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REPORT ~0* 345

THE DESIGN OF AIRPLANE WING RIBS

By J. A. NEWLIN I and GEOBGE T. TEAnE I

SUMMARY

The purgose of the inrestigatiun reported here wus to
obtain information for use in the design of truss and
p@cood jorrm, partic?darly wn”threference to wing rib$.
Tests weremade on many detigns of un”ngribs, cmnparing
diferent iypes in rarious w“ze~.~Many tests were also
made. on parallel-chord 8pecimens of hus8 and p~ywood
forms in place of the actual ribs and on parts of wing
ribs, such w tru8s diagonals and section~ of cap sh”ps.

It was found that for m“bsof any eize or proportion~,
when they were dw”gned to obtain a well-balunced ccm-
struction and w-wecarefully manufactured, distinct type8
are of rarious ejicn”enm”es;the efioienqj is bed on the
strength per unit of weight. With ideal construction the
trws come8~rst; second, a lightened and reinforced p@-
wood type; third. a full plywood web type with di$eners;

fourth, a plywood web un”thlightening holes and no rein-
forcing; and jifiht, a full web with no cti~eners. If a
type falls out of this order, the probable reason is either
that it i8 poorly designed or that it WCMdesigned with
some apem”alcms-iderati”onfor manufacturing details and
is therefore not so strongfor its weight as it can be made.

lihch type h.m its place in airplane dwign become
manufaciu?ing di#cuitie8 set up practical limits for &
t’ariowstypes. For ezample, 8ha~ow trus8es can not be
manufactured and a~embled without great difidy.
Neither can a reinforced plywood truss be WLbstitutedfor
a full plywood type when to obtain maximum eji.eiency
an exceseirelythin plywood must beused.

In all types of rib8 the hea~<erare the stronger per
unit of weight. Reductions in the weight of wing tibs
are accompanied eren in e@n”entdm.gns by a much
greaterproportional reduction in 8trength.

Obtaining maximum ej%iency in truss d&gns would
require all diagonals to be of a=wx~ormcros8section and
aU member8 to be proportioned according to their indi-
vidwul stre88es.

Member8 with thin, out8tanding$anges and m“thlittle
torsional ri~”dity, e.s-peciallyU section8,fail bg twisting,
at time8 currying only 60 per cent of the calculated com-
prewion load. Slight modijhtions in cross 8ection

rIn ehe.rge,section 04timber mechmi~ Fomt Products Laboratory. The teats
dkxumd III thk reportweremade by J. R. MoAteer, formerly rdstmt engheer.

1Ser&r engineer,ForestPrrdncts Iaboratcry, U. S. Demrtumrtof Amfmhre;
m.dntdned atMadison,WI&h coowrnt!on with tbe Unhersfty ofWkcondR

without change in area increase the torsimal m-gidity
sujtiiently to orercornethic twisting.

In resistance to both end loads and bending, U and T
sections built up of uwod and plywood in combination
are ine~ent as compared uith section8hating the grain
of the wood all pamllel to the ati of the piece.

(compression diagonals are more mitable in the paneh
adjacent to the spars than tension diagonals, m“ncetension
diagona[8 hare beenfound more dt~cult to hold at the
joint than compression diagonuls.

Bending stresses in plywood iype8 can be calculated
w“th a fair degree of accuracy prorided that the plpuwod
h of wficient thickness or is so braced as to precent
buckling and the rib i8 so bmced as to prerent 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 atis of the rib 8hou/d be included.

No test8 were made from which the required zertical
rigidity of the web8 can be determined absolutely, but
approm.mately it may be said that any unit of length,
incbuding it8 proportional part of the di~eners, 8h0uhi
be able to carry, as a p-n-end column, two-thirds of the
load that will come upon thi8 unit of length when the rib
is loaded tofailure.

Plyunmd webs with a balsa core prored rery satisfac-
tory from a construction standpoint and in fd webs
werefound to be strong per unit of weight in comparison
m“thother plywood.s. When lightening holes were added,
howerer, the 8trength dropped rery rapidly because of the
ease with which the face plies tore the balsa core apart
around the holes at the least tendency to buckle. Eren
shn”nkageand swelling stresses may cause rupture of the
baba core at the edges of the lightening ha[e8.

In general, rertica[face grain in plywood ?ceb8gires
cotitently greater strength when a fu/1 web i8 used, but
longitudinal face grain is betierwhen a web with lighten-
ing hole~and 8tiffeners is used.

Webs of single-ply e-pruce,in comparison with three-
ply poplar plywood webs of the same total thickness,
prored stronger than the plywood when lightening holes
were pre8ent and someu+hatweaker when no holes were
present.

Two-piece cap strips in most de8ign8are preferable to
tingle-piece cap stn”p8.
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H’ide diu.gonals and web members are subject to large
indetminate 8econdary stree8es,which o$en dart fail-
ures. A similar concentration oj drew occurs around
lighteni~ holes, causing buckling.

l“lw coe~ent of Jxi$y for di.ugonal members under
compression appeam -to be abmd one and one-halj in
a plum at right angles to tb plane of the rib.

Maximum ej%im.cy appears to beobtained with a mtia
o~spar 8pacing to heigti o~about six, except.fw~uU ply-
wood @pe8without sti$eners, for which the ratio appear8
to be about elecen,

Dowbk. compression members unlh a spacer black at
the cmter werefound to be aboul one-hulj as strong as the
8amemembers broughttogetherand glued throughout their
length when the length i8 such as to throw both in the
Elder column ChZS8,

Small eti~enw8 glued war& edge8qf lightening hole8
werefound wv efectiae in redw+ng buckling; the smaU
reading percentage of increase in weight will ojten be
accompanied by 8everaltime8 that percentageincrease in
8trength. Reinforci~ around lightening hole8 to aooi.d
buckling 8hould be equally sati-s@toq in metal con-
S’hwction. *

!17Mapptmdti oj this ~eport contains other comments
on. awi.ous des-ignaand a de8cripti.on oj churaderistic
faih.ms.

INTRODUCTION

ln aircraft construction the ordinary methods of
calculation, mitabIe for most engineering structures,
are either inapplicable or are too inaccurate to be
appIied to an unavoidably complex structure in which
the factor of safe~ must necessarily be extremely low.
Wmg ribs, for example, with their rigid connections
and often redundant members can scarcely be con-
sidered amenabIe to accurate calculation, The fit
necessity in dwigning such structures is a knowkxlge
of certain principles, of broad application, that govern
the distribution of stresses, principles that will assist
in the seIection of the most effective type of rib for a
given airfoil and chord Iength and that will help in the
design of members and detale,

Realizing the need for such information, substan-
tiated by experiment, the Bureau of Aeronautics,
Navy Departmentl financed an investigation made by
the Forest Products Laboratory, Madison, ‘Ms. The
foIIowing report is a description and analysis of the
tests made in connection with this investigation.

PURPOSE

This investigation was made to determine general
principles of broad application that govern wing-rib
design and apply also to other trwwand plywood forms”
used in &craft construction. The resultsare intended
to atit in determining the most effeotive type of rib
for a given airfoiI and chord length, to help in the
design of members and details of any new rib, and to
aid designem in formulating rules regarding the effect”

of various factors on the design and the strength of
dif7erent parts. A knowledge of the facts set forth
viilInot entirely eliminate the neeessity of making tasts
or take the pIace of testing, but it should be of con-
siderable value in planning designs for new ribs,

SOURCEOF MATERIAL

Many t&ts have been made at the Forest Products
Laborato~ on wing ribs and pati of airplanw during
and since the ‘World War. Part of these were made
simply to determine the strength of a particu~ar 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 ddgn 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-
mittal for test. “

Extensive tests were made on ribs of the BS-1
airfoi.!,station 3, near the fuselage, both of 48-inch and
of 96-inch ohord Iengths. (Fig. 1.) This airfoil sec-
tion was recommended by the Bureau of Aeronautics,
Navy Department, as a somewhat typical seotion of a
deep wing. Testa were also made on rectangular or
parallel-ohord sections of truss and plywood forms
represmting the portion of a rib that is between the
spars,

The BS-1 test ribs and the para~el+hord motions
were made at the laboratory from stock suitable for
airphmes. Slightly greater care was probably e..er-
cised in the construction of these teat specimens than
is ordina.riIy met with in the production of airplane
parts.

DESCRIPTIONOF TEST SPECIMENS

The test material for this particular investigation
consisted of wing ribs and of paralleI-ohord rib sec-
tions. The wing ribs had either a 48-inch or a 96-inch
chord Iength and had the airfoil section of the BS-1
lower *g, station 3. The rib sections were 44 inches
from center to center of spar bIocks and were rectan-
gular or pardel chorded, Both the ribs and the paral-
M-ohord specimens were of various designs-pIywood,
truss, and a combination of pIywood and truss. De-
tailed drawings of all these are included in the figures
accompanying this report.

In the original design, ribs of the BS-1 wing had
full ply-wood webs with vertical angle blocks for brac-
ing. The plywood was three thirty-seconds inoh thick
with n@ogany faces and poplar core. In the first
variation lightening holes were made in simiIar ribs,
then a three forty-eighths inch full plywood web was
mbstituted for the three thirty+wconds inch web, and .
6naUy a three forty-eighths inch web with lightening
boles was used in place of the three thirty-seconds inch
Feb. ‘Warren, Pratt, and Howe truasw were also de-
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signed with diagonals of various sizes and cEp strips of
various shapes and sizes.

