometimes built at the laboratory according to plans
furnished by the company that designed the plane and
sometimes they were built by the company and sub-
mitted for test.

Extensive tests were made on ribs of the BS-1
airfoil, station 3, near the fuselage, both of 48-inch and
of 96-inch chord lengths. (Fig. 1.) This airfoil sec-
tion was recommended by the Bureau of Aeronautics,

) . e ¢n'8 | Navy Department, as a somewhat typical section of a
on various designs and a description of characteristic | deep wing. Tests’ were also made on rectangular or

parallel-chord sections of truss and plywood forms
representing the portion of a rib that is between the
spars.

The BS-1 test ribs and the parallel-chord sections
were made at the laboratory from stock suitable for
airplanes. Slightly greater care was probably exer-
cised in the construction of these test specimens than
is ordinarily met with in the production of airplane

parts. g
DESCRIPTION OF TEST SPECIMEN_§

The test material for this particulaf investigation
consisted of wing ribs and of parallel-chord rib sec-
tions. The wing ribs had either a 48-inch or a 96-inch
chord length and hed the airfoil section of the BS-1
lower wing, station 3. The rib sections were 44 inches
from center to center of spar blocks and were rectan-
gular or parallel chorded. Both theribs and the paral-
lel-chord specimens were of various designs—plywood,

‘truss, and. & combination of plywood and truss. De-
‘tailést drawings of all these are included in the figures
‘accompanying this report.

In the original design, ribs of the BS-1 wing had

‘full plywood webs with vertical angle blocks fer brac-

ing. The plyweod was three thirty-seconds inch thick
: In the first
variation lightening holes were made in similar ribe,

‘then & three forty-eighths inch full plywood web was

substituted for the three thirty-seconds inch web, and
finally a three forty-eighths inch web with lightening
holes was used in place of the three thirty-seconds inch
web. Warren, Pratt, and Howe trusses were also de-
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signed with diagonals of various sizes and cap strips of |
various shapes and sizes.

The ribs with 96-inch chords were also of the BS-1 |
station 3 airfoil section, but were double the size |
planned for the BS-1 plane. In other respects these
ribs were substantially duplicates of the ribs of normal
size, and the tests on them merely repeated the earlier
tests.

Parallel-chord specimens were 44 inches in ‘length
between centers of blocks. The depths were 3%, 7%,
11%, and 15% inches. The end blocks, which were
4 inches wide, represented the spars. Specimens
were tested in which thickness of plywood web and

7

The loading apparatus (fig. 3), which was used in
connection with a universal testing machine, consists
of a lever system to distribute the pressure and a set
of stirrups to hold the specimens in place. The leyer
system was so designed that pressures at the stirrups
were proportional to the areas of the corresponding
zones in the loading diagrams. The downward force
of the movable head is transmitted to the spar sections

| or blocks and draws the specimen against the stirrups,

producing the effect of an upward lift. The entire
lift is applied to the lower chord.
In low-speed loading a 48-inch rib was held by eight

stirrups spaced equally along the chord. If this same
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FicURE 1.—Airfoil section of the BS-1 lower wing at station 3

A—Dimensions as called for in the original design.
B—The original dimensions doubled.

direction of face grain were varied and in which differ-
ent bracing and forms of lightening holes were used.
Trusses of various designs were also tested in the
different depths. Diagonal truss members of cruci-
form cross section and of rectangular cross section
were compared.

METHOD OF TEST

The lift or pressure on the wing ribs was distributed
according to the diagrams given in Figure 2. These
distributions were recommended for wing rib tests by
the Bureau of Aeronautics, Navy Department. The
lift on the parallel-chord specimens was practically a
uniform load.

spacing were used for high-speed loading the division
nearest the leading edge would receive part positive
and part negative pressure. To avoid using the re-
sultant of these two pressures in this division, two stir-
rups instead of one were used, one to apply the nega-
tive and one the positive pressure. The downward
force producing the negative pressure was applied
through a wire attached to the upper cap strip of the
nose and extending around a pulley on the lower
timber and then to the upper part of the lever system.

The 96-inch ribs were held by 16 stirrups spaced
equally along the chord. With this spacing the divi-
sion nearest the leading edge receives only negative
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pressure and the stirrup applying this pressure is
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placed on the upper cap strip. A wire extends from
this stirrup, around a pulley that is fastened to the
timber attached to the movable head, and up to the
evener systern, the same as for the 48-inch rib. '
The parallel-chord specimens were held in place
by eight stirrups spaced equally along the chord.
Equal pressure was applied to each stirrup. The lever
system was symmetrical and corresponding levers
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FiGURE 2.—The distribution of pressure on the wing ribs for low-
speed and for high-speed flying’

had arms of equal length. The specimens were
braced against the frame of the testing machine to
prevent lateral buckling. Strips of wood were cen-
tered under each load point to prevent local crushing.

ANALYSIS

In addition to the data included in this discussion,
considerable information obtained from strength
tests in general and from development studies made
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previously on ribs for particular planes was used in
arriving at the conclusions and principles of design
embodied in this report. While all past tests have

" been considered in. arriving at the conclusions, only

the tests of the BS-1 ribs and the parallel-chord
specimens are definitely referred to and the data
therefrom included in the tables.

A wing rib with its rigid connections, redundant
members, and nonuniformity of section is a complex
structure. Simple assumptions to make sn analysis
possible by the ordinary methods of caleulation often
lead to mere approximations for & structure in which
the factor of safety must necessarily be extremely low.
Wing-rib design is still dependent upon the results of
strength tests on complete ribs, and to some extent
will continue to be so. Stresses are largely indeter-
minate because the ribs have rigid connections; the
ribs act as a truss or a girder with cantilever arms and
are of nonuniform section. The stresses are further
complicated by the nature of. the load distribution.

From a study of test failures and from a knowledge
of the stress that a member is capable of sustaining,
we are able to estimate the secondary stresses at
different points in the structure and to redesign so as
to redistribute the stresses. Furthermore, we are
able to deévelop principles of design that will distrib-
ute the failures and afford a more nearly perfect
balance among the strengths of the different parts.

RELATIVE EFFICIENCY OF VARIOUS TYPES

In this investigation the relation of strength to
weight of rib was taken as a criterion of the value of
the rib; it is necessary, however, to keep in mind the
fact that this relation is a suitable criterion only as
{ar as the rib is within reasonable limits of both strength

| and weight. High strength per unit of weight has

! but little value when the strength is in excess of that

required for service.

Results showing strength-weight relations for differ-
ent types of ribs are plotied from data obtained from
the tests of parallelchord specimens. The data for
each type, such as simple truss, reinforeed-plywood
truss, plywood web with bracing, and plywood web
without bracing, are plotted separately. (Figs. 4, 5,
6, and 7.) In each of these figures a curve showing
the ideal efficiency is drawn threugh the maximum
value of strength-weight ratio obtained from the tests.
A definite relation of strength to weight for the various
types is evident from the figures. It is also evident
that the various types are not of equal efficiency from
the standpoint of strength per unit of weight.

In any size or proportions of wing ribs the ideal
truss comes first in efficiency. This is to be expected,
for the material in a truss can be placed more nearly
to the greatest advantage. Next to the truss in
order of efficiency is the. plywood-web type with
lightening: holes and bracing. This type if properly
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designed can be made to approach a truss in form, for
excess material can be cut out at points of low stress
and reinforcing added at points of high stress. Third
in order of efficiency is the plywood-web type having
full web and reinforcing. The web in this type is so
thin that stiffeners are required at the highly stressed
points. Fourth is the plywood-web type with full
web and no reinforcing. Here we undoubtedly have
excess material in portions of the web.

The curves of Figures 4, 5, 6, and 7 represent the
ideal ribs of various weights for each type and are

NT.LM.BE
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The constant K in the equation represents the
relative efficiency of different types of ribs when each
is of ideal construction. The greater the value of K,
the more efficient the type of rib. For each chord
and airfoil section there will be a different value of K,
but the ideal ribs of any type for a given airfoil will
have their K’s in the same relation as the K’s follow-
ing, which are for parallel-chord specimens. K is
60 for the parallel-chord truss type, 48 for the rein-
forced-plywood truss, 43 for a full webbed rib with
stiffeners, and 40 for a rib with a full web and without

.___?E;,-*_ o
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FIGURE 3.—A wing rib in the testing machine. The large timber below the rib is rigidly attached to the movable head of the testing machine and the evener system
is supported on vertical standards that rest on the weighing platform

identical except for a constant factor. The ideal | stiffeners. The ideal lightened rib with no bracing

curve for all types is represented by the equation
P=KW3,

where P =Breaking load in pounds.
K=_Constant factor dependent upon type of
construction.
W = Weight of rib in ounces.

These curves were obtained by a study of the ribs of
the various types that approached most closely to a
balanced construction; that is, those that appeared to
have no excess strength in any part and no evident
opportunity for redesign to obtain greater load with
the same weight.
100510—30——2
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would fall between 40 and 43. Usually, however, the
rib to be lightened is made of heavier plywood and has
numerous holes introduced to reduce the weight and
the load-weight ratio is below that which could be
obtained by the use of full plywood of ideal thickness.

It is evident from the nature of the curves that the
heavy and excessively heavy ribs have the best
strength-weight ratios, and that a given increase in
weight is accompanied by a greater increase in strength.
Thus, in most instances heavy ribs spaced far apart,
with well-balanced design, will sustain the saine load
on the wing with less weight than lighter ribs with
closer spacing. However, considerations such as
obtaining a smooth-surfaced airfoil without too much
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flapping of the covering often necessitate choosing the
lighter rib with close spacing rather than the more
efficient heavy rib.

In Figures 4, 5, 6, and 7 the ideal curves pass
through points of maximum strength-weight ratios. |
It is more difficult to build efficient shallow ribs as the
design approaches a truss because diagonals and
bracing must then be made in sizes smaller than those

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

_small ribs, because the number of parts and joints

in a small truss is as great as in a large one of the
same design. In building large ribs with plywood
webs it is harder to approach the ideal than in the

" smaller ones because of the difficulties encountered

in the warping of large sheets of plywood and the
greater tendency of the plywood to buckle. Other

| types have their advantages in certain gizes, each type
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FIoURE 4.—Relation between breaking load and weight of rib for parailel-chord rib sections of the truss
type '
NoTE.—Each point Is the average of three tests. Point numbers are design numbers.

that can be manufactured apd assembled without
great difficulty and the members must be properly

Therefore great care and refinement is necessary in
the design and construction of small trusses, and the
less “efficient plywood types will often be preferable
to the truss.