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

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

The loading apparatus (fig. 3), which was used in
connection with a universal testing machine, consisi%
of a Iewr system to distribute the pressure and a set

of stirrups to hold the speoimens in pIace. The lever
system was so designed that pressures at the stirrups
were proportiomd to the mess of the corresponding
zones in the loading diagrtuns. The downward force
of the movable head is transmitted to the spar sections
or bIocks and draws the specimen against the stirrups,
producing the efbot of an upward lift. The entire
lift is appIied to the Iovwr chord.

In low-speed loading a 48-inch rib was heId by eight
stirrups spaced equally aIong the chord. If this same
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direction of face grain were varied and in which difler-
ent bracing and forms of lightening holes -were used.
True of various dtigns were also tested in the
different depths. Diagonal truss membem 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 Fiie 2. These
distributions vmre recommended for wing rib tests by
the Bureau of Aeronautics, Nav-y Department. The
lift on the paraIIel-ohord specimens was practically a
uniform loacL

spacing were used for high-speed Ioading the division
nearest the Ieading edge would receive part positive
and part- negative pr=ure. To avoid using the re-
sultant of these two pressuresin this dition, 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
though a wire attached to the upper cap strip of the
nose and extending around a puIIey on the lower
timber and then to the upper part of the Iever system.

The 96-inch ribs vmre heId by 16 stirrups spaced
equally along the chord. WW this spacing the divi-
sion nearest the leading edge receive9 only negative
pwssure 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 system, the same as for the 48-inch rib.

The paralleI-ohord specimens were held in place
by eight stirrups spaced equally along the chord.
Equal pressurewas applied to each stirrup. The lever
system was symmetrical and corresponding levers

Lowspeed flying

\

_
L engfh of chord d

[ ~

$,-30

-m

-50

’60

-70 NOfeJ-

-80 NOrmo/disfribu+ion wifh
Iood polnf.s equolly spoced.

-90

-1oo
Area under curve repre-
sent% fofal Iood on c#ord.

-Ito
J%sulfanf pressure is f h e

-1S?0 sum 0 f posifive ~ressure

-130
on f he to w,er wmg surf oce
or?d negaftve pressure

-/40
orI fhe upper wing surfoce.

Ihaurm Z.—The distribution of pressureon thOw!ng rib for 10w-
spe8dand for hfgh+peed flylng

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 incIuded in this discussion,
considerable information obtained from strength
tests in general and from development studies made

previously on ribs for particular plrmcs WM uecd in
arriving at the conclusions and principles of design
embodied in this report. While all past tests havo
been considered in arriving at the conclusions, ody
the tests of the BS-1 ribs and the parallel-ohord
specimens are definitely referred to and tho data
therefrom included in the tables,

A wing rib with its rigid connections, redundant
members, and nonuniformity of section is a complm
structure. Simple assumptions to make an analysis
possible by the ordinary methods of calculation often
lead to me~e approximations for a structuro in which
the factor of safety must necessarily bo estremcly low.
Wm@ib design is still dependent upon the rawdts of
strength tests on complete ribs, and to somo e..tcnL
will continue to be so. Stresses am largely indeter-
rnina$e because the ribs have rig-idconnections; the
ribs act as a trussor a girder with cantilever arms and
are of nonuniform section. The stresses aro furthm
complicated by the nature of the load distribution.

Frorn”a study of test failures and from a knowlcdgo
of the stress that a member is capabla of sustaining,
we are able to estimate the secondary stroascs at
different points in the structure and to redesign so as

to redistribute the stresses. Furthermore, wo aro
able to develop principles of design that wiIldistrib-
ute the failures and afford a more nearly perfect
balance among the strengths of tho diflcrent parts.

RELATIVE EFPK!IENCY OF VARIOUS TYPES
,..

‘IiI ~this invcetigation ‘the relation of strength ta ‘“
weight of rib was taken as a criterion of tho vahm of
the rib; it is necessary, however, to keep in mind tho
fact that this reIation is a suitable criterion omy as
far asthe rib iawithin reaeonabIalimitsof both strength
and weight. High strength pm unit of weight has
but little value when the strength is in cxcese of that
required for service.

ResuIts showing strength-weight relations for differ-
ent types of ribs are plotted from data obtained from
the t~b of paralIel+hord specimens. Tho data for __
each type, such as simple truss, reinforced-plywood
truss, plywood web with bracing, and plywood web
without bracing, aro plotted separately. (Figs. 4, 6,
6, and 7.) In each of these figures a curve showing
the ideal efficiency is drawn through the maximum
value of strength-weight ratio obtained from tlm lcsts.
A definite relation of strength to weight for tho val ious
types is evident from the figures. It is also wident
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 idenl
trues comes first in efficiency. This is to bo expcctmi,
for the material in a trues can be placed moro nearly
to the greatest advantage. Next to the truss in --- -‘
order of efficiency is the pIywood-wob type with
lightening hoks and bracing. This type if properly
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designed oen be made to approach a truss in form, for
excess material can be cut out at points of Iow stress I

and reinforcing added at points of high stres. Third :
in order of efficiency is the plywood-web type having
full web and reinforcing. The web in this type is so I
thin that stienera are required at the higldy stressed I
points. Fourth is the pIywood-web type with fti ~
web and no reinforchg. Here we undoubtedly have !
excers material in portions of the web. i

The curves of Figures 4, 5, 6, and 7 represent the j
ideal ribs of -iarious weights for each type and are i

The constant K’ in the equation represents the
relative efficiency of different types of ribs when each
is of ideaI construction. The greater the vahe 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 airfoiI will
hwre their K% in the same relation as the K’s follovr-
ingj which me for paralkl-chord specimens. K is
60 for the paralIeI-chord truss type, 4S for the rein-
forced-plywood truss, 43 for a fti webbed rib with
stitYeners,and 40 for a rib with a full web and without

— —
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FIQ~E 8.—A wingrfb Lnthe testing machine. The large timbw below the r5 k rigMIy attached to themombla head of the testhg mwhtne and the ew?nersgatem
f9supported on vertical ete.ndard9that* on the werghimgphtkmn

identical except for a constant factor. The ideal ~
curve for alI types is represented by the equation I

1

P=XTW, I

where ~ =Breaking load in pounds.
K= Constanfi factor dependent upon type of ‘

construction.
lT’=’iVeight of rib in OUIICCS. I

These curves were obtained by a study of the ribs of :
the various typea that approached most closely to a 1
balanced construction; that is, those that appeared to :
have no excess strength in any part and no evident ~
opportunity for redesign to obtain greater Ioad with :
the same weight.. I

41030-31-16

stiffeners. The ideal Iightened rib with no bracing
would fall between 40 and 43. Usually, however, the
rib to be Iightened is made of heavier pIywood and has
numerous hoks introduced to reduce the weight and
the load-wt&ht ratio is below that which could be
obt m-nedby the use of full plywood of ideal thiclrne.s

It is etident from the nature of the curves that the
heavy and ~~cessi~ely heavy ribs have the best
strength-weight ratios, and that a gi-ren increase in
weight.is accompanied by a greatw increase in strength.
Thus, in most instances heavy ribs spaced far apart,
with welI-baIanced design, wiII sustain the same Ioad
on the wing with less weight than lighter ribs with
closer spacig. Howeyer, considerations such as
obtain.irg a smooth-surfaced airfoil without too much

,—
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flapping of the ccrwmingoften necessitate choosing the
Iighter rib with close spacing rather than the more
efficient heavy rib.

In Figures 4, 5, 6, and 7 the ideaI curves pass
through points of maxim~ 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

COMMi’i173E FOR AERONAUTICS

small ribs, because the number of parts and joints
in a small trus9 is as great as in a large one of the
same design, In building large ribs with plywood
webs it is hinder to approach the ideaI than in the
smaller ones because of the dficultics 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 sizes, each type

Weigh 6 ounces

FIGURE4.-Relatfon between breaking Imd and wekht ot rib for pereJIeLohcmlrib eeetke of tlM truss
tm

Nc-?&-Each point ie the amrue of thren teste. PobIt nwnke me design nnrnk.

that can be manufactured and assembled without appearing to have its particular place in airplano
great difficulty and the members must be properly design.
proportioned for the stress that is to come upon them. k the experimental work a large number of the
Therefore great care and refinement is necessary in ribs and specimens were not of well-baIanced design,
the design and construction of small trusses, and the since the testing was usually for the purpose of devel-
less efbient plywood types will often be preferable oping the ideal rib and thus required experimenting
to the truss, with alI kinds of designs, and any given size or. type

The truss is relatively easier to construct in large was discontinued when the ideal was apparently
ribs and approaches more closely to the ideal than in reached, Many of the ribs and other specimens wore
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designed with wwious special considerations for de-
terminingg the tiect of certain factors on particular
points of design. Furthermore, mwmfacturing con-
ditions and limits of e.emice controlled the designs to
some extent. Production facilities, of course, vrdl
always be one of the chief factors in the selection of
the type of rib.

A consideration of these factors wdl lead to a more
nearly perfeot balance among the strengths of the
difkrent parts of a rib.

The computed stresses in a truss,l assuming the
joints to be pin connected, are direct tension and
direot compression aIong theimember when the Ioads
are ~pplied at the pad points.. “In’_trusses with

I I A I I

1
02466 .10 f.? /4 16 t8 20 22

Weighfi ounces

Fmum 5.—Eelntk betweeu break@ had aud weight o! rfb fm paraIId4mrd rib sections d the refn-
fmceim-wwdtcnsstgpa

Ncm.-Each Pofnt Is the merasa of ties tests. Point numks are designnumbers.

FACTORS AFFECTING DESJGN

After manufacturing conditions, tice limitations,
and production facilities have been considered m the
aeleotion of a type, the next necessity in designing a
rib is a knowledge of certain principles of broad appli-
cation that- gowrn the distribution of stresses. Fol-
lowing is a discussion of certain principles of design
developed from a study of test failures and a knowkdge
of the stress that a member is capable of sustaining.

rigid connections between members, such as tho.w
encountered in airplane design, stresses are introduced
through chord” deflections, and memb~ that are
mutualIy supported transfer their stresses to one
another. The support one member gives to another
may range from a condition of perfeot &rity to one
where the induced stresses are great= than the direct
stresses. Ti5de diagonal or post members increase the
&xity of the cap strip and as the cap strip deflects

,
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secondary stresses are introduced into the compres-
~on ~d the tension membem. The secondary
stresses act to deflect the diagonal and to increase the
stressasin it. In a pin-connected truss, on the other
hand, one may sa~~that there is neither 5xity nor
secondary stresses.~.~Withrigid connections bending
is thrown into the diagonals and the posts as the cap
strips deflect and the Iength of effective column is

024681(
We;g4

COMMmE FOR AERONAUTICS

and the posts amount to columns with partially
fixed ends,

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 nm
relatively free from secondary stresses of a naturo
corresponding to those that occur in the joints of a

/2 f4 16 18 20 22
ounces

PmuEEO.—Ralatlonbetween braking Ioad and wefght ofrfbfor parallekhord rfb mctkms with fuIf
plywcod webs

Nomt.-Eaoh pofnt fs the average of thrw teats. Point nnrnbaraare d6algnnumbers.

made greater. Such a condition amounts to a nega-
tive fixity and is similar ta an eccentric load with a
pin connection. The cohunn in this case is resisting
chord deflection. When the end connections are
such that the diagonals and the posh 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 R conditioh, the di~onals

.—

.=

.-

truss. These and other plywood types are ineficicn~
in taking the Iarge compression in tho Iower chord
unless the cap strip is wide beyond practicaI limits. If _.
the cap strip is made wide and thin in order to obtain
latwal rigidity, it may buckle as a thin outstanding
flange. The strength of plywood ribs in servico
depends largely on the efficiency of the lateral support.
furnished by the connection ti the wing covoring,
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The lateral buckling in ribs with plywood webs is
either a buclding 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. V7ith ribs that buckle in the meb, stMeners
placed to resist the web buclding add considerable
strength, but with ribs that buckIe in the cap strip
such stiffenem do not mriteriaIIyincrease the strength.

In rigidIy connected truss types the design must be
based not only upon the primary stresses; fu.Ucon-

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

W3de tiembers, of mum-e, are subject to much
Iarger moments and secondary stre-sacsthan narrow
ones, and two narrow tension members wilI often he
much better than a singIe wide one of the same cross-
sectional area.

In the design of ghwd joints, such as those at the
intersection of truss members, a str= of one-fourth
of that used for shear in the wood parillel to the grain

—
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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 faiIure. H a member is made 1sss
rigid in the plane of the rib ~d near the end fasteti, i
by such means as a joint in the diagonal or a reduction I

shotid be used in calmdating the required glue area.
This ruIe is predicated on the assumption that the
members are sa proportioned as to avoid excessive .—
secondary stresses. Us@ such a stress value does not
mu 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 strength, and an additional factor of
two to take care of secondary stresses, In good con-
struction, we find, the secondary stressesin these joints
will equal the primary stresses.

The fastauings at the intersections of ribs and spars
are vitaI pointe in design. Strips or angle blocks
used in all four corners of each spar intersection con-
tribute greatly to the strength of a rib. AU these
joints me likely to be cross-banded (the grain of one
piece at right angba to the grain of the other) and to
have high secundary stresses either from the load or
from shrhkkg and swdling.

Biding is sometimes resorted to under the supposi-
tion that it w-illincrease 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 diagonds adjacent to
the spare are given in Table I. The ribs were of
sidar design so that differences in strength are due
chieffy to difkrences in the typw of the diagonals.
In comparing these two types it is necessa~ to make
use of high-speed loading, because with low-speed
loading failure occurred in the web of the nose section
in many of the ribs, and such failure giv~ no indica-
tion of the relative strength of the two diagonals.
The lack of correat indication accounts for the ribs
with tension diagonals appearing stronger in low-
speed loading in scmb cases, The data show that
compression diagonals in the panels n~r the spars
are somewhat stronger than tension diagonaLs. Fur-
ther, tension diagonals are harder to hold at the joints
because when stressed they pti away from the other
members, while a compression diagonal pushes more
firmly against the members to which it is attached.
Again, much greaky glue area must be provided than
a tension member would furnish if made ordy huge
enough to withstand the tensiIe stress. In designs of
reinforced plywood trusses, tension &gonals 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 fist source of weakness in a great many
of the designs was in the joints.

TABLE I.—COMPARISON OF TENSION DIAGONAU
AND COMPRE+3SION DIAGONALS OF BS-I WING
RIBS UNDER HIGH-SPEED 1 LOADING

In the design of trusses a large moment of inertia
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
sectiorq. 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 bow both in the Euler column class. Two such
members unattached would theoretically be one-fourth
as s~ong as when glued throughout their length.
This difference is accounted for by the resistance to
shear offered by the gIued jointe at the ends and at the
spacer block.

The increase”in moment of inertia occ~oned by
the spread of the members can not be taken as a
measure of the increase in strength. Although com-
pression members of U and of cruciform cross section
are stronger than those of rectangular form as long as
they are designed to avoid twisting and excessive
secondary stresses, their increase in strength is far
below their increase in moment of inertia. For ex-
ample, the three types of diagonak used in the ribs
listed in Table II have the same cross-sectional area,
whiIe the moments of inertia for the rectangle, cross
without fillets, and crow with fillets, are as 1, 2, and
2.6. “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 stilI was only 18 per cent stronger than No.
102. The wide members in design No. 106 included
SW huger secondary stresses, but the fdIets prevented
ttiting and the Imger moment of inertia increased the
load to cause faihre 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
ONAM AND CRUCIFORM DIAGONALS IN PARAL-
LEL-CHORD ‘WARREN TRUSS L RIB SECTIONS, 44
INCHES LONG BY 1FJ4INCHES DEEP

‘===+4_diId

Practical considerations often Iead to the manufac-
ture of ribs not of ideaI construction. A truss with all
its diagonals and posts rectangdar in cross section
and of the same size, for exampIe, has onIy one-half
the advantage of the ideaI 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.

FrorQ 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 phme at right angles to the phme of the
rib is about one aud on-half.

PLYWOOD TYPH

The laboratory tests of various pIywood types
brought out a number of factors that affect design.
‘fI%h pIywood of a su.tlicientthickness, or so braced as
to prevent buckling, and with proper bracing to pre-
vent bending of the caps out of the pkne of the speci-
men, bending stresses can be crdculated by the usual

S=Fu * formula. Ii cfdculating the moment of

inertia (1), however, only that part of the pIywood with
grain paraIIel to the axis of the specimen can be used.
The form factor for the specimens in aIIheights tested .-.
was very Iow, reducing the modulus of ruptfie to prac-
ticality the compressive stress parallel to the grain.
NOW,if the web can buckle eady in a plane at r&ht
angles to the phme of the specimen, failure by buckling
will occur before the stress in the extreme compression
fiber has reached the ultimate compressive stress par-
allel to the grain. Three methods cm be employed
ta increase the vertical stiftneaaof 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 beding, but the resistance to buclding
is usualIy of greater importance. Amother method is
to gIue smaIIstiffeners on the web, and a third method
is to separate the face pIies welI by some Iight core
stock such as balsa.

hTotests 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 be de-
termined absolutely. Approximately, however, it
may be aaid that any unit in the Iength of the rib, in-
cluding its proportional part of the stiffeners, shotdd be
abIe to carry, as a pin+md column, two-thirds of the
Ioad that will come upon this unit of Iength when the
rib is loaded to faiIure. .

A comparison was made between rib sections built
up with balsa-cora pIywood and corresponding sec-
tions ham three-pIy poplar pIywood with stiffeners.
TabIe III gives data for this comparison. It is evi-
iient from the tabIe that baIsa-core pIywood without
stieners is about equaI in strength per unit of weight
to thee-ply popIar with stMmers. With lightening
hoks in the rib, however, the ease with which the
balsa-core tears apart offsets the advantages gained by.
separation of the face pIies.

A comparison was SLSOmade of rib sections having
plywood webs with balsa cores of various thicknesses.
Data for @is comparison are in TabIe IT. 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 ta resist buckling in a

plane at right angIw to the plane of the rib. The
increase in strength is greater than the corresponding
increase in weight.

—

..

—

.—
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TABLE 111.-COMPARISON OF BALSA-CORE PLYWOOD ‘WEBS ‘A~D THREE-PLY POPLAR
CHORD RIB SECTIONS 44 INCHES LONG
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TABIIE IV.-EFFECT OF THE THICKNESS OF THE CORE ON TEE STRENGTH OF 44-INCH PARALLEL-CHORD
RIB SECTIONS USING BALSA-CORE PLYWOOD WITH }&INCH MAHOGANY FACE PLIES -—.—
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1The deeigneare deeuaxd in the Wp2mlIx.