The truss is relatively easier to construct in large
ribs_and approaches more closely to the ideal than in
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proportioned for the stress that is to come upon them. '
| ribs and specimens were not of well-balanced design,

appearing to have its particular place in airplane

design.
In the experimental work a large number of the

gince the testing was usually for the purpose of devel-
oping the idesl rib and thus required experimenting
with all kinds of designs, and eny given size or type
was discontinued when the ideal was apparently
reached. Many of the ribs and other specimens were




THE DESIGN OF AIRPLANE WING RIBS

designed with various special considerations for de-
termining the effect of certain factors on particular
points of design. Furthermore, manufacturing con-
ditions and limits of service controlled the designs to
some extent. Production facilities, of course, will
always be one of the chief factors in the selection of
the type of rib. '

11

A consideration of these factors will lead. to a more
nearly perfect balance among the strengths of the
different parts of a rib.

The computed stresses inh a truss, assuming the
joints to be pin connected, are direct tehsion and
direct compression along thé member when the loads
are applied at the panel points. In trusses with
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FIGURE 5.—Relation between breaking load and weight of rib for parallel-chord rib sections of the rein-
forced plywood truss type

Nor1e.—Each point is the average of three tests. Point numbers are design numbers.

FACTORS AFFECTING DESIGN

After manufacturing conditions, service limitations,
and production facilities have been considered in the
selection of a type, the next necessity in desighing a
rib is a knowledge of certain principles of broad appli-
cation that govern the distribution of stresses. Fol-
lowing is a discussion of certain principles of design
developed from a study of test failures and a knowledge
of the stress that a member is capable of sustaining.
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rigid connections between members, such as those
encountered in airplane design, stresses are introduced
through chord deflections, and members that are
mutually supported transfer their stresses to one
another. The support one member gives to another
may range from a condition of perfect fixity to one
where the induced stresses are greater than the direct
stresses., Wide diagonal or post members increase the
fixity of the cap strip and as the cap strip deflects
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secondary stresses are introduced into the compres-
sion and the tension members. The secondary
stresses act to deflect the diagonal and to increase the
stresses in it. In a pin-connected truss, on the other
hand, one may say that there is neither fixity nor

secondary stresses. With rigid connections bending |

is thrown into the diagonals and the posts as the cap
strips deflect and the length of effective column is

|
|

REPOKT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

and the posts amount to columns with partially
fixed ends. D

The effect of secondary stresses varies not only
with the type of rib, but in a given type varies also
with the details of the fastenings and the proportions
of the members. Ribs with full plywood webs are

I relatively free from secondary stresses of a nature

corresponding to those that occur in the joints of a
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FiGURE 6.—Relation between breaking load and weight of rib for parallel-chord rib sections with full
plywood webs

Note.—Each point is the average of three tests. Point numbers are design numbers.

made greater. Such a condition amounts to a nega-
tive fixity and is similar to an eccentric load with a
pin connection. The column in this case is resisting
chord deflection. When the end connections are
such that the diagonals and the posts increase the
bending in the chord—that is, throw additional stress
into the chord—there is positive fixity in the diagonals
and the posts. With such a condition, the diagonals
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truss. These and other plywood types are inefficient

in taking the large compression in the lower chord
| unless the cap strip is wide beyond practical limits. It
the cap strip is made wide and thin in order to cbtain
lateral rigidity, it may buckle as a thin outstanding
flange. The strength of plywood ribs in serviee
depends largely on the efficiency of the lateral suppert
| furnished by the connection to the wing covering.
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The lateral buckling in ribs with plywood webs is
either a buckling of the cap strip caused by the column
load along its length or a buckling starting in the ply-
wood web and drawing the cap strip to the side with
the web. With ribs that buckle in the web, stiffeners
placed to resist the web buckling add considerable
strength, but with ribs that buckle in the cap strip
such stiffeners do not materially increase the strength.

In rigidly connected truss types the design must be
based not only upon the primary stresses; full con-

13

in the cross section of the member, the secondary
stresses may be reduced.

Wide members, of course, are subject to much
larger moments and secondary stresses than narrow
ones, and two narrow tension members will often be
much better than a single wide one of the same cross-
sectional area.

In the design of glued joints, such as those at the
intersection of truss members, a stress of one-fourth
of that used for shear in the wood parallel to the grain
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FIGURE 7.-—Relation between breaking load and weight of rib for parallel-chord rib sections having full
plywood webs without bracing

Nore.—Each point is the average of three tests. Point numbers are design numbers.

sideration must also be given the large secondary
stresses that occur even in the best construction. In
poor construction the secondary stresses may be the
primary cause of failure. If a member is made less
rigid in the plane of the rib and near the end fastening,
by such means as a joint in the diagonal or a reduction
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should be used in calculating the required glue area.
This rule is predicated on the assumption that the
members are so proportioned as to avoid excessive
secondary stresses. Using such a stress value does not
mean we have a factor of safety of four, because it
includes a factor of two to take care of the cross-
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banded shear stren,-th, and an additional factor of
two to take care of secondary stresses. In good con-
struction, we find, the secondary stresses in these joints
will equal the primary stresses.

The fastenings at the intersections of ribs and spars
are vital points in design. Strips or angle blocks
used in all four corners of each spar intersection con-
tribute greatly to the strength of a rib. All these
joints are likely to be cross-banded (the grain of one

piece at right angles to the grain of the other) and to |

have high secondary stresses either from the load or
from shrinking and swelling.

_ Nailing is sometimes resorted to under the supposi-
tion that it will increase the strength of a glued joint.
Tests have demonstrated that the nails do not come
into action until the glue has given way and that the
reduction in strength caused by each nail is equivalent
to that caused by a bored hole the diameter and the
length of the nail. In light cap strips, this reduction
will amount to as much as 20 or 25 per cent.

Data on the strength of ribs having either com-
pression diagonals or tension diagenals adjacent to
the spars are given in Table I. The ribs were of
similar design so that differences in strength are due
chiefly to differences in the types of the diagonals.
In comparing these two types it is necessary to make
nse of high-speed loading, because with low-speed
loading failure occurred in the web of the nose section
in many of the ribs, snd such failure gives no indica-
tion of the relative strength of the two diagomals.
The lack of correct indication accounts for the ribs
with tension diagonals appearing stronger in low-
speed loading in some cases. The data show that
compression diagonals in the panels mear the spars
are somewhat stronger than tension diagonals. Fur-
ther, tension diagonals are harder to hold at the joints
hersuse when stressed they pull away from the other

‘members, while a compression diagonal pushes more

firmly against the members to which it is attached.
Again, much greater glue area must be provided than
a tension member would furnish if made only large
enough to withstand the tensile stress. In designs of
reinforced plywood trusses, tension diagonals can
often be used to advantage because of the large area
available for gluing. In truss design the matter of
proper fastening at the joints is a problem that should
always receive special attention from the designer.
A perusal of the appendix will disclose the fact that
very often the first source of weakness in a great many
of the designs was in the joints.
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Tipre I—COMPARISON OF TENSION DIAGONALS
AND COMPRESSION DIAGONALS OF BS-1 WING
RIBS UNDER HIGH-SPEED ! LOADING

Rin |Design? | Netlift |Weightof{ =
Type of truss tenglk | No. Type of stress load, P | rib, W W
Inches | | Ponndz Dunced
Prutt - 48 : ; 578 . 86
] :
AVEDBEe ... | .- 25 e e it RRO LN g i
Howe............| {8 4 | Compression__|  n e | W
Do...cooo..| 48 o B | R R 701 66 | 1z
Do | 43 4 el 48 83 | 1
ANVOTRRL oo s T 8.4 | nz
Pratt, ... [ es | A | Tension. . ... 654 u.2 | 27
] e o | A |....doo ... 7E1 25.0 al
Do ... ‘ b1 A Eooodoliiiaaas T 4.8 32
Average i EP R LA oty R S 742 | e a0
Howe. . _._.... 96 |’ 4-A | Compression. . B21 ny |
1 T W 96 (T I PR, S 7] 2.3 3K
ot e | 96 | 4-A |.....dol... 00 B.9 35
Avarage. .. |ocoooooc|oeeo e A74 | 0.8 a7
1}

| 1n low-speed loading the failures were not at the ends of the diagonals.
2 The designs are described in the appendix.

In the design of trusses a large moment of inertin
is sought so that members may be light and still have
high column strength, especially in the plane at right
angles to the plane of the rib. Data on the strength
of trusses of similar designs afforded an opportunity
to compare sections with diagonals of various. cross
sections. Double compression members with a spacer
at the center were found to be about one-half as strong
as the same members brought together and glued
throughout their length when the length was such as
to throw both in the Euler column class. Two such
members unattached would theoretically be one-fourth
i as strong as when glued throughout their length.
{ “This difference is accounted for by the resistance to
' ‘shear offered by the glued joints at the ends and at the
spacer block.

The increase in moment of inertia occasioned by
the spread of the members can not be taken as &
measure of the increase in strength. Although com-
pression memtbers of U and of cruciform cross section
are stronger than those ol rectangular form as long as
they are designed to avoid twisting and excessive
secondary stresses, their increase in strength is far
helow their increase in moment of inertia: For ex-
ample, the three types of diagonals used in the ribs
listéd in Table 1T have the same cross-sectional area,
while the moments of inertia for the rectangle, cross
| without fillets, and cross with fillets, are as 1, 2, and
26. Yet because of the increase in secondary mo-

| ments and twisting of the diagonals in design No. 101,
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in spite of an increase of 100 per cent in moment of
inertia, it still was only 18 per cent stronger than No.
102. The wide members in design No. 106 included
still larger secondary stresses, but the fillets prevented
twisting and the larger moment of inertia increased the
load. to cause failure over that of No. 102 by approxi-
mately 70 per cent only, instead of the 160 per cent
indicated by the increase in the moment of inertia.

TaBLe IL.—COMPARISON OF RECTANGULAR DIAG-
ONALS AND CRUCIFORM DIAGONALS IN PARAL-
LEL-CHORD WARREN TRUSS! RIB SECTIONS, 44
INCHES LONG BY 15% INCHES DEEP

|
Cross section of 5 Design? Rib | Net lift
diagonel Fillets No. | No. | load, P
Pounds
Square 102 4 (58
Do 102 5 558
102 6 683
Average_ ____.|oocoooooieooo.. S mnl | S €33
Crugiform_._oo._.. | Noned._..._____..| 101 1 758
Da.... Y (PR « [\ X S 101 2 733
Average.o..|ooeooo | | 740
Creuelform. ... i 16 | 983
D A 17 | 1,033
Dol . - 18 1,218
Avernge 1. 081

I'In all 3 of these designs the diagonals were of the same cross-sectional erea end for
all these ribs failure was in the diagonals.

2 The designs are described in the appendix. '

! In this design the diagonals failed by twisting. Design No. 106 gave much higher
loads because the moment of inertia was increased and the fillets prevented twisting.

Practical considerations often lead to the manufac-
ture of ribs not of ideal construction. A truss with all
its diagonals and posts rectangular in cross section
and of the same size, for example, has only one-half
the advantage of the ideal truss over the ideal full
plywood web without bracing, and has no advantage
over the ideal reinforced plywood truss in which the
reinforcement is proportional to the stresses.

From results on strength tests of truss sections, it
appears that the coefficient to be applied to the Euler
column formula for the strength of compression web
members in a plane at right angles to the plane of the
rib is about one and one-half.

PLYWOOD TYPES

The laboratory tests of various plywood types
brought out a number of factors that affect design.
With plywood of a sufficient thickness, or so braced as
to prevent buckling, and with proper bracing te pre-
vent bending of the caps out of the plane of the speci-
men, bending stresses can be calculated by the usual
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S=F, Mo formula. In calculating the moment of

I
inertia (1), however, only that part of the plywood with
grain parallel to the axis of the specimen can be used.
The form factor for the specimens in all heights tested
was very low, reducing the modulus of rupture to prac-
tically the compressive stress parallel to the grain,
Now, if the web can buckle easily in a plane at right
angles to the plane of the specimen, failure by buckling
will o¢cur before the stress in the extreme compression
fiber has reached the ultimate compressive stress par-
allel to the grain. Three methods can be employed
to increase, the vertical stiffness of the rib, one of which
is to put the face grain vertical. With three equal
plies, doing this is at the expense of the moment of
inertia to resist bending, but the resistance to buckling
is usually of greater importance. Another method is
to glue small stiffeners on the web, and & third method
is to separate the face plies well by some light core
stock such as balsa. .

No tests have been made and no criterion has been
set up at the Forest Products Laboratory by which the
degree of rigidity required in plywood webs can he de-
termined absolutely. Approximately, however, it
may be said that any unit in the length of the rib, in-
cluding its proportional part of the stiffeners, should be
able to carry, as a pin-end column, two-thirds of the
load that will come upon this unit of length when the
rib is loaded to failure.

A comparison was made between rib sections built
up with balsa-core plywood and corresponding sec-
tions having three-ply poplar plywood with stiffeners.

_Table III gives data for this comparison. It is evi-
dent from the table that balsa-core plywood without
stiffeners is about equal in strength per unit of weight
to three-ply poplar with stiffeners. With lightening
holes in the rib, however, the ease with which the
balsa-core tears apart offsets the advantages gained by
separation of the face plies.

A comparison was also made of rib sections having
plywood webs with balsa cores of various thicknesses.
Data for this comparison are in Table IV. These data
show how the strength increases with the core thick-
ness, because of the separation of the face plies, which
gives greater column strength to resist buckling in a
plane at right angles to the plane of the rib. The
increase in strength is greater than the corresponding

- increase in weight.
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TasLe IIL.—COMPARISON OF BALSA-CORE PLYWOOD WEBS AND THREE-PLY POPLAR WEBS IN PARALLEL-
HORD RIB SECTIONS 44 INCHES LONG

3%-inch depth 734-inch depth
Plywood webs \ Plywood webs [ .

Linkign ! . . Nt lift ":,“ B4 P | Design: ot jen| ¥ EiEN E

UL Thickness of ' load, P W | No. Thickness of ] _ |iead, P| o'

pliea | Bpecies of wood Bracing | plles Species of wood Bracing
Inch | Pounds | Ouncea Inch t Pannds | Ounces

fmee i il %

3. E i 5 = 0 0 0 ' 5
L1 SR ‘ Vi +Jha+ liq 440 7.0 (60 wa - o | lgo+ifo+1ke 893 | 1L3| 79
Average:| s i inrelar s taramnien s o i 444 7.3 61 i AVErege...|.. oo i ] 1.3 | 85
Hattot Mo 558 80170 || MTY. ... Yeo+lbo+Yhe Bi4 g2 02
Ho+Mad-Me 724 7.7 | 94 .| Yso+Ybo+1so 600 0.0 | 100
-[ Meot+iao+ Yo 568 7.8 |73 Yho+ho+150 928 9.0 101
AVerage. |iocceamimnian. 617 7.8 71|  Awverape...|._...ooo .. #91 h1| 98
Lho4-Yso+1ho 848 e1| 93
l .| Yo+bs0+160 803 ©h| 93
| Tho- oo+ o 78| 9.0 84
1 Avernge . |.. ..o PIRBMCIPITY oto 3 o i) UG U P B3z 9.2 %
o] MacFs +3ie | Matiogany +belsa | Mone_._.[ 366 5.9 62| 187, ... Yis+% +ls None. .. gas | 128 74
Y+ +Me 423 5.9 | 72 cooo| Ms+36 +Ua L[ 123 18
Mt +Ha 413 6.2 | 67 —o-o| Yatlk +Ms H.E| 92
ASRARA ] i e e e 401 6.0 | 67 P 1 | (R el ] A R TN (e S SO 12,1 8
MRk oaooooo Ma+Ha4lia | Mehogany+-balsa+ | Nona . 449 5.9 78| 178........... Ys+342+Ys | Malogany +hataad | None_..| 1,143 11.2 | 102

mahogany. mahogany,
B oo MetMatbMe o dig, vk im0 [ 455 [N L — Yis+¥atbis | oooO e oodoo .. 4! Inel 83
IT!...‘.......I Spthetbee ..o . .. _l..do_... 478 6.0 |78 | 178 _.eenanaal] L4 +84a414s | . L | 1L | 112
SGEERR IR e st 2 Bt ey o e iR E e 481 8.0/ 76 § ST T e e LR 1.0 |
R -] HedHetMe | Mahogany+-belsat | Mone._ | 450 7.7) 60 || 188 oo . Yis+¥e+¥is | Mahoguoy+balss+ | Nome...| 95| 15.0| 72
I mahogany. MahogAny.
[ SRR | MsdFHotHo oo do s liiiiaan oLl 825 7.5 70 || 188 ... ... .| Ys+Ho+Ws [-..-- TS AT SR __.do___.| L0211l 41| 72
194 | MatMaMy | de o ______|_.do_._. 500 7.5 |68 (| 188 ________.__| Yis+IHe+14s |...-. [- RO S | SN LR ﬂ
Average || 402 | 7.8 | 85 Average ol | enieezanisaean 1,08 | 14.0| 75
1 The designs are described in the appendix. 1 The web of this design has lightening holes.
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TasLE IV.—EFFECT OF THE THICKNESS OF THE CORE ON THE STRENGTH OF 44-INCH PARALLEL-CHORD
RIB SECTIONS USING BALSA-CORE PLYWOOD WITH Ye-INCH MAHOGANY FACE PLIES

37%-inch depth

734-inch depth

Thiek- Weight P
Design ! No. ness of Face grain fg:g li;t) of ﬁ"ib. W
core g

Thick- s Weight P
Design! No. | mess of Face grain Net lift | , |
core load, P w w
Pounds | Ounnces
258 5.3
258 5.4
208 5.1
13 | 53
320 iR
343 5.4
25 5.8
E i b7
343 | Longitedizal.. ... = 366 5.3
da |..o.. e L W N _..I 408 50
o e IEodRI S s e 33 5B
L ST TR TP PP R | i 5.7
A4y | Longitudinal .. _.......| 48 8.1
| A i oo 33 (19
iz 0.4
1 01 04
. 266 59 |
424 519
413 62
Average.. __. T e W 401 .9} &7
183 iﬁ Lengltudinal. .. ......_.__ 445 67 ]
et ([ ) Eei g R 421 at| @
3 13 N 375 13| B2
114 69! Bo
_ —
172._. Lopgiludinal. . oz 449 59 T
1725 S = oS 455 1 T8
172. 478 L1 78
I . LIS L= 401 8.0 70
184, 3 | Longitudinal.. ... _____ | 450 77| =8
184. 34 o ORI D S S v 525 7.5 it
[ 500 7.5| 66
¥z 7.6| 05|
148 a0 3
2 4.8 3]
A2 al 47
=T 50 48
2, 5.6 7
248 5.1 48
300 51| &l
280 53| &3
300 bE 53
4 5.8 8l
368 5§ 53:
334 57| o
320 59 -
461 LS| B
] Ab 549 i
AVOTARE o i | e G b e s i = J 436 6.0 Mi

Pounds | Ounces

Longitudinal 630 9.0 70
d 655 9.0 73

606 83 73

630 8.8 i

868 10.9 80

648 11.8 55

834 10.9 78

783 11.2 70

580 9.4 62

794 9.6 83

650 10.1 64

S = 875 987 T
| vongitudinat.. ... 1,084 1.0| o6
_____ 708 10.7 | 66
..... do 658 11.0 60
807 10. 8 74

750 11.0 68

678 9.9 68

559 11.0 51

662 10.6 62

935 12.6 74

806 12.3 78

1,058 11.5 92

AVRIRERCs - | L e I TR D e Lol 986 12.1 81
Lonsttudiusl 1,143 11.2 102
SR [ - T 905 10.9 83
1,234 11.0 112

1,094 11. 0 99

805 13.9 72

1,021 14.1 72

A 1,153 14.1 82
Avernge. .- TRy AT 1, 056 14.0 75

| The designs are described in the appendix.

In connection with the use of balsa as a core stock,
it was found that when lightening holes ere added the

strength drops very rapidly, because of the ease with
which the face plies pull away and tear the halsa core
apart around the holes at the least tendency to buckle.
Shrinking and swelling at times cause a separation of
the balsa core at the raw edges between the cap strips,
and the Forest Products Laboratory, therefore, recom-
mends nailing through the cap strips, although, as
previously stated, it is not usual to recommend nails
in cap strips.
100510—30——3
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Results of tests on rib sections having vertical or
longitudinal face grain show that, for normal core
thicknesses, greater strength can be obtained with

. vertical face grain providing the webs are not lightened.