In connection with the use of balsa as a core stock,
it was found that when Lighteningholes are added the
strength drops very rapidly, because of the ease with
which the face pIies pull away and tear the balsa core
apar~around the holes at the Ieast tendency to buckle.
Shrinking and swelling at times cause a separation of
the balsa core at the raw edgas between the cap strips,
and the Forest Products Laboratoryl therefore, recom-
mends nailing through the cap strips, although, as
previously stated, it is not usuaI to recommend nails
in cap strips.

Results of tests on rib sections havinz vertical or

I

I

It
I

I
I

longitudinal face grain show that, for lormal core
thicknesses, greater strength can be obtained with
~ertical face grain providing the -irebsare not ,~htened.
(Table Y.) When lightened pIywood with stMenem
was used the best results were obtained with Iongi-
tudinfd 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 verticaI face grain; in
all cases the grain of the core was at right angIes to the
grain of the faces.

—

—

- -—
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TABLE V.—COMPKRISON OF LONGITUDINAL AND VERTICAL-FACE GRAIN ON WEBS OF PARALLEL-CHORD
RIB SECTIONS, 44 INCH~ LONG”3Y 7jf INCHES DEEP .,

Full webs wfth bracing II Webs with IIghtenlng hoIoa

1The designeare dexdbed in the appendLs.

The comparison of single-pIy 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 Longitudinalshear will occur in the spruce at low
loads, but in this investigation it was attempted to

1) Yenowpoplar. - vertIcfd.._._ —I .._.do-—---- -...do-- . . . . .
) . . . ..do ... ..--... -._dcL-..__

J!M!.l-
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.-. --.-.-—-.
M-..-–__ ‘--1 q y,~ ::21EZ-11 5&----

Ava&o-. . ------- --------- . . . . . . . . . . . . . . .

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 stiflenem were used in both
and somewhat weaker when the web was not Iightened.

Each design of both paraIIel+hord specimens
and regular wing-rib sections is discussed in the
appendix.

.

TABLE VI.—COMPAR.ISON OF SINGLE-PLY SPRUCE WEBS AND THREE-PLY POPLAR WEBS OF E! UAL THICK-
YNESS IN PARALLEL-CHORD RIB SECTIONS .44 IN_CHES LOJSG BY .3J4lNCHES DEE . --
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CONCLUSIONS

1. W~ 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 certaih principles upon which the
sdection of a type for a given airfoil section is based.

8. FoI1owing the seIection of a type, the calculation
of approxixnate strength values must be guided by
principles of broad application that govern the distri-
bution 01 stressw and control the design of membem
and details.

4. Wq-rib deeign iE still dependent upon the re-
sults of strength tests on compIete ribs, and to some
extent will continue to be so.

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

6. AIthough a truss may be the most efficient type,
it can not aIways be selected as the most suitable type.
Manufacturing dficulties will make a plau for the
various other types.

7, Poor design or design with some special consider-
ation for manufacturing detaiIs 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
daigna in that type, the Forest Products Laboratory
recommend careful consideration of the elements of
design discussed in the analysis and in the appendix,



APPENDIX

Extensive tests for the study reported here were made on ribs of the B&l airfojl section (the results appear
in Table YTI) and on paralIeI-chord specimens. Different types were compared in vmious sizes and often many
designs were tried within a given type. Following are comments on the mmiousdesigns and descriptions of the
failures.

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

TABLEVIL-SUh131ARY OF STRENGTH TESTS ON RIBS AT STATION 3 OF THE BS-I AIRFOIL
CHOED LENOTE 48 INCHES
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TABLE VII.-SUMMARY OF STRENGTH TESTS ON RIBS AT ~TATION a OF THE BS-1 AIRFOIPContfnwd
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& b ;—.–. ;=,

T

:-.

a.4 . . . . . . . . ..- Web=% tall buckled.
8.6 9.0 --m_=::n::_u:E
&b &a .---—_—--_-— --------- Do:

*%”””’””
Law-spd lMM- . . . . . --------------- ‘ ~ :-:-:: --

d

m ;;]-_ 9.0 -;” “1--—--.----.-..—-.-—Web=t$ekfed at lfgbtenhrg holo,

27 .1-:.2: !% : Q—!. :::~zzz=c ti

i–– --= — “ —

A~___ . . . . ..__-—..- -—- --------- 606 7.0 . ..-...— ..:- ,-

H!gh-sWW Iu~w . .. ..--— ------- ------- 48s 7.6 –.._.. -l- “ –.-...-.--.—–—
% . . . . . . . . . NM 7,2 9.1 ‘-—
xl -–.-— 816 as a 9 :-:>——----—------——---------—-—-=-. .

Average. . . . . . . .. ..—.— . . . . . . -— -—----.L-- 369 7.2 !.._-.~ y= “-. ..

Dtufm No. 8

L4w.apead loarUrW- . . . . __________ Ill .---..— 761 7.0
—-. ..-— ,781

E . . . ..--— 761 7.I

Avwage...- . . . ..----—...-.
+

--— . . . . . . . . . . 764 7.0 ---------- -
HIghapaod loadhw. ..–--—.-... 84 .. . . . . ..- 610 7.0Ml

-4-

—------ 622 .— —----- ——. -.-- —-.. .—
&l .. . . . . ..- 604 ::

Average. . . . . . . . . . . -. -— ------- 512

IlafmrNo. 8 ~~ ‘“

t 37 -.-...~w-e~d loarlhg_.. _ . . ..__. . . . . . . ~ ;---- - - ~ 6.7
—-!-!.’l--—-”--””_

____ Law~hord buckled.

~=i-=-= ‘6 :: :- a!. ----~’------— - ‘0:

-------- —-
--. —-—-—

Average . . . . . . . . . . . . . .-—. .-.. ,--. . .. ---—----

-l :; /:-:::-:;: ~ :; - ‘;; -:r&-----------——= ‘a”p? b“wd
Hlgh*peed londlu --------------------- “~....... 6.6 .........- __iL......_-:_-

.- -, ———-— —.. —
ATwue. -.-. -._.----. _._. _-.l..4 ---... = 436 6.6 ,L..._ . ..

DcdlfnAre.10
>.

tiW*P?Sd loadiw .. . . . ..- . . . ..—.-... .48 .. . . . . . ..- L 751 7.6 &9 -:-....--_-____—_
44 .. —-----

ChrxDdobrokenear front spar.
1,006 ----.-—-——.--——

45 . . . . . . ..- Lm ;; ___:-:. 1::: .--.ti-.— ------ Noaa tioka off.

AYarwo . . .._.. ._._- —-------: ---+------- ““610

t

7.6 -------- .7;

HI@-aWd loFKMzw......-..--:.... 46 --------- 7.7 .-.---..— --.--.”--_-_---____—-- Chm=dobrokanear re= smw.
47 ---------- .i~ 9.8 -..-_ —..-& .._-. -ti-..--: . . .. —--
4s . . . . . . . . . . :; 9.1 .._. _... -i..-– — --------- Do:

Avwue.. -... -.._. _—...-.. -.— --------- 9% 7.7 .__._:

D@n No. 11
..%. -.

Low-speed loading... . . . . . . . . . . . . . . . . . . .

lJ-

ml i, 037 7.2 -------- DI ;nd broke.-----;-----..—— 1I#~yatirwd broke.
~1 8(E4 2R ~; ..::L.___.._-.__—.;; –_.-
61 . . . . . . . . . Ldoa

““l

- —- —----- —... —.— — Chord bm~e hi tafL,’ .,

ATenw . . . . . . _____

-.
—------- --- . . . . . . . l#6al “7.!4 . -------- ““

T

4

Hfgh-speed loadfrM. . . . .._. --._.. 5.2 766 la.4 D1agormIbroke . .._-. .._.-_ .- Low;achord bIOkO.

63 ..--?? 8oa H ------- ------- +-—. — :—-. —
7.8 . .. —---- Dlagorml broke. __--.-_ —_.--— Do;

~ !.–..:- :
---

Ar@me:...-.-.._ ._ —---- -- ?. 3 . -------- : ‘.
I.. 1 .. .. . .1 .—. I l.. 1. .-, 1

CHORD LENGTH 96 INCIIES ..-

Ded#n A“&1-A

Low-OP@ loadlrrg. . . .
I— 4,160 62.1

& --!?!!.: &WI
Q 6 Nose crushl- .. ..---–-..—-.. TtiDb~oke oR.

t3.6 . . . . . . . . . . . ..--. —.-–..—
21 __.._-~ ~ 441 M.6

-- .-.-—-.
IL 7 .---. +--------------------------- Do.

Awrage... _...-__.— -— .---- ---------- 4#802 621 --------- ‘- . ..-.
High apaed lmd[ng..- . . . . . . ----------

,:

B . ------- 62.7 11.I .-.-. -or--...---..--_ —-..-—
+RJ g:

Do.
23 . . . . . . . ..- lL O ----- -- . . . .. —--. -.-.. --—-- Do.

!24 . . . . . . . . . . , 11.8 ------ ------------ . -~---------- ;----- D&

—

~=..

-.

~

—

—

—
,..

...

——

..

...