(Table V.) When lightened plywood with stiffeners
was used the best results were obtained with longi-
tudinal face grain. Grain at an angle of 45° to the
chord will not give so great strength per unit of weight
as either the longitudinal or the vertical face grain; in
all cases the grain of the core was at right angles to the
grain of the faces.
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TapLE V.—COMPARISON OF LONGITUDINAL AND VERTICAL FACE GRAIN ON WEBS OF PARALLEL-CHORD

RIB SECTIONS, 44 INCHES

LONG BY 73 INCHES DEEP

1
Full webs with bracing ” ‘Webs with lightening holes
Plywood web = | Plywood web l I
. i Net lift | eight of| £ | . Net it |Weight of] £
Design’ Noull e~ — — load, P | b, W | W | Designt No. ] load, B | riby W | 7
At Species of wood | Face grain nelss " | Species of wood | Face grain

Jnich i Pounds | Ounces Inch Pounds | Ounces
310 1N S e LI Yul.lgw poplar___| Longitudinal_ 638 6 | 68 178 5.8 31
A [ A RN S (8 a1 Ha 6.2| 33
87 135 7.0 | 19
L8 174 5.3 | 2
A 8 6.2 4
™1 135 26| 20
13 303 d.4| 16
|| o e % 129 6.4 20
Yellow poplsr._ BH | 8.7 | 38
da-__ cy g% gg

L] 5
|l 64| 3
3 51| 38
o3 54 32
e B 68| 31
ATOIAEE. | oooooo| oo El g4 33
168. g | Mahogany . B 87| 48
o8 al.....do... % gf gin
7L |; .8 | 53
[BL 6.0 | 8l
74 6.a | M
] 7.0 | 38
.38 6.7 35

1 The designs are described in the appendix.

The comparison of single-ply spruce with three-ply
poplar of the same total thickness, for web material,
was limited to one depth of section and two designs,
one with lightening holes and stiffeners and one with-
out. (Table VI.) Designs can of course be made in
which so little material is left between lightening holes
that longitudinal shear will occur in the spruce at low
loads, but in this investigation it was attempted to

have enough material so that there would be little
likelihood of failure caused by shear. The single-ply

spruce proved much stronger than the three-ply poplar
when lightening holes and stiffeners were used in both
and somewhat weaker when the web was not lightened.

Each™ design of both parallel-chord specimens
and regular wing-rib sections is discussed in the

appendix.

TapLe VI—COMPARISON OF SINGLE-PLY SPRUCE WEBS AND THREE-PLY POPLAR WEBS OF EQUAL THICK-

NESS IN PARALLEL-CHORD RIB SECTIONS 44 INCHES LONG BY 3% INCHES DEEP

Waly
Number of plies Tlilckness of Species of wood
- ) nch ' o
1 ﬂn 0= o611 PR R PP e
1 0 |asaas do.
EE T . i [ PSR B
AVEIAZe ... ST o i St Sackay bihakead
. . R Rl |- Vot DO i s Sk s g a2 eiitic S e st
1 : aaI}in+Ha ..... P
a3 ST B 15 o T 1 PR de_
PN LTS T

CONCLUSIONS

1. Wing ribs, with their rigid connections and re-
dundant members, are not amenable to accurate
calculation.

2. The first necessity in designing such a structure
is a knowledge of certain principles upon which the
selection of a type for a given airfoil section is based.

3. Following the selection of a type, the calculation
of approximate strength values must be guided by
principles of broad application that govern the distri-
bution ot stresses and control the design of members
and details.

4. Wing-tib design is still dependent upon. the re-
sults of strength tests on complete ribs, and to some

I-‘u.l.l-wah Lightened web
Net lift Weight of P | Net lift [Weight off P
load, P tib, W | 37 | load, P | tib, W | W
- Pounds | Ounces Pounds | Ounces

568 7.9 71 345 6.1 57
568 8.3 -] 330 5.7 58
498 8.8 v 334 6.2 54
...... ! 541 .3 | 88 T 6.0 o6
5 | 0| f0| e % ]
S—— T4 i 203 a1 33
............. ey bl ] 4 T2 183 .1 27
617 78| ™ 180 | (] 30

5. On a strength-weight basis, various types are of
various efficiencies, with the truss type heading the
list for all sizes and proportions.

6. Although a truss may be the most efficient type,
it can not always be selected as the most suitable type.
Manufacturing difficulties will make a place for the
various other types.

7. Poor design or design with some special consider-
ation for manufacturing details in any type will often
reduce the efficiency of that type below the efficiency
of a poorer type.

8. When selecting a type and when considering various
designs in that type, the Forest Products Laboratory
recommends careful consideration of the elements of

extent will continue to be so.
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design discussed in the analysis and in the appendix.




APPENDIX

Extensive tests for the study reported here were made on ribs of the BS-1 airfoil section (the results appear
in Table VII) and on parallel-chord specimens. Different types were compared in various sizes and often many
designs were tried within a given type. Following are comments on the various designs and descriptions of the
failures.

The ribs tested are illustrated in the figures that are assembled at the end of the appendix. The index for
the figures appears on page 54.

Tasie VI -SUMMARY OF STRENGTH TESTS ON RIBS AT STATION 3 OF THE BS-1 AIRFOIL
CHORD LENGTH 48 INCHES

Net lift load Type of failure
Rib Muisture
A ! Welght | conlent |
First test|Final test | First test Final test
Design No. 1
Low-speed loading.._........_... A & /T 12.2 BT | Nosecrushed ... .. ... Nosob broke oft.
R | N S R et 0.
_____ Tail broke off.
Average-. . e leesreslmreeans
High-speed loading._. ... MNose hroke off L. i iiiieeees TailDbroke ofl.
S .35 0.
Web in tail buckled and broke.
Do.
Average.. .. _................
Design No. 2 [
Low-speed loading........ . . ______. 1,22 8.7 .. Web buckled at lightening hole
1,428 8.8 . Do.
1, 28 58 - Do.
AVerage.................. o, TEP LTS i 1,385 8.8
High-speed loading . U [ . ) EETa s BAR T SR P Sy - e M Do.
59 R ] 811 8.8 ; C Do.
i . Ti2 88 ; Do.
Average__ .__.__..... .. E 650 N 3R TR RREEY |
—_— S ey i
Design No. 3 2 |
Low-speed loading...... ... 1 1,058 6.7 § E 1 ) A i ‘ Diagonal pulled web away at front
spar.
i ri] FRRSOREEE Za ! Do.
a7 ai Do.
AVerage, .. ......oooo.o..... | i IEm
High-speed loading .. _ ..__....... .. [ (i) SRk e . Diagonal pulled web away at rear spar.
87 87 R Do.
9] 817 Do.
Average_........ R G - 87 ficandaanta
Design No. 4 =
Low-speed loading....................... 7 1 799 | 6.3 Nose crushed,
I8 744 6.3 Do.
|9 857 6.2 Do.
Average.... | b Sak .
High-speed loading............ 1. ' Bid a4 {1 PR Pl ...| Diagonal pushed web and ‘cap away
| | at rear spar. '
‘ 11 lescoocsawad 01 [ ] RSP W e 5 AT M Do.
T, RERE | 748 &3 9z Fer et Do.
Average. . ERe T . | aar e T T B oiiiiinan.
Design No. 5
Low-speed loading_..__. ............._.. 1| e 1, 268 7.1 BT |iiscsssancramanmemasasnsmsssnnamnnnana-s| NOSE crushed.
14 66 7.2! . ] Do.
: 15 7.5 > Do.
Average. ... !
High-speed loading. ......... . i 1| 7.6 ( Lower chord broke,
17 7.2
1% 7. l Diagonal broke.
AVerpge. .. i 952 7.3 |
! The designs are described in the appendix. ? The weights given do not include reinforcement.
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TasLe VIL.—-SUMMARY OF STRENGTH TESTS ON RIBS AT STATION 3 OF THE BS-1 AIRFOIL—Continued