--

, ,-”

~?
.
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~_

~.——
“-AverMe. -------------- __l__.j_...-..-l 1,S57\ 6!4.4l-_.-_j : “-
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TABLE VII.-SUbfbfARY OF STRENGTH TESTS ON RIBS AT STATION 3 OF THE BS-1 AIRl?OIMontiiued
CHORD LEN-GTH 96 IKCHES-CrdtVIued

i%~,: .+li.t %%! ~t~t-‘W;my~,:t
;,

Dab A%.f-A X

- ~ ;

I

Pyrfb6--pn& oun&m2-:tr CeRt
Low+peedbadfng-._--—__———— 25 --l Web bnekled at lightedo.g hole_..J

kml 416 -125 -.—
,% “

_—-—.~ WabDIykled at Iighterdnghol~.
$201 46.2 ----~-————— ,,

Aws’a&..__— 1
I

——,

Elgh-smed IandhM..-——_—————
1 # La ; :; la5 L____ —- —---

~ 30 ~___
~ 161 H. i !___ ___ —-_-_-— D;~
L1221

-
as ------- -— ——-—-——

Avemge. ..---——-.— I L lm 39.9 –----; i.

DesfmlNo. 6-.4 I
LQwa!eedIcdfng...-.-_—————I

I )
!Lal ~; 7.a ,_-____—_-_—- KtiD~ mp broke fn us

7.1 --------
:% 2A2 _----! _______

——- ;
Dfogo@ pnIled web away at front spar.

.4~emge... ___fiFiF
6

— Lm %.6 -----—

Efiskspesd Imdtng ----------------- 4 –— 654[ %2 -..-— .-_q-—-
5 ---–— 7S3, 2&o

— DLw:sJ pldb?dweb away at M!?JS~.

:; .::-:---- ———”
6 --_— W !2L6 - - _-- —-— —— -— -—-. no:

I
.kreraga. . .._—_-—--——T— -—— 742 !4L6 .-----—

LMgk Xo. $-.4
[

Law-speed Losdblc. —-------.—
i! ::Z

L 491 6.8 ----–--–-----—
ha

————
2:

Nme crushed.
7.0 ..---.. -.--__———— Do.

Lm as ---—— —-— —- —-- Da

Awrasu.___–-___—-- i —-— -———

Elgh-speed bedlng.._————————
--i” ‘—

S20 a&7 T.a .-- —-- —--—— Df#~c#~mhed web and cap awny

2a.8 &o ..--— ——
~: :: % =9 --— --.--.--—-—- E

Adage..... ____—-—--’ 874r 23.8 -–—

D@iz No. 6-A ~ .

LOW-SF-4 ImdIw ....—————— ---i: :--—
%916 32.E .--—- ----.----———-— LawDe&tird broke.
& 741 33.6

la
IZi --------- —-———

---— z 216 33.3 --— --------- ?S0ss broh

AvemigO------ -- %!3s 3ZI .---—
—

Highdpeed loadinK-------- L l?il S 4 9.9 --–—
L26S 31LI

—-
mz -.

Lo~odmrd broke.

I
l,!izi 3!43 --— --– ————— DO:

Avem&.. -— --—”_ L!m 329 –.--—-

Dedi@rNo. &-.l

Lm+peed Ioadfng.. ..-–-—--- jg yg & 37.4 ..— IARW t?hOdbuckled__ .-__— 1.4w-odmrd broke at johk
37.4 ---— hhykeohord bnckkd and &3KOU81 .

39 .— & M6 a7.z -. — --— _’ Cborde and dfagonsdbroke fn ML

.Lvemge..-.–-–--————— q Xo 37.3 --.—- .

Ii@h-speed laading.._-_--——— 40
a*, -- # $= :! ::= ‘%?.!======: ‘“!~b”’e-

.lvsmge..__———— ~lfu 3i. b --_—

Daiga .?0.*-4 ~

LOW-SPMdlmdlns...—-—————— 81 .— 1,091 ~; ;-I__
22 -

-.----—-----——— _____ Low=wochordbroke.

a3
~ 316 _-— ——-—-.
L 516 3(L2 - l!29 -- Do:

Average..—------——————— —- ___ L?lm 30.5 ----–—

lfwh-speed Iaading . . ..—____ m --——
35 --—

as --- — Lawer chord broke fn fsdl–-—__—

24 .
Uz --- b~achord broke In tefL

2% :-—- U7 --

A~ . . ..____.-—— -- --- - I--- .

Dm@r No. 10--4

Law-speed loadfng...__————— M 9,i04 &m4 :.: 1;: -p~nrd adjacent to front spar broke. LOVKD=oc3Nxdbroke.
I$104

.2
——

?&i 3,%29 UT.6 ---—— –A--.——————— Do:

Awrage---- !+671 –— 37.r ---—

Hfgh-spmd loading---------- ta L 314 LOS SJ.; --–—
54 L 314 _xT

~=ndadfacenttor earsparbmke-
--—— E.

60 Lx!d ?% 37:i .-— Do.

Average----- —-- 1,377 ---— 37.7
I

1Small sttfKenersnear the edgesof the lightening haleswem elmped on rib 28and gIQedon rib Z.
*Efb15wes rsdnf0rcedbefomtest.
~Rlba36end Mwemrefnfomedbefom test.
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TABLE VJI.-SUMMARY OF STRENGTH TESTS ON RIBS AT STATION 3 OF THE BS-1 ~RFOIL-+onthNMd

CHORD L~QTH 8d INCFQ%OWbWd
+.

NetIift load Type C4fellura
~~t Mm&m.&!

::
FYrattest Final test First W Flnel teat

t. .

D&@ No. 11-A
For#dld Poyll 0unc#6 Per cent

L.mW3pwd Ioadfrlg. . ..-—------ 48’
44 8,084 ~: .:. .x

-~_~~fd adjac?nt @ front SPW brok~ Tall bmk~ofl,

46 ._?.E- ; % aa6
—.- .._—-- Lm=modmdbroke,

. —-. ---.A- _-. — .. . . . . . . . . . . . . .

Avwe . . . . ..--.--.-—-.--—-- ---- ------—- 81W 344 ---.— -

u- Idu------.—-.--— ------ ~ L g ~~ , ~; —B—3-
?

~D onal adjacent W’rear aper broke... Cho~d; broke.
---- -. —---- —- —-- —---—

48 -...---— i486 84.4 Qe .--L. --.. _-.-. - . . ..-.. ___ T)o:

Acme ----------------------- —.. ------—- ~ 44 848 .--—

Da&mNo. M-A

LOW-SP%W!108d!w...______. ------- g 004 $: ;_____
679 $: --::= ‘3y_-:Iz::F:=:I ch~

3$ 47Q , . larl -- --..-..--:— .—-—. -

AYeraea. . ..--..—— .— --- - ------ 654 1,314 las .: ---— .’

H!gh~Pwxl badhw. . -------- 04 882 871 la 5 -——- ---do.. ——_——._
86 848 658

-.—- ---
la4 --..--— ..--dc.—----—-—-. -—-— g?

06 417 727 18.7 --.–— . . .. AO--. --—-.---—

A- . . . ..--. ——------------ -—- ~ 762 l&6 --.. —.-

Destu)zNo. IS-A ~

LOW-8W loadk ------------------- 07 609 ._z%: ~g --------- -ival”buckIad.. __________
59 -. —-— .-. .— - .. —___ ---.—- —--—-— Web brrck7ed.
w --------- 1, 67a 29.7 --.— .-. —-. ---”----- ---—.—-- Web tmckIed, bresklog bmcfne.

ATwe.-_--._-____-. _-—- --— -------- -------- --- —--- . . . . . . ..-
—

HQh-a@ loadlne -------------- ; -WI ---------- g: -.---— Web imckbd.._..____-.--
-. . . . . . . . $ a~ --. .—-. --. .— Wab=byd,

72 ..--...— , ti8 . . . . . . ..- ---.. _.: I:z-::::z::::z.::1.

Avwage..__._-_— ........- --— -----— --------- --— -- -. .-. .

DesignNo. l~A

LmY-apaedMb..-..-.....-..---:—. ~ -670 1,O’& lao -------- D@onaJ broke_ . . . . . . . . . . . . . _-..-- Low’chcwd broke,
1&o -.--—-. ..-.. —-.--—--. -- . . ..-—--

76 .:::::::: 954 ld. il ------ --—.—-—.-.-..--. —--- Do:

Avmm..-.-.--.--... ——---- ----- --------- w in.2 ------

Hfgh-ape.d Goad@ . . ..-.. -..- . . .._.- ~ p7 ~ ml --—-— Df~rd rdacant to rear w bmke.-la o
..- —-. -.. ADO%% d! OIWdbfoke.

78 417 E38 I&I Y------- --.--.do=;~~.-=:::=-::= Lower chor broka

Avemee . . . . . . . . ..__. . . . . . . . . . ------ 440 615 10.1.--..—- . .

* Rh 67 and 70 had folI lywmd webs with no braoing. Rfba 08 and 71 had fdl lywood weh wfth US ounces and 18.6oances bracfn& respwtltiy. RIbe @3and
#72 bad lJghterdnghoks with acrems !n wdght of 9.6 orinw and 10.2ounce% respw$fv&.

BS-1 AIRFOIL SECTION

PLYWOOD TYPES

Design No. 1; 48-in&h chord,—The original full
plywood type with stiffeners and a web thickness of
three thirty+wconds inch has been designated design
No. 1. The plywood of this design is dightly heavy,
causing a reduotion 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
oondition revealed by this test, however, was not
considered satiafactoqy, since normally the inttr-
mediata nose sections would receive their share of
the load and transmit the momente to the rest of the
rib by torsion in the spar. Thus, iR C071trS.St with the
load upon the rest of the rib, ox.dyabout one-half the
load applied to the nose.in ted comes upon it in service.
The rib was therefore rain-forced in the nose and the
results of the tests reported are for ribs thus reinforced.