CHORD LENGTH 48 INCHES—Continued

Net lift load Type of failure
Rib — 2 M = -
No. Weight | “content
| First test , Final test| First test i Final test
= 2 | - = o
Design No. 6
. Pounds | Pounds Qunces Per cent
Low-speed loading.__. 19 716 1,822 8.4 8.3 Nosecrushed, = ...l wann—a| Ril sheared al rear apar.
20 ¢ 656 1,957 8.5 8.8 da. . .| Webin tall bucklsd.
21 ‘541 2, 267 8. 5 boomtammiia i oo e s ok B Rl e . --| Web buckted near front spar.
Average. ... L e e 2,015 [ 3. | ME—
High-speed loading. ................. 008 8.4 Web in tall bugkled.
1,243 8.5 Do.
1,308 8.5 Do.
Average. 1,183 8.5
Design No.?
Low-speed loading ... .. pTY) T 683 | 6.8 Web buckled st lightening hale.
26 838 7.2 Do,
b1 ] Pl ety 738 7.1 7 Ida,
AVOrage. cccecaicacamenca e ciand P S —— 693 7.0 ,.__....__J
High-speed loading. .......... ... .. 28 435 7.6 Da.
b ) P 356 7.2 Da.
804 318 6.8 | .9 Do.
Average . Rl N e . 369 7.2)}. |
Design No. 8 | -1 3
Low-speed loading_.__. . . R D 1 3 JE 761 7.0 A1 ! ven--.---| Lower chord broke.
32 781 6.9 |emaiicza]as 5 (BTN
E ) P—— 751 7.1 84| Laa,
AVOTBEO - memeemeeeemmemimeee T [ 7684 7.0 |
High-speed Joading. .. ..cocuceumieuoin. 3 510 7.00 A1 [ s e et B,
35 (SRl 522 8 R i Do.
E L —— 504 6.9 | o Ko HE D,
Average.. = .o..iilliiiciimiesmaes 512 6.9 luxge iy
Design No. 9 I o
Low-speed loading.. .. - 1 " 486 5.7 .. Lower chord huckled.
38 | miiaam 568 5.7 Do.
39 876 5.6 Ziam Do.
Average. ... - anra 577 5.7
Iigh-speed loading. S (T ) S 301 56| ... Tail section buckled.
41 432 56 JE— Do.
484 5.7 — Do.
Average..... ... . SR [e—_— 436 5.6
Design No. 1( |
Low-speed loading .................... 43 1,751 7.8 Chord broke near front spar.
44 | 1,606 7.7 0.
45 1,383 7.6 Nose broke ofl.
Average. . 1,610 7.8
High-speed loading. - 48 9808 7.7 Chord broke near reat spar.
v 4 I 1,032 7.8 De. :
48 |ocsas swmnal 839 7.7 Do. .
Qverage.. I | A L 026 7.7 |mmmiceaa
Design No. 1t
Tow-speed loading. .......... P '] 1,037 | 1,559 7.2 fexi Lowear chord hroka.
50 802 1, 502 7.3 |- Nese failad.
| ) ) e | 1, 502 7.2 Chord broke in tall.
Average.  ieeeieeeeiiaeaoa lammmnn gmrm—n—e 1,521 | 7.2 |-
High-speed loading. . ..-.... TR 52 481 755 7.2 Lowsr chord broke.
Filszmadan 809 7.3 |- Do,
54 B 904 | 7.3 Do.
Average..... = ecemeeiaaaeafl L S 823 | 7.3 |ecannaa aes |
CHORD LENGTH 9 INCHES
T o |
Design Nov. 1-A
Low-speed loading. ... _ ............. [} 5, 204 4, 164 1 ‘oeeo.-a...-t Tail broke off.
|, 4,300 53,1 : Do.
) EStasag 4,441 5. & Do.
Average. ... L1 | 4, 30% v i, RO e
High-speed loading . ... _.__._ 1,822 52.7 i T 2 Do.
4,050 51.8 1L4 | & Do.
J, T30 52,0 LB . Do.
Average...__ 1,887 Sl
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. TasLe VIL.—.SUMMARY OF STRENGTH TESTS ON RIBS AT STATION 3 OF THE BS-1 AIRFOIL—Continued
CHORD LENGTH 96 INCHES—Continued
Net lift load 1 Type of failure
Rib Mofatire)
No. 3 Weight content a
First test | Final test First test Fipal test
Design No. £-4 3
L peed loadl 25 Pom:ﬁa s 0“753“2 s Web buckled at lightening hol
OW-S oading.. .. ... . _____.. 202 et @l ed af ning hole_...._.
" i o o S Web buckled at lightening hok.
0.
) Average...__.__._________.._..._..
High-speed loading._.._._..__.__._._..___. Do.
Do.
Do.
Average.. ___________________..___
! Design No. -4
LLow-speed loading._.____________._______. 1,331 %.6 Web of cap broke.in nose:
8 2 0.
i: 2236 %g Diagonal pulled web away at front spar.
Average. _____.__ ... _|..... LIE— 1,282 4.6
High-speed loading_._...___________.._._ 854 24.2 | Diagonal pulled web away at rear spar.
783 25.0 Do.
760 24.6 Do
Average.... ______.___________.__. BT EEE 742 2.6 | ..
Design No. 4-A :
Low-speed loading..._...____.._______.__ | £ 1,491 2.1 6. 81|t i g i e s s N lara ST
8| 1,621 2.2 7.0 i Do,
i 1,421 23,8 i i e o T e e s R Dn.
Average _______ ... ... __ Semi e il mwee s s e e Sl e e
High-speed loading._.________._._______._ 10| 820 8.7 7.3 Jemmen i o i e S TR SR L Diagonal pushed web and cap awsy
at rear spar.
1 [ T 902 Do.
12 |5 r e 900 Do.
Average 874 P2 | e
. Design No. 5~-A 1
l.ow-speed loading_.____________________. 18 (oo s o 2,918 32.51. Lower chord broke.
[T 24 33.5 2 Do.
16, ||saiimias 3,218 33.3 Nose broke,
Average_. . . |osec|oesmn s 2,958 33.1
High-speed loading. ... ______________ i [ 1| — 1,131 33.4 Lower chord broke.
17 (xR 1, 266 33.1 Do.
p | I iy 1,227 32.3 Do.
5 Average, . ool S Jasmma]esamnanisn 1,208 329 [ _sicooocs
Dexign No. B-A | ' i
Lasw-spoed loading . it . B0 2,020 2,219 37.4 |.....__...| Lower chord buckled._._..._.._.._____| Lower chord broke at joint.
38 2,021 2,446 3.4 St Lobwei chord buckled aund disgonal Da.
raks. 5 :
39 |or somnan 2, 146 87. 2 [icsasvata it v e SRR L e o Chords and diagonal broke in tall.
AVEERRAD - oo e o e 3 e | 2,270 37. 8l |z
High-speed loading. . _._........._....._| 40 900 1,074 37.8 |...ooo....| Diogonal [o tafl broke. . ... __ anvesws| Toower chord broke.
41 1,078 1,178 38.0 |--oceeee-d] (RS [ S e i Do.
Lol e——— 15 4 87.0 |oampris il s = R Do,
T e | R | S—— 1,150 8758 urwalumatitgs
Dexign No. 41
Low-speod loadiog-.. .. _______________ { LOWBI‘ chord broke.
0.
x Do.
A BRI L L e e
Flishespeed loadlng. ......__._.. Lk i
Hihss peelt-l6edlng Lower chord broke in tail,
Do.
VRTARS e - 500 IS L
Dewign No. H-A4
Low-spewd loading.......____________.....| 56 2, 704 3,004 38.0 Lewer chord broke.
56 2,84 3,104 37.6 5 Do,
" 57 2, 504 3,229 37.8 |.... D,
PENTETE { R RO (R 2,671 |osspagraa 3.7 .
High-speed loading, ____._._... _.______ 58 1,314 1,038 Diagnns! ad jmm o resr spn.l‘ broke.. Do,
69 1,314 1, 858 o Wt T . L Do,
. 60 1, 503 1,842 3.7 P e o St e et e o i Do.
AVETRES. v ... e Y e Y TR T P

3 Small stiffeners near the edges of the lightening holes were clamped on rib 26 and glued on rib 27.
4 Rib 15 was reinforced before tes
$ Ribs 35 and 36 were rein(eroed betore test.
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TasLe VIL—SUMMARY OF STRENGTH TESTS ON RIBS AT STATION 3 OF THE BS-1 AIRFOIL—Continued
CHORD LENGTH 9 INCHES—Continued

| Net lift load ]

Type of failure

‘ Rib Moisture| . -
No. Weight | ontent 3
l First test | Final test| - First test Final test
Design No. 11-A4
FPoands | Pounds | OQunces | Per cent
Low-speed loading___._ ....... ... ... ._ 43 2, D4 2,724 .6 1.1 Dlagonal adjacent to front spar broke Tail broke ofl.
44 2, 584 3,064 YU ey [ | Pl e L Lower chord broke.
45 i __________ 3,336 35 ] o e emmaman Do.
Average. ... _.._| .J .......... 3,041 R )
High-speed loading. . _..___._..._ .__.__ T 1,071 1, 386 .4 e Dlagonal adjacent to rear spar broke...| Chords broke.
47 9! 1,452 4.0 ) I T [P s [ et et R ooy I e Do.
| 48 |-z 1,486 .4 TGN [, S R Do.
AVOrage. . ... . el i 1, 441 M3 |
Design No. 12-A [
Liw-speed loading_____.__. L[ 6l 604 1,279 .| Chord broke.
62 579 1,279 Do.
63 479 1,383 Do.
AVOLARR: 2 o i St FRTRPaTS | 564 1,314
High-speed loading. . 64 382 871 Do.
65 348 658 Do.
| 68 417 727 Do.
AVOrBEe. . feomo 382 762
Dasign No. (4-A S
: | 2
wospeed loading. ;. | 67 B0 J.::aiwsis 2.5 | ... Weh buekled oo i
= | sl TR ET i i sy e -| web buckled
(L) PR 1,879 26, 7 fe b e i .| Web huckled, breaking bracing
AverBga_ ... ... . it avarar s ..!__.... ] R ] L =
High-spoed lvading. . PR — 331 8.5 (. -| Weh buekied, - =
ek ik I e I ) e Rl o | Web buckled.
T2 |osTasnsia 1,124 208 [xiioie e To,
B, 0 TRt S (o w W L | et e Y e et | =
Deriprn No, Ii-A
Lorw-speed losding ... SR 73 - 879 1,079 16.0 | M | braie e Lawer choril hroke,
| 929 16,0 [:22rizc s oS Do
75 954 16.6 o I Da.
AVEIRRE. .. oo [ | e 987 16.2 | ...
High-sieod loading.. -« ._. . .. __..| 76| 486 169 16.0 Po.
77 417 538 16.1 [.._ .| Another disgooal hrake,
78 417 538 16.1 .| L.ower chord broke.
Average. . I 440 515 16.1 |
N | —

- ¢ Ribs 67 and 70 had full plywood webs with no bracing. Ribs 68 and 71 had full plywood webs with 12.8 nuneu ahd 13.5 ounces bracing, respectively. Ribs 69 and
72 had lightening holes with decrease in weight of 9.6 ounces and 10.2 ounces, respectively.

BS-1 AIRFOIL SECTION
PLYWOOD TYPES

Design No. 1; 48-inch chord.—The original full
plywood type with stiffeners and a web thickness of
three thirty-seconds inch has been designated design
No. 1. The plywood of this design is slightly heavy,
causing a reduction in efficiency of about 10 or 15
per cent below the ideal for this type. In a preliminary
test the nose section of the design broke off. The
condition revealed by this test, however, was not
considered satisfactory, since normally th% inter-
mediate nose sections would receive their share of
the load and transmit the moments to the rest of the
rib by torsion in the spar. Thus, in contrast with the
load upon the rest of the rib, only about one-half the
load applied to the nose in test comes upon it in service.
The rib was therefore reinforced in the nose and the .

Design No. 1-A; 98-inch chord.—It was found in
the tests of the 48-inch rib that the web is slightly
heavy as compared with the reinforcement and caps.
In going to the 96-ihch rib, therefore, an attempt was
made to compensate for this lack of balance, which
resulted in a rib that rates well in efficiency. Failure
occurred through buckling and breaking of the tail
section of this design, No. 1-A.

Design No. 2; 48-inch chord.—By cutting lighten-
mg holes in demgn No. 1 its weight can be reduced
materially and perhaps it will still carry all the load
that is needed. In design No. 2, however, the lighten-
ing is excessive and consequently it resulted in &

-reduction of atrength far in excess of the reduction in

weight. (Table VIII). The ribs failed in test _by
buckling and breaking of the web at the lightening
holes. The design is 25 or 30 per cent low in efficiency

results of the tests reported are for ribs thus reinforced. | for its type.
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TasLe VIIL—STRENGTH OF WING RIBS, HAVING DIFFERENT DESIGNS OF PLYWOOD WEBS, OF THE SIZE
REQUIRED AT STATION 3 OF THE BS-1 AIRFOIL

Web Low-speed loading High-speed loading
Design1 No. Thick Species of wood P Pl;
= Net lift |Weight off £ | Moisture| Net lift (Wejght off £ | Moisture
ness of Type of web load, P | riby W | # | content | load, P | rib W | W | content
Core Faces ’

Ounces Per cent | Pounds | Ounces Per eznt
12,2 | 188 8.7 1,508 11,91 9739 = me i
122! 210 8.9 1,878 | 122 154 0.4
121 218 8.3 1,983 | 122 [ 18T |2 2y e

- 1,422 | 12.2| 16

122 208 |-ceeecene. 73| 121 4
140 598 89| 67)..........
88| 162 9.5 611 88| 69 9.8
138 10.5 742 88| 84 10.7

8.8 148 o 850 88| ™
8.4 | 217 8.3 908 84| 107 |.._______.
8.5| 230 8.8 1,243 8.5 | 146 %0
: 8.5| 206 1,308 8.5| 154 8.8
AVErage..... | s onm mino ool Catiin t e i e e TR T e 2015 8.5 28 . 1,183 8.5 7136 v adin s
[ T e %s | Mahogany. Mahogany. --| With lightening holes. . . 683 6.8 100 9.0 4356 T80 87 ||:ousigaz
(cESEEaE S S AR Ra R 349 s 1 T edo o _____dolf,gﬁ,,___________,_ 658 7.2 91 8.7 366 7.2 49 21
[N 34s | ..... (o [ St do B [ Q0. iy s e 738 7.1 [ 104 |-onczcean 316 6.8 46 a9
Average..... S 693 r 70| 88 | .......... | 360 A0 (T

1 The designs are described in the appendix.

Design No. 2-A; 96-inch chord.—The design made
by cutting lightening holes in design No. 1-A has been
designated No. 2-A. The usual failure of buckling at
the lightening holes resulted in a load considerably
lower than that which the reduction in weight alone
would justify. With small stiffeners clamped near
the edges of the lightening holes, which increased the
weight about 13 per cent, the load was increased about
40 per cent. With stiffeners glued and nailed on, the
load was increased to approximately that carried by
the full plywood No. 1-A and the ribs weighed ap-
proximately 15 per cent less. This last variation in
No. 2-A gives a rib that comes very closely to an
optimum load-weight curve for the type.