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

Design No. 2; 4tMnoh ohord,—By cutting lighten-
ing holes in daign No. 1 its might can be reduced
materially and perhaps it wfil still carry all the load
that is needed. In design No. 2, however, the lighten-
ing is excessive and consequently it resulted in a
reduction of strength far in excess of the reduction in
weight. (TabIe VIII), The ribs failed in teat by
buckling and breaking of the web at the lightening
holes. The design is 25 or 30 per cent low in efficiency
for its type.

—
———
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T.IBLE VHI.-STRENGTH OF WLYG RIBS, HAVING DIFFERENT DESIGNS OF PLYWOOD WEBS, OF THE SIZE
REQUIRED AT STATTON 3 OF THE .BS-l AIRFOIL

I Web 1 Luw8peed Ioadfng I Hl@~ Ioadhw

I& Fly& Ouuca Pa:. Pm& Omtctt Perm
I....._

z E

.---— - MahmK#anY---
=___ —- —..

— l?QJl;&i..__—__ 1.2.z M
l-----

U.9 m —.—

1----- --da- —do.--—— - -do:.-——
1---- —do-._— _-do_____ __.do—.-..

g ;-.--E; --g _:~ $ZJ :; g .–---!!

Awrege._– .— — ——— ._-.. _ 1. %604 122 m . L718] 12.1
—

L_——_—, ------

- E

MalK*gally_____ -9:Y. — WItb II@fan@ holee..- Lzzl 8.7 Ma m
..-..---.-— - ----— —AL- a8 m ~;

‘~do -----
6U

2______ --...do ... . ..--—_ _.-do— --------- t% &e 19S 2: ?42

AFerew_.. —— L!ms as 146 -- ~ I &8

6-----

2 I

8 MShoganY..—_—— Meho8wiY.——— Full wab &q 8.4 217 8.8 &4
6..__- S _-d~_-_.._ =-g—- — —do—-_..—
6..-—--

as m
6 ---- —.—

LE &6
—---- —- do...._.__—— $% &6 % —x l#8cs &6

Amzase..._ ---- --.-------.- Zm 9.6 m -— ----- ~lila 8.6

7. . ..-

--= k

s ~ahdhanY _____ Maho!wU ------ .STithhghtwdng bob.-. 688 6.8 lo) 0.0 485 z 6
7... —--- S -.-—

2-:?c:-
fms 7.2 w

7.I 1% ._-_?!-
7.2

. . . . . _.. Jio_- =:do=::-_—— m 316

Awwe--- ___ ——. — ———L 0s% 7.0/ Q6 ----- . ::

141I-.. .-—

+-

78 --

107 –_—
146 ao
lE4 KS

-1-
126-. —..-

6i ..-.. -..
49 9.1
46 6.9

=-F=-, . . . . ,,
lThedesfgna aredeedbadfnthew_

Design No. 2-A; 96-inch chord.—The design made
by cutting lightening holes in d&gn Fio. 1-A has been
d&gnated No. 2-A. The usual failure of buckling at
the Iighten@g holes resulted in a load cotiderably
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 inmeased about
40 per cent. With stiffeners glued and nsiled on, the
load was increased to approximately that carried by
the fuU plywood No. 1-A and the ribs weighed ap-
proximately 16 per oent less. This last variation in
h’o. 2-A givee a rib that comes very closdy to an
optimum Ioad-weight curve for the type.

Design No. 6; 48-inoh chord.—Deaign No. 6 is an
attempt to lighten the original design by using thinner
plywood. A web %8 inoh in. thickness was substi-
tuted for the ?&inch web. In low-speed loading, the
nose section failed by Iocal oruding under the load
block. The rib wes 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 seotion were
less than half those expeoted for the ideal of this
type, those obtained after the repairs were made were
e-rengreater than would be expected of the ideal rib in
which the 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 U-U 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 JYo. 2, the lightening is excessive.
Further, when extremely thin plywood is lightened,
the reduction in strength is alvrays far in excess of the

reduction m weight. (Table TIIl_.) With the com-
bination in this design of mccessiveLighteningand thin
plywood, the resmki.ngefficiency was approximately
but half of that expected of the ideal for the type.
The ribs failed by budding and breaking of the webs
at the lightening holes.

Design No, 13-A; 96=tich chord.—For a preliminary
test a rib with a f~ plywood web % inch thick was
used. Aa the test progressed and buckling of the
plywood occurred at ditlerent parts of the rib, rein-
forcement was olamped to the web. Tks PIUC*
was foIIovmd until the plan of reinforcement shown in
the sketch of design No. 13-A was reached. In this
prdimh.ry test, the reinforcing members vrere rec-
tangular and all of one size. For &al tests the ribs
were made up as shown in the sketch =oept that a
solid web instead of one with lightening holes was used.
In tests of these ribs, failure occurred by buokhg of
the webs to suoh au extent as to cause failure in the
stllleners. The ribs, however, rated welI 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 pl~ood truss.
cIass. Such lightening gives a fighter rib but one more
e4130ientthan the reinforced fuU plywood rib, a fact
that was also demonstrated in the tests of the parallel-
ohorded specimens.

TBIJSS TYPES

Design No. 3; 48-inch ohord.—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. Beoause of
the difEcuIty in seeming 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-inoh chord,—The faihwe 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 espected to
occur at double the load. Because of the nature of
the union of the diagonal and the web, however, the
fahe would necessarily be a progressive one, which
would account for the fact thd an average increase of
only 25 per cent was obtained.

Design No, 4; 48-inch ohord,—’I’he Howe truss with
comparatively short paneIs, 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 loadigg 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 Iower 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, GA; 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, 6; 48-inoh chord.—Design NCJ.5 differs
from No. 4 principally in that the chords are channel
sections instead of T sections and that it has two paneh
between spars instead of three. The low-speed tests
were not indicative of the efficiency of this rib because,
m 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
Wperior 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 exTect.edwith
square diagonals.

Design No, 6–A; 96-inch chord,—Design NIO,5 had,
shown a good balance between chords and di~~onals,
but in riding tha corresponding 96-inch rib the
thickness of the channeled chords was left the same for
double 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

i
I

I

diagonal and the diagonal reinforced, the resuIt was
faiIure in the chords in both Iow-speed and high-apced
loadiug 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-
crewd from % inch to 1%inches with the sanm thick-
ness of % inch, thus giving an outstanding flrmgowith
a ratio of unsupported width to thickness of 12 to 1
as against 5% ta 1 for design No. 5. This gava a pre-
liminary failure by lmckIing of the outstanding flanges,
which was followed by twisting and buckling sidcwise
of the entire cap.

Design No. 8; 48-inch chord.—The long-panel
IIGv@ truss, with combbation spruce and plywood
channeled chords, of design NTO.8 is decidedly weak in
the chord members. Even in the low-speed loading the
lower chord failed between spars bcfor~ the unrein-
forced nosa section ga~e way. This design is poor
and the type offers little possibility of approaching tho
ideal truss in efficiency. The plywood made a section
too weak to resist bending under the loads applied,
whic~resulted in faiIure of tho lower cap. Further,
this cap does not~ffer the resistance to twisting and
buckIing that the spruce cap of design No. 5 offers.
Frornlhe standpoint of the strength of the cap, No. 8
can not be made the equal of No. 5. There is probnbly
an advantage, however, in the fastening of the ends of
the web membem to the cap, since the shrinkage and
swelIing caused by changes in moisture content- will
not matm-iaIIystress the glued joint.

Design No, 6-A; 96-inch chord.—Since design No. 8
is decidedly weak in the chord members, in constructi-
ng 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. J?rom tho 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 hi$e done, however, a greater tendency to twis~
and buckle is introduced, which accounts for the fact
that the ribs faikd at approximately two and orm-haIf
times M much load as the shorter ribs. Design No. 8-A
will not carry the load that No. 5-A d 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 testvvalues given in Table VII wero
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 stiI1weak.

Design No. 10; 48-inch ohord,—Design No, 10
is simdar to No. 8 exc@pt that the section bet~~een
spars k 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
cIoseIy to the ideal. The ratio of the width to the
thickness of the outstanding flanges of the U cap
section is too great.

Design Ho. 1O-A; 96-inch ohord.—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. 1O-A em attempt
was made to bring about a closer balance by a greater
increase in the chords than in the diagonals. FsiIuree
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 fu-st fakre of a diagonal, it was rein-
forced and further failure was thus thrown into the
chord. Failure loads were then approximately doubIe
those obtained in the shorter rib. The load that the
increasa in the size of the chords might indicate is
about two and one-third times the Ioad for the smaIIer
ribs. The load obtained, however, was only about
doubIe. Wrinkling and twisting of the thin channel
sections accounts for the reduction, as previously
e+hwd.

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 diagonaIs
are decidedIy weak as compared with the chords.
In Iow-speed loading the diagunaI adjacent to the
front spar failed at a comparatively low load. and
in high-speed loading the diagond 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 ineuftlcient to place this desigu near
the ideaI load-weight curve. Again attention is
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-inch chord.—It was pointed
out under the discussion of design No. 11 that the
diagonaIe 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 smaUer size. Yet the design is S*
unbalanced, with a decided weakness in the diagonde.
By reinforcing the weak diagonah+ failure “wasthrown
into the chords with a 25 per cent increass in load.
With proper baknce No. 11–A should be expected
to approach more closely the ideaI truss, and yet,
with plywood sides and square diagonals all of the
same cross section, it can not possibly come to the
ideaI truss.