Design No. 6; 48-inch chord.—Design No. 6 is an
attempt to lighten the original design by using thinner
plywood. A web ¥; inch in thickness was substi-
tuted for the %.-inch web. In low-speed loading, the
nose section failed by local crushing under the load
block. The rib was repaired by renewing the cap
strip at this point and gluing a piece of plywood on
each side of the web in the nose section. While the
loads causing crushing of the original nose section were
less than half those expected for the ideal of this
type, those obtained after the repairs were made were
even greater than would be expected of the ideal rib in
which :he nose had the same web and cap as the rest
of the rib. These facts show that a rib of uniform
strength can not be obtained by using a web of uniform
thickness.

Design No. 7; 48-inch chord.—Design No. 7 is
merely No. 6 with lightening holes. As pointed out in
the discussion of No. 2, the lightening is excessive.
Further, when extremely thin plywood is lightened,
the reduction in strength is always far in excess of the
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reduction in weight. (Table VIII.) With the com-
bination in this design of excessive lightening and thin
plywood, the resulting efficiency was approximately
but half of that expected of the ideal for the type.
The ribs failed by buckling and breaking of the webs
at the lightening holes.

Design No. 18-A; 96-inch chord.—For a preliminary
test a rib with a full plywood web ¥%; inch thick was
used. As the test progressed and buckling of the
plywood occurred at different parts of the rib, rein-
forcement was c¢lamped te the web. This process
was followed until the plan of reinforcement shown in
the sketch of design No. 13-A was reached. In this
preliminary test, the reinforcing members were rec-
tangular and all of one size. For final tests the ribs
were made up as shown in the sketch except that a
solid web instedd of one with lightening holes was used.
In tests of these ribs, failure occurred by buckling of
the webs to such an extent as to cause failure in the
stiffeners. The ribs, however, rated well in efficiency.
As an additional development, lightening holes as
shown in the sketch were added in this design; the

| holes really throw it into the reinforced plywood truss

class. Such lightening gives a lighter rib but one more
efficient than the reinforced full plywood rib, a fact
that was also demonstrated in the tests of the parallel-
chorded specimens.

TRUSS TYPES

Design No. 8; 48-inch chord.—Design No. 3 is of
the Pratt truss type, which has tension -diagonals
adjacent to the spars. These diagonals pulled away
at the joint, shearing off the web of the lower chord
at the spar and separating it and the cap. Because of
the difficulty in sécuring tension'diagonals, the design
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is decidedly inefficient, falling far below the ideal for
the truss type of construction.

Design 3—A ; 96-inch chord.—The failure of the larger
rib of design No. 3—A was identical with that of No. 3

in the 48-inch length. The web that sheared off was !

twice as deep, although of the same thickness as the
one in the shorter rib, and failure might be expected to
occur at double the load. Because of the nature of
the union of the diagonal and the web, however, the
failure wotld necessarily be a progressive one, which
would account for the fact that an average increase of
only 25 per cent was obtained.

Design No. 4; 48-inch chord.—The Howe truss with
comparatively short panels, represented in design No.
4, has compression diagonals. In low-speed loading
the ribs failed in the nose section by crushing under
the load block. Such concentration of load, however,
would not, occur in actual practice where intermediate
nose sections or other reinforcement is used. There-
fore no comparison can be made ‘in this loading with
ribs of design No.3. A comparison in high-speed load-
ing, however, shows clearly the superiority of No. 4
over No. 3, although No. 4 is still considerably lower in
efficiency than the ideal truss type. Failure occurred
in some ribs of No. 4 by buckling of the diagonal inside
the rear spar and in others by shearing of the web of
the upper chord at this spar.

Design No. 4-A; 96-inch chord.—In the larger de-
sign, No. 4-A, the failures in high-speed loading were
similar to those in the shorter length. Again, this rib
might be expected to carry twice the load as that
which produced failure in the 48-inch rib. An increase
of but 22 per cent was obtained, however, since the
shearing of the upper web was of the same progressive
type as that in the lower web of the Pratt truss; in
the Howe truss the shear was transmitted by a com-
pression member and in the Pratt truss by a tension
member.

Design No. 5; 48-inch chord.—Design No. 5 differs
from No. 4 principally in that the chords are channel
sections instead of T sections and that it has two panels
between spars instead of three. The low-speed tests
were not indicative of the efficiency of this rib because,
as noted under previous designs, lack of nose reinforce-
ment permitted failure at loads considerably lower than
those which the remainder of the rib would sustain.
High-speed tests, however, showed this design to be
superior to Nos. 3 and 4 and well balanced as to chords
and diagonals. It is still slightly below the ideal truss,
but about the maximum that should be expected with
square diagonals.

Design No. 5-A; 96-inch chord.—Design No. 5 had
shown a good balance between chords and diagonals,
but in making the corresponding 96-inch rib the
thickness of the channeled chords was left the same for

3double depth and the diagonals were increased in a
9 to 5 ratio in both dimensions. Except for one test

in which abnormal deflection was observed in one
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diagonal and the diagonal reinforced, the result was
failure in the chords in both low-speed and high-speed
loading at more than double the load in the low-speed
loading and at about a 30 per cent increase in the high-
speed. The depth of the channeled section was in-
creased from % inch to 1% inches with the same thick-
ness of ¥, inch, thus giving an outstanding flange with
a ratio of unsupported width to thickness of 12 to 1
as against 5% to 1 for design No. 5. -This gave a pre-
liminary failure by buckling of the outstanding flanges,
which was followed by twisting and buckling sidewise
of the entire cap.

Design No. 8; 48-inch chord.—The long-panel
Howe truss, with combination spruce and plywood
channeled chords, of design No. 8 is decidedly weak in
the chord members. Even in the low-speed loading the
lower chord failed between spars before the unrein-
forced nose section gave way. This design is poor
and the type offers little possibility of approaching the
ideal truss in efficiency. The plywood made a section
too weak to resist bending under the loads applied,
which resulted in failure of the lower cap. Further,
this cap does not offer the resistance to twisting and
buckling that the spruce cap of design No. 5 offers.
From the standpoint of the strength of the cap, No. 8
can not be made the equal of No. 5. There is probably
an advantage, however, in the fastening of the ends of
the web members to the cap, since the shrinkage and
swelling caused by changes in moisture content will
not materially stress the glued joint.

Design No. 8-A; 96-inch chord.-—Since design No. 8
is decidedly weak in the chord members, in construct-
ing the larger type the thickness of the webs of the
chords was increased by 60 per cent and the depth in
a 7 to 3 ratio. The diagonals were increased in an
8 to 5 ratio, which left them still stronger in proportion
than the chords in No. 8. From the changes in the
chord it might be expected that the load to cause
failure would be several times that required for the
shorter rib. By changing the ratio of unsupported
depth to width of the channel webs from 9 to 15, as
we have done, however, a greaﬂer-tendency. to twist
and buckle is introduced, which accounts for the fact
that the ribs failed at approximately two and one-half
times as much load as the shorter ribs. Design No. 8-A
will not carry the load that No. 5-A will carry because
U sections with plywood webs will not resist twisting
and sidewise buckling so well as a U section of spruce.
When the final test values given in Table VII were
obtained, a small strip was placed between the chord
and the loading blocks in the weak panel. It is esti-
mated that this increased the load by about 10 per
cent. Even then the chords were still weak.

Design No. 10; 48-inch chord.—Design No. 10
is similar to No. 8 exeept that the section between
spars is divided into four panels instead of two and
the diagonals are made correspondingly lighter.

| Although considerably better than No. 8, yet it is
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questionable if this type can be made to approach
closely to the ideal. The ratio of the width to the
thickness of the outstanding flanges of the U cap
section is too great.

Design No. 10-A; 96-inch chord.—It was found
that in the short rib of design No. 10, for both low-
speed and high-speed loading, the' chords failed
repeatedly. Accordingly, in No. 10-A an attempt
was made to bring about a closer balance by a greater
increase in the chords than in the diagonals. Failures
in the rib then occurred in the diagonals at approx-
imately one and one-half times the load sustained
by the shorter ribs.

After the first failure of a diagonal, it was rein-
forced and further failure was thus thrown into the
chord. Failyre loads were then approximately double

those obtained in the shorter rib. The load that the

increase in the size of the chords might indicate is
about two and one-third times the load for the smaller
ribs. The load obtained, however, was only about
double. Wrinkling and twisting of the thin channel
sections "accounts for the reduction, as previously
explained. '

Design No. 11; 48-inch chord.—In design No. 11
we have a Warren truss with cap strips similar to
those of Nos. 8 and 10. The rectangular diagonals
are decidedly weak as compared with the chords.
In low-speed loading the diagenal adjacent to the
front spar failed at a comparatively low load, and
in high-speed loading the diagonal adjacent to the
rear spar failed. Retests were run after reinforcing
these diagonals and failure then occurred in the chords
at considerably higher loads. The loads thus obtained
however, were insufficient to place this design near
the ideal load-weight curve. Again attention .s
called to the unsupported depth of the web of the
flanges, as pointed out under the discussion of designs
No. 8 and 10. :

Design No. 11-A; 96-inich chord.—It was pointed
out under the discussion of design No. 11 that the
diagonals are weak in comparison with the chords.
The increase in the size of the diagonals for the 96-inch
design should almost double their capacity to carry
load. In low-speed loading failures occurred at
loads slightly less than double those that caused
failure in the smaller size. Yet the design is still
unbalanced, with a decided weakness in the diagonals.
By reinforcing the weak diagonals, failure was thrown
into the chords with a 25 per cent increase in load.
With proper balance No. 11-A should be expected
to approach more closely the ideal truss, and yet,
with plywood sides and square diagonals all of the
same cross section, it can not possibly come to the
ideal truss. i

Design No. 12-A; 98-inch cliord.—In ‘design No.
12-A an attempt was made to obtain a rib weighing
about half as much as the 96-inch No. 11-A ribs just

100510—30—4
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discussed. The balance between the chords and the
diagonals of the No. 12-A rib is poor, failures occurring
in the diagonals in all cases at a relatively low load.

| As a diagonal failed, in each specimen, it was rein-

forced and a retest was made -until failure was thrown
into the chord. These tests showed that, by increasing
the size of the weak diagonals, the strength of the
No. 12-A rib can be doubled with only a 10 or 15 per
cent increase in total weight of rib. The buckling of
the thin plywood webs of the chords, however, will
prevent this design from reaching the ideal strength-
weight curve. Another possibility for increasing the
efficiency of the original design is to increase the size
of the diagonals somewhat and lighten the chord.
The result would be a lighter rib, one that would not
carty so much load as the one developed by thefirst
mentioned method of improvement, and yet one lthat
can approach as near to optimum efficiency. Such
improvement was attempted in the next design, No.
14-A,

Design No. 14-A; 98-inch chord.—With chords
lighter and diagonals heavier than those of design No.
12—-A, the individual members varying in size according
to the stresses imposed upon them, a rib is formed that
is one-sixth lighter and yet carries one and two-thirds
times as much total load. The design, No. 14-A, is
but slightly below the ideal. By the use of cruciform
diagonal members and parallel-grained sides for the
U caps, the ideal could have been readily reached.

REINFORCED PLYWOOD TRUSSES

Design No. 9; 48-inch chord.—Design No. 9, al-
though simple in construction, appeared to give no
promise of a high degree of efficiency on account of its
nonsymmetrical construction. In low-speed loading

* the web and the cap strip of the lower chord in the

panel adjacent to the front spar buckled and broke
and in high-speed loading similar failures occurred in
the tail section.

Design No. 9-A; 96-inch chord.—Failures in the
ldrger size, design No. 9-A, were identical with those in
the 48-inch ribs, which were a buckling and breaking
of the chord in the long panels at a relatively small
load. Some attempt was made to develop this design
by reinforcing the rib at points of failure, but the
success was relatively slight. The comments on No. 9
apply also to No. 9-A.

PARALLEL-CHORD SPECIMENS

TRUSS TYPE
16%4-inch Depth

Design No. 101.—The Warren truss of design No. 101
has diagonals of cruciform cross section without fillets.
The greatest weakness of this design is a lack of glue
area between the cap strip and the spar block. When
reinforced at the restricted glue areas the diagonals
failed by twisting. This type of failure is readily over-
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come by means of fillets or through a slight decrease
in the width of the outstanding flanges and an increase
in their thickness.

Design No. 103.—Except for fillets in the crosses,
design No. 103 was similar to No. 101. One specimen
failed because of poor material and the other two
showed that portions of the cap strip were too light to
furnish sufficient glue area to hold the diagonals.

Design No. 106,—The flanges on the cap strips of
design No. 106 are thicker and of better material than
those of No. 103. The specimens are well balanced in
strength between the cap strips and the diagonals
adjacent to the spar block. Although the specimens
are about 20 per cent below the ideal strength for their
weight, their efficiency is about the maximum that
should be expected of what appears to be excessive
depth, a ratio of spar spacing to depth of about 3.

Designs No. 121, 126, and 131.—In design No. 121
all the members are larger in cross-sectional area than
those in No. 106, and all are in ‘the same ratio. This
change gives an unbalanced construction and the in-
crease in strength is about directly proportional to the
increase in weight and not to its four-thirds power, as in
the ideal design. Failure of designs Nos. 121, 126, and
131 occurred in the glued joints. Design No. 126 was
improved at places where No. 121 had failed, but it still
showed weakness, primarily because of poor gluing.
In No. 131, the cap strip is the same size as in No. 126,
better gluing was obtained, and the center diagnals and
posts were made somewhat lighter. The lower cap
strip at the union of the tension and the compression
diagonal nearest the spar block seemed to be weak, but
otherwise the design appears to be well balanced.

Design No. 136.—The failure in design No. 136,
which has heavier cap strips than No. 106, occurred in
the diagonals adjacent to the spar blocks. The center
diagonals and posts are smaller than those in No. 108.

Design No. 137.—In design No. 137 both the cap
strips and the center diagonals are lighter than those in
No. 106. Failures were well distributed throughout
the different diagonals, indicating a good balsdnce.
This design showed weakness at the junction of the cap
strips with the spar blocks, and clamps were applied to
prevent failure at these joints.

Design No. 138.—A slightly wider cap strip than tha.t i

in design No. 137 is used in No. 138 and the flanges are
placed at the spar blocks to provide large glue areas.
The failures, however, were the same as those in the
unclamped specimens of No. 137. The increase in the
size of cap strip gives no material increase in strength.

Design No. 142.—The cap strip of design No. 142 is
lighter than that of No. 138 and heavier than that of
No. 137. No failures occurred in the cap strips them-
selves.

Design No. 146.—Made the same as design No. 137,
No. 146 also developed weakness at the joints between
the upper cap strip and the spar blocks.
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Design No. 148.—The cap strip of design No. 148
is relatively shallow and additional glue area for the.
tension members was obtained by widening the ends.
This widening seemed to increase the secondary
stresses.

Intermediate conclusions.—All the pertinent infor-
mation combines to indicate that design No. 106 is the
best balanced parallel-chord truss of 15% inches in
depth and having diagonals of cruciform cross section.
Design No. 131, although a much heavier truss, is a
close second.

Designs No. 102 and 154.—Designs No. 102 and 154
have rectangular diagonals. The diagonals adjacent
to the spar blocks failed and greater eﬁiclency could
have been obtained by incressing the size of these
members. This, however, was not done in trusses 15%

! inches deep.

11%-inch Depth

Design No. 109.—In design No. 109 the union be-
tween the upper cap strip and the spar blocks appears
to be weak.

Design No. 122.-—In design No. 122 also the joint

. between the upper cap strip and the spar blocks is

weak. When this joint was clamped after the first
failure, an increase in strength of from 10 to 20 per
cent was obtained.

Design No. 186.—The specimens of design No. 135
failed at the joint between the upper cap strip and the
spar block.

Design No. 139.—Design No. 139 is the same as No.
135 except that the cap strip is smaller in the middle
part of the rib and is flared at the spar blocks. The
distribution of failures was more general than for Ne.
135, approaching a balance.

Design No. 143.—The lack of strepgth at the joint
between the upper eap strip and the spar block and
insufficient depth in the flange of the cap strip at its
joints with temsion members cause design No. 143 to
fall below the ideal.

Design No. 1638.—Design No. 163 has rectangular
diagonals and a U-shaped cap strip with plywood
flanges. Failure occurred in the diagonals adjacent to
the spar blocks in all specimens.

Design No. 149.—The diagonals in design No. 149,
which is the Martin truss type, proved to be abnor-
mally weak in comparison with the flange. After the
initial work no further tests were made, since there
appeared to be no chiance of this type of truss equaling
the efficiency of the other trusses, such as the Warren
and the Howe.

7%-inch Depth

Design No. 110.—Design No. 110 appears to be out
of balance. The union between the upper cap strip
and the spar blocks is not strong enough. One speci-
men failed through the tension diagonal pulling away.
from the cap strip, indicating that the cap strip may
be strong enough, but that the joint is too weak.
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Design No. 184.—In design No. 134 the cruciform
diagonals are not filleted, the tension diagonals are

thin flat members, and the center diagonals and the |
posts are reduced in size in comparison with those in |

No. 110. The outstanding flanges on the diagonsls
adjacent to the spar blocks buckled. It appears that
these specimens would have been slightly stronger had
the diagonals been filleted. ,

Design No. 141.—The tension members of design No.
141 are reduced in comparison with those of No. 134,
fillets have been added to the diagonals adjacent to
the spars, and their width is decreased slightly. The
weight of the cap strip is somewhat less than that of
No. 134. The flanges of the cap strip have proved
somewhat thin although this design approaches closely
to the ideal as given by the curve. (Fig. 4.)

Design No. 144.—Design No. 144 has the highest
efficiency of any of the trusses tested and is slightly
above the ideal curve.

3%-inch Depth

Design No. 115.—The lower cap strip in the speci- |

mens of-design No. 115 buckled laterally.

" Design No. 120.—The diagonals of design No. 120
are reduced in size and the cap strips are slightly in-
creased in comparison with No. 115. The specimens
failed through direct compression in the diagonals &t
the reduced section near the joint. The efficiency
was about the same as that for No. 115.

Design No. 132.—The diagonals of design No. 132
are larger than those of No. 120, but they have no
fillets and the flanges of the cap strip are thinner.
The specimens, which failed by buckling in the cap
strip, gave an efficiency about the same as that of No.
115.

Design No. 138.—The diagonals and the posts of
design No. 123 are smaller than those of No. 115 and
the flanges of the cap strip are a little more rigid. All
specimens of this design failed by lateral buckling in
the lower cap strip. This set shows the highest effi-
ciency of any of the designs in this height.

Design No. 140.—A slight reduction in the diagonals
adjacent to the spar blocks of design No. 140 and a
slight increase in the stiffness of the cap strips over
those of No. 133 resulted in failure in the diagonals at
a lower load than that obtained for No. 133.

Design No. 145.—Fillets have been added to the
diagonals adjacent to the spar blocks; in other respects
design No. 145 is the same as No. 140. The efficiency
is increased over No. 140, but does not equal that of
No. 133. - The diagonals adjacent to the spar blocks
failed in compression.

Design No. 155.—Design No. 155 appears to be
fairly well balanced, but the quality of the material
in the actual ribs is not quite up to that used in No.
133 ribs.
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Design No. 166.—Design No. 156 has rectangular
compression members that failed in compression at the
ends where the section was reduced for the spline.

Design No. 162.—The splines in design No. 162 were
reduced in thickness as compared with those of No.
156, and the diagonals adjacent to the spar blocks
were also.reduced in cross-sectional area. " This design
gave an increase in efficiency- over No. 156 and was
close to the average of those with diagonals of cruciform
cross sections.

Intermediate conclusions.—In shallow specimens
with short compression members there is but slight
advantage of cruciform over rectangular diagonals and
obtaining maximum efficiency is not practical for
trusses having a ratio of 11 or more for spar spacing

to height. ,
REINFORCED PLYWOOD TRUSS

15%4-inch Depth

Designs No. 111, 112, 147, and '1861.—This group
of designs is an attempt to develop a balanced type
of reinforced plywood truss. In design No. 111
lightening holes are cut in the web between the stiffen-
ers, leaving only a narrow strip at the stiffener supports
with a somewhat wider margin at the cap strips as a
flange. Failure occurred in the stiffeners. The rein-
forcement appears to be somewhat light to give a well-
balanced design; this is true especially of the stiffeners
adjacent to the spar blocks. Design No. 147 is prac-
tically the same as No. 111, except that more of the
plywood web is cut away and the stiffeners are still
lighter. The diagonal reinforcements are too light to
balance the specimen, and failure occurred in the
diagonals. Design No. 112 has oval-shaped lightening
holes with stiffenars; the specimens failed by buckling
of the web around the lightening holes. In design
No. 161 the plywood web is cut away except for flanges
left at the cap strips and spar blocks, a condition that
resulted in a specimen lighter than No. 111. Better
results can probably be obtained with diagonals not
quite so wide in the plane of the rib, reinforced by a
thin full-length strip instead of spacer blocks separating
the two diagonal members. This strip should be about
two and one-half times as wide in the plane of the rib
as the diagonal. Such a design would approach the
truss with cruciform section members. .