D6eign No. 12-A; 96-inch ohord.—In design No.
12-A an attempt was made to obtain a rii weighing
about haIf as much as the 96-inch hTo. 11-A ribs just

4163c+31-17

discussed. The balance between the chords and the
diagon@s of the No. 12-A rib is poor, failures occurring
in the diagomds in all cases at a relatively Iow Ioad.
As a diagonal faiIed, “k each specimen, it was rein-
forced and a retest was made until faihre was thrown
into the chord. These teats 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 totalweight of rib. The buckling of
the thin plywood webs of tie chords, however, will
prevent this design horn reaching the ideaI strength- -
weight curve. Another possibihty for increasing the
efficiency of the original design is to increase the size
of the diagonds somewhat and lighten the chord.
The result would be a Iighter rib, one that would not
carry sc much load as the one developed by the hat
mentioned method of improvement, and yet one that
can approach as near to optimum efficiency. Such
improvement was attempted in the next design, No.
14-A.

Design No. 1*A; 96-inch chord.—With chords-
ltghter and diagonals heavier than those of design No.
12-A, the individual members varying in size according
to the stressesimposed upon them, a rib is formed that
is one-sixth Iighter and yet carries one and two-thirds
times as much total 10ML The design, No. 14–A, is
but slightly beIow the ideal. By the use of cruciform
diagonal membem and pmaIIeI-grained aides for the
U caps, the ideal couId have been readdy re,ached.

BEINFOECED PLYWOOD TBUSSES

Design No. 9; 48-inch ohord.—Design No. 9, al-
though eimple in construction, appeared to give no
promise of a high degree of efficiency on account of ihi
nonqmmetrical construction. h 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 loadhg similar failures ocourred in
the tad section.

Design No. 8-A; 96-inch ohord.—Faihmes in the
Iarger size, design No. 9-A, were identical with those in
the 48-iich ribs, which were a buckling and breaking
of the chord in the long panels at a relatively small
load. Scme attempt was made to deveIop this design
by reinforcing the rib at points of failure, but the
success was relatively ahght. The comments on No. 9
apply akw to No. 9-A.

PARALLEL-CHORDSPEC13iE~S
~RIX?STYPE

winch DeRfh

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

Design No. 103.—Except for filets in the crosses,
design No. 103 was similar to No. 10.1. One specimen
failed because of poor material and the other two
showed that portions of the cap strip were too light to
furnish sufhient 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 hTo.103. The specimens are well balanced in
strength between the cap strips and the diagonals
adjacent to the spar block. AIthough the specimens
am about 20 per cent below the ideal strength for their
weight, their efdciency 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-sectiontd area than
those in No. 106, and all me in the same ratio. This
change gives an unbalanced construction and the in-
crease in strength is about directly proportional to the
increasein weight and not to its four-thirds power, as in
the ideal design. Failure of designs Nos. 121,126, and
131 occurred in the gIued joints. Design No. 126 was
improved at pkwes where No. 121 had faiIed, but it still
showed weakness, primarily because of poor gluing.
In No. 131, the cip strip is the same size as in No, 126,
bettar gluing was obtained, and the center diagnak and
posts were made mmewhat lightm, The lower cap
strip at the union of the tension and the compression
diagonal nearest the spar bIock seemed to be weak, but-
otherwise the design appears to be well baknced.

Design No, 136,—The faihre in design No. 136,
which has heavier cap strips than No. 106, occurred in
the diagonals adjacent to the spar b~ocks, The center
di~onals and posts are srnaIIerthan those in No. 106.

Design No. 137,—In design No. 137 both the cap
strips and the center diagonals are lighter than those in
No. 106. Ftilures were welI distributed throughout
the different diagomds, indicating a good bakmce.
This design showed weakness at the junction of the cap
strips with the spar blocks, and ckuups were applied to
prevent faihre at these joints.

Design No. 138.—A slightIy wider cap strip than that
in design No. 137 is used in No. 138 and the flanges ire
placed at the spar blocks tmprovide large glue areas,
The failures, however, were the same as those in the ~
unclamped specimens of No. 137. The incream in tha 1
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 faiIuresoccurred in the cap strips them-
selves.

Design No, 146,—Made the same es design No. 137,
NTO.146 also developed weakness at the joints between
the upper cap strip and the spar blocks.

Design No, 148,—The cap strip of design No. 148
is rdatively shallow and additional glue area for the
tension members was obtained .by widening the ends.
Thiq widening seemed to increase the secondary
strews.

Intermediate conclusions.-All the pertinent infor-
mation combines h indicate that design hro, 106 is the
be@ bakmced parallel-chord truss of 15% inches in
depth and having diagonals of cruciform cross section,
Design No. 131, although a much hea-rier truss, is a
C1O%second.

Designs No. 102 and 154.—Designs No. 102 and 154
have rectangular diagonals. The diagonals adjacent
to the spar bIocks failed and greater efficiency could
have been obtained by increasing the size of these
members. This, however, was not done in trusses15%
inChOS deep.

11%-inch DCPCI

Design No. 109,—In design No. 109 the union be-
tween the upper cap strip and the spar blocks appeam
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 ww clamped after the first
failure, an increase in strength of from 10 to 20 per
cent was obtained.

Des@ No. 135,—The specimens of design No. 135
faiIed at the joint between the upper cap strip and the
SpS1’ bIock.

Design No. 139,—Design No. 139 is the samo 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 No.
135, approaching a balance.

Design No, 143,—The lack of strength at the joint
bet}veen the upper cap strip and the spar block and
inmitficientdepth in the flange of the cap strip at-its
joints with tension members cause design No, 143 to
falIbelow the ideal,

D“SSignNo, 163,—Design hTo, 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,
w~ch is the Martin truss type, proved to be almor-
.malIy weak in comparison with the flange. After tho
M&l work no further tests were made, sinco there
appeared to be no chance of this type of trussequaling
the “eflkiency of the other trusses, such as the Warren
and the Howe.

7x-hwh D@h

Design No. 110.—Deeign No. 110 appcaw to be out
of balance. The union between the upper cap strip
and the spar blocks is not strong enough. Ono speci-
men failed through the tension diagonal pulling away
from the cap strip, indicating thatthe cap strip may
be strong enough, but that-the joint is too weak.
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Design No. lt?4.-In design No. 134
diwzonals are ‘not filleted, the tension

the cruciform
diagonals are

t~ flat members, and the center diagon& and the
posts me reduced in size in comparison with those in
No. 110. The outstanding flanges on the diagomds
adjacent to the spar blocks buckIed. It appears that
these specimens wouId have been slightIy stronger had
the diagonaIa been fdleted.

Design No. 141,—The tension members of design No.
141 are reduced in comparison with those of No. 134,
fllIets have been added to the diagonak adjacent to
the spars, and their width is decreased slightly. The
weight of the cap strip is somewhat 1sss than that of
No. 134. The flanges of the cap strip have proved
somewhat thin although this design approaches closely
to the ideaI as given by the curve. (Fig. 4.)

Design No. 144.-Design No. 144 has the highest
efficiency of any of the trusses teeted and is alightly
above the ideal curve.

3JMnch De@h

Design No. 115.—The lower cap strip in the speci-
mens of design NTO.115 buckled laterally.

Design No. 120.—The diagonaIs of design No. 120
are reduced in size and the cap strips are sIightIy in-
creased in comparison with No. 115. The specimens
failed through direct compression in the diagonals at
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 h~o. 120, but they have no
Wets and tho flanges of the cap strip are thinner.
The specimens, which faikd by buckling in the cap
strip, gave an efficiency about the same as that of No.
115.

Design No. 1S3.—The diagoncds and the posts of
design No. 123 are mneUerthan those of No. 115 and
the flanges of the cap strip are a little more rigid. All
specimens of this design faiIed by lateral buckling in
the Iower cap strip. This set shows the highest e5-
ciency of any of the designs in this height.

Design No. 140.—A eIight reduction in the diagonals
adjacent to the spar bIocks of design hTo. 140 aud a
slight increase in the stifTneesof the cap strips over
those of No. 133 redted in failure in the diagonals at
a lower Ioad than that obtained for h’o. 133.

Design No. 145.—FiIlets have been added to the
diagonaLaadjacent to the spar blocks; in other respects
design No. 145 is the same as No. 140. The efficiency
is increased o~er No. 140, but does not equa~ that of
No. 133. The diagonals adjacent to the spar blocks
faiIed in compression.

Design No. 155.—Design No. 155 appears to be
fairIy welI bakmced, but the quality of the material
in the actual ribs is not quite up to that used in No.
133 ribs. .

Design No. 156.—Dmign No. 156 has rectangular
cmnpreesionmembers that faikd in campreasion at the
ends where the section was reduced for the spIine.

Design No. 162.—The splines in d@gn No. 162 were
reduced in tbiclmess as compared with those of No.
156, and the diagonals adjacent to the spar bloclm
were also reduced in cross-sectionrd area. This design
gave an increase in efficiency over No. 156 and w+
cIose to the average of those with diagonals of cruciform
cross sections.