1134-inch Depth

Design No. 116.—The cap strips.in design No. 116
are a little too light to obtain the greatest efficiency.
If more plywood were cut away, it would improve this
design. , !

Design No. 164.—The glue area at the end of the
diagonals adjacent to the spar block in design No. 164
is insufficient. The diagonals would have nearly
double the strength if each one were filled for its entire
length with a thin strip in place of the spacer block.
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7%-inch Depth

Design No. 117.—The specimerns of design No. 117
all failed in shear near the joint where the tension and
main compression diagonals meet. More plywood at
this joint, no doubt, would improve the design.

Design No. 124.—Design No. 124 is not quite. the

equal of No. 117. Further, the material in the cap
strips of the specimens madeé to this-design apparently
was not so good as that of No. 117 specimens. Addi-
tional lightening of the plywood web along the stiffen-
ers would improve both designs.

Designs No. 152, 158, 167, 158, 166, and 166.—Ply-
wood webs with rectangular holes rounded at the
corners and vertical stiffeners, but no. diagonals, are
the characteristics of designs No. 152 and 153 and the
group Nos. 157, 158, 165, and 166. The plywood webs
buckled and failed around the lightening holes because
of shearlng stresses.
grain gave the h.lghest values, but all the results show
these designs to be grossly m.eﬁclent

37%-Inch Depth

Designs No. 114 and 119.—Designs No. 114 and 119
give values somewhat below the ideal. ' In service they
would no doubt give higher values because of the lateral
support provided by the wing covering, a support that
can not be obtained in the test of one rib. Somewhat
wider cap strips and a reduction in the width of ply-
wood along the diagonals would also result in higher
values for these designs.

Designs No. 120 and 130.—Because of the small
amount of lightening in the region of large shear stress

. The specimens with vertical face

as compared with the general lightening of the rib, |

failure occurred in both the first and the second panel
of designs No. 129 and 130. The general design is poor
and should be expected to fall below the ideal curve.
(Fig. 5.) The plywood web buckled more readily
than single-ply spruce. Rectangular openings at
points of high shear'stresses should be avoided.

FULL WEB WITH BRACING
1534-inch Depth

Desxgn No. 105.—A wider cap strip would undoubt-
edly improve design No. 105, which failed by lateral
buckling.

1156-inch Depth

Design No. 107.—Failure occurred in the cap strips
of the specimens of design No. 107. The stiffeners
appear to be heavier than necessary.

73i-Inch Depth

Design No. 160.—The cap strip and the web of
design No. 160 failed threugh the wrinkling or buckling
of the plywood web immediately over the lower cap
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strip. This buckling was caused by compression in
the depth of the section. }

‘Design No. 159.—Design No. 159 is characterized by
single-piece unnailed cap strips,-and the face grain of
the web is vertical. Failure occurred by lateral
buckling at about 45° to the chord. This design is
the most efficient of this type. '

Design No. 150.—Design No. 150 has a 2-piece

nailed cap strip. The nails reduce the strength of the
cap strip about one-sixth; and since three-fourths of
the bending stress is in the cap strip, omission of the
nails would increase the strength of this design to
equal that of No. 159.
' Design No. 151.—The plywood web of design No.
151 buckled just above the lower cap strip. Here
again 8 2-piece nailed cap strip was used; by omitting
the 1iails, the strength can probably be increased to
that of a single-piece cap strip of the same size.

Design No. 187.—Design No. 187 has vertical face
grain and thicker plywood than the other designs of
its depth, which have aiready been described. Failures
oceurred through lateral buckling. There appears,
however, to be a balance in strength between the cap
strip and the web.

Design No. 168.—Design No. 168, in which the
failures were similar to those of design No. 167, has
longitudinal face grain.

Design No. 108.—The specimens built to design
No. 108 failed through buckhng in the cap strip. If
the diagonals were reduced in size and the nails omitted

| from the cap strip, the strength-weight ratio would be

increased.
3%sinch Depth

Design No. 118. —Specimens of any braced design
with the ratio of spar spacing to depth of design No. 118
(about 11 to 1) are not very efficient. This design
would be better if the plywood web had vertical face
grain and if the nails were omitted from the cap strip.
The weight can be reduced with no reduction in
strength by cutting down the size of the vertical stiff-
eners. It is estimated that a 10 per cent reduction
in weight and a 20 per cent increase in strength can be
obtained by means of these changes.

Design No. 1256.—In the tests of specimens of de-
sign No. 125 stiffeners were clamped to the web.
The strength of the rib can be increased by omitting
neils from the cap strip, using vertical instead of
longitudinal face grain, and using a greater number of
stiffeners that are smaller in size. '

Design No. 118.—Design No. 113 almost reaches the
ideal. The bracing or stiffeners, however, are heavier
than necessary. By using vertical face grain and
omlttmg the nails from the cap strip and stiffeners,
an increase in strength of about 15 per cent and also a
reduction in weight of about 15 per cent can be
obtained.
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FULL WEB WITHOUT STIFFENERS
1514-inch Depth

Design No. 104.—A wider cap strip would improve
design No. 104. When stiffeners were added to the
specimens of this design ‘the increase in strength was
greater than the increase in weight.

11%4-inch Depth

No tests were made on full-web ribs, without stiff-
eners, of 11% inches depth.

7%-inch Depth

Design No. 176.—Design No. 176 is well balanced
as to the thickness of the balsa core and the longitu-
dinal-grain mahogany faces. There is also a good
balance between the strength of the plywood web and
the cap strips. This design is the equal of any of
the designs tested that have a plywood web with
stiffeners.

Design No. 188.—The balsa core in design No. 188
is thicker than that in No. 176 and the proportions are
not so well balanced. The quality of material in the
cap strips of the specimens is probably not up to that
of No. 176, or perhaps the same lateral bracing was not
obtained during test.

Design No. 187.—During test the specimens of
design No. 187 were not braced laterally so well as
those of No. 176.

Design No. 186.—During test the specimens of
design No. 186, too, were not so well braced laterally
as they would be in service. One exceptionally low
value caused by poor bracing pulled the average down.
A slightly thicker core would increase the strength.

Design No. 185.—Design No. 185 failed through
lateral buckling. The plywood web is too thin for
the rib to obtain a high efficiency.

Design No. 173.—The plywood web of the speci-
mens of design No. 173 buckled laterally, and the
balsa core is a little too thin to obtain the maximum
efficiency.

Designs No. 174 and 175.—Some of the specimens
of designs No. 174 and 175 were not braced laterally
so well as others, permitting them to buckle laterally
at lower loads than they would have held had they
failed in somé other manner. A thicker core would
also have increased the strength.

3%-inch Depth

Design No. 123.—Failure of the specimens of design
No. 123 occurred by lateral buckling in the cap strip.
Vertical face grain and the omission of nails in the cap
strip would improve the design.

Design No. 127.—In design No. 127 a good balance
between the thickness of the plywood web and the size
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of the cap strip is obtained. If vertical face grain
were used, the web could be thinner.

Design No. 128.—Design No. 128, which has a web
of single-ply spruce, failed through buckling of the
web and the cap strip. In the specimens the stiffness
of the single-ply spruce in the vertical direction is not
so great as that of three-ply poplar because the bend-
ing is entirely across the grain.

Designs No. 169, 170, 171, and 172.—The specimens
of this group of designs failed through lateral buckling.
Design No. 172, which has a core thickness of five
thirty-seconds inch, is the most efficient. The designs
in this group form a series in which the core thickness
is varied from one-sixteenth to five thirty-seconds inch.
The increase in the thickness of the balsa core is
accompanied by an increase in strength somewhat
more pronounced than the increase in weight, up to a
thickness of five thirty-seconds inch, which is the
maximum tested in the 3%-inch depth of specimen.
The difference in strength-weight ratios in specimens
with core thicknesses from three thirty-seconds inch to
five thirty-seconds inch is not nearly so pronounced as
that in thicknesses from one-sixteenth inch to three
thirty-seconds inch.

Designs No. 177, 178, 179, and 180.—The designs of
this group also have various thicknesses of balsa core,
but the grain both of the face plies and of the core of
all of them is at 45° to the chord. The relation of
strength to thickness of core appears to be the same in
this set as in the preceding group (designs Nos. 169 to
172, inclusive), but the efficiency of the web with 45°
grain is lower.

Designs No. 181, 182, 183, and 184.—The designs of
this group have wider cap strips than those in designs
No. 169 to 172, inclusive, but, like the other designs,
they have various thicknesses of balsa core. With
wider cap strips the increase in strength in the various
core thicknesses is practically what would be expected
from the corresponding increase in weight.

Intermediate conclusions.—Considering primarily
the strength-weight ratio, it appears that the best
thickness of balsa core is about one-eighth inch in
full-web parallel-chord specimens, without stiffeners,
of the dimensions 3% by 44 inches.

ForesT PrODUCTS LABORATORY,
ForesT SERVICE, UNITED STATES
DEPARTMENT OF AGRICULTURE,
MavpisoN, Wis., January 8, 1930.
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FI1GURE 20.—Designs No. 101 and 102 of parallel-chord rib sections 15 inches deep. These are
‘Warren truss designs; No. 101 has cruciform dfagonals and No. 102 square diagonals
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FIGURE 21.—Designs No. 103, 106, 121, 136, 137, 126, 131, 138, 142, 146, 148, and 154 of parallel-chord rib sections 154 inches deep. These are all Warren truss
designs; No. 154 has square diagonals and all the others have cruciform diagonals
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Fictng 22.—Designs No. 109, 122, 135, 139, 143, 140, and 168 of parallel-chord rib sectinns 1134 inches deejr. These are all Warren truss designs, except No. 149
whieh is the Martin truss type
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FiGURE 23.—Designs No. 110, 134, 141, and 144 of parallel-chord rib sections 734 inches desp. The

Warren truss has cruciform compression members and thin flat tension members
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FIGURE 24,—Designs No, 115, 120, 132, 133, 146, 145, 155, 156, and 162 of rib sections 374 inches deep. All designs are of the Warren truss type
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FIGURE 20.—Designs No. 105, 107, 108, 150, 151, 159, 160, 167, and 168 of parallel-chord rib
sections. Nos. 105, 107, and 108 are 15}4, 1134, and 734 inches deep, respectively. All the
other designs are 73 inches deep. The designs show various forms of bracing for full ply-
wood webs
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