Intermediate conclusions.—In shallow specimens
with short compression membem there is but slight”
advantage of cruciform over rectanbgdar’di%onfi ~d
obtsining maximum etliciency is not practicaI for
trusses having a ratio of 11 or more for spar spacing
to height. -

REINFORCED PLYWOOD TEUS9

16JMnchDepth

Designs No. 111, 112, 147, and 161.—This group”
of designs is an attempt to develop a balanced type
of reinforced plywood truss. In design No. 111
lightening hoks axe cut in the web between the stiffen-
ers, Ieaving onIy a narrow strip at the stMener supports
with a mmewhat wider margin at the cap strips as a
flange. FaiIure occurred in the stiileners. The rein-
forcement appears to be somewhat light ta give a vmll-
brdsnced design; this is true txipeciallyof the stiffeners
adjacent to the spar blocks. Design No. 147 is prac-
ticably the same as No. 111, except that more of the
pIfiood web is cut away and the stMene& are still
lighter. The diagonal reinforcements are too Iight tu
balance the specimen, and failure occurred in the
diagonals. Design No. 112 has oval-shaped lightening
hoIes with stiileners; the specimens faded by buckling
of the web around the lightening hoIes. k design
No. 161 the pIywood web is cut away except for flanges
Ieft at the cap strips and spar bIocks, a condition that
resulted in a specimen lighter than No. 111. Better
results can probably be obtained with diagonids not
quite so tide in the pIane of the rib, reinforced by a
thin fuII-Iengthstrip instead of spacer blocks separating
the two diagonal membqm This strip should be about
two and one-haIf times as wide in the pkme of the rib
as the diagonal. Such a design would approach the
truss with cruciform section membem.

11%-inchDe@h

Design No. 116.—The cap strips in design No. 116
are a littIe too Iight to obtain the greatest efficiency.
If more plywood were cut a~ay, it would improve this
design.

Design No. 164.-The glue area at the end of the
di%ona~ adj~ent to the spar bIock in design No. 164
is inaufhient. The diagonaIs would have nearly
doubIe the strength if each one were fled for its entire
Iength with a thin strip in place of the spacer bIock.
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79Mlch Depth

Design No, 117,—The specimens 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 thexap
strips of the specimens made to this design apparently
was not so good as that of No. 117 specimens. Addi-
tional Lighteningof the plywood web along the stitTen-
era would improve both dtigne.

Designs No, 152, 15?3 157, 158, 165, and 166.—Ply-
wcod webs with rectangular holes rounded at the
corners and vertical stiffenem, 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 aroqnd the lightening holes because
of shearing stressm. The specimens with vertical fa~
grain gave the highest value4, but all the resuh show
these designs to be grcssly inefficient.

WMnehDepth

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 ted of one rib. %mewhat
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. 129 and 130.—Because of the small
amount of lightening in the region of large ahear stress
as compared with the general lightening of the rib,
failure occurred in both the fit 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.
(Fii. 5.) The plywood web buckled more readily
than single-pIy spniceo Itectangular openings at
points of high shear stressesshould be avoided.

FULL WZB WITH BRACING

16%-hch Dqth

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

11%-lluh Depth

Design No. 107,—Faihre occurred in the cap strips
of the specimens of design N’o. 107. The stiffeners
appear to be heavier than necessary.

??f-inch Depth

Design No, 160,—The cap strip and the web of
design No. 160 failed through the wrinkling or buckling
of the plywood web immediately over the lower cap

strip. This buckling was caused by compression in

the depth of the section.
.

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

Design No. 150.—Deaign No. 150 hsa a 2-piece
naiIed 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.
161 buckled just above the lower cap strip, Here
again a 2-piece nailed cap strip was used; by omitting
the naiIs, the strength can probably be incresmd to
that of a single-piece cap strip of the same size.

Design No, 167,—Design No. 167 has vertical face
grain and thicker plywood than the other designs of
its depth, which have already been described. Failures
occurred through lateral buckling. There appears,
however, to be a balance in strength between the cap
strip and the web.

Design Ko, 168,—Design No. 168, in which tho
faihres were similar to those of design No. 167, has
longitudinal face grain.

Design No. 108.—The specimens built to design
No. 1-08faiIed through buckling in the cap 6trip. If
the diagonals were rechmd in size and the nails omitted
from the cap strip, the strength-weight ratio would be
increased.

r~-hchDepfh

Design No, 118.+3pecimene of any braced de.sign
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 verticaI 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, 126,—In the tests of specimens of dc-
aign No. 125 stiffenem were clamped to the web.
The ‘strength of the rib can be increased by omitting
nails 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. 113,—Design No. 113 almost reaches the
ideal. The bracing or stiffeners, however, are heavier
than necessary. By using vertical face grain and
omitting the naik fkom the cap strip and stiffeners,
an incre~ in strength”of about 15 per cent and aIao a
reduction in weight of about 15 per cent can’ be
obtained.
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FULL WEB WITHOUT S’17FFENEBS

Iwhch De#th

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

Il*iuch Depth

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

~Inch DePth

I)esign No. 176.—Deeign No. 176 is weII 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 equaI of any of
the ddgns tested that have a plywood web with
sti&eners.

Design No. 188.—The baIsa core in design No. 188
is thicker than that in No. 176 and the proportions =e
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 WSIIas
those of No. 176.

Design No. 186.—During tasfi the specimens of
design No. 186, tie, were not so welI briced lat.mdly
as they would be in service. One exceptionally low
value caused by poor bracing pulIed the average down.
A slightly thicker core would increase the strength.

Design No. 185.—Design No. 185 failed through
lateral buclding. The plywood web is too thin for
the rib to obtain a high ei3kiency.

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

Designs No. 174 and 176.-Some of the specimens
of designs No. 174 and 175 were not braced IateralIy
so welI as others, permitting them to buckIe laterally
at lower loads than they would have held had they
failed in some other manner. A thicker core would
also have increased the strength.

;7~~~h~~

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

Design No. 127.—In design No. 127 a good bahmce
between the thickness of the plywood web and the size

of the cap strip is obtained. If vertical face grain
were used, the web could be thinner.

@sign 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 stillness
of the eingle-ply spruce in the vertical direction is not
m great as that of thre-ply popIar because the bend-
ing is entirely across the grain.

Designs No, 169, 170,171, and 172.—The specimens
of this group of deaignqfailed through lateral buckling.
Design No. 172, which has a core thickness of five
thirty-seconds inch, is the most eflicient. The designs
in this group form a series in which the core thickness
is varied from one-sixteenth to five thirty-saconds 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
thichese of five thirty-seconds inch, which is the
maximum &ted in the 3%inch depth of specimen.
The ditlerence in strength-weight ratios in specimens
with core thicknesses from three thirty-seconds inch to
five thirty-seconds inch is not nearIy so pronounced as
that in thicknesses from one-aixtaenth inch to three
thirty-seconds inch.

Designs No. 177, 17S, 179, and 180.—The designs of
this group also have various thicknesses of baIsa 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 appems to be the awe in
this set as in the preceding group (designs Nos. 169 to
172, inclusive), but the efficiency of the web with 45°
grain is Iower.

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 eWected
from the corresponding increase in weight.

Intermediate conclusions.— Considering pl’bdy
the strength-weight ratio, it appears that the best
thicknese of balsa core is about one-eighth inch in
full-web paraIIeI-chord specimens, without sttieners,
of the dimensions 3?4by 44 inches.

.
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DesQII No. FigureNo.

1----------------------- 8
1-A-------------------- 8
2---------------------- 9
>A..-.------------.--- 9
a---------------------- 10
%A.------------------- 10
4---------------------- 11
+A-------------------- 11
5---------------------- 12
&A-.-.--.------.------ 12
6-------------------.-- 18
7-------_-------------- 13
8---------------.----.- .14
8-A-------------------- 14
9------- ----------- ---- 15
WA------------------- 16
10--------------------- 16
10-A-... ----.------—-- 16
ll-C------------------- 17
11-A------------------- 17
ISA------------------- 18
ISA------------------- 18
l&A-.----_--------–-_ 19
lol----------.-_----__- 20
102-------------------- 20
lo3---.----_------.---- 21
104-------------------- 30
105-------------------: 29

INDEX OF WING RIB DRAWINGS

Deslsn No. $, - Figure No,

106-------------------- 21
107-------------------- 29
108-------------------- 29
109--------------------22
no-------------------- 2a
Ill--- _----- _-_= ------ 25
112-------------------- 25
113-------------------- 28
114--------------------- 28
115-------------------- 24
116-------------------- 26
117-------------------- 27
118---------------------- 30
119-------------------- 28
120-------------------- 24
121---------------:---- 21
122-------------------- 22
123-------------------- 31
124-------------------- 27
125-------------------- 30
126-------------------- 21
127------------------- 31
In-------------------- 31
129-------------------- 28
130-------------------- 28
131-------------------- 21
132-------------------- 24
133-------------------- 24

Ddgn No. Figure No.

134--.:---.-:----------23
135-:------------------22
136-_----:-----------21
137--------------------21
138---:_---------------21
139-:-:----------------”..22
140-—-----------------24
141--------------------23
la--------------------21
143--------------------22
144-— ----------------28
145-------------------24
146--------------------21
147---------------------25
148--------------------21
149--------------------22
150--------------------29
151------------------29
152-_--:---------------27
153-------------------27
15L–-----------------21
156--------------------24
156------------------24
157---------------------27
158--------------------27
159---.----------------,29
160.---------__--_----–29
161-------------------25

DesJgnNo. FIEUMNo.

162-------------------- 24
163-------------------- 22
164-------------------- 26
165-------------------- 27
166------------------- 2t
167-------------------- 29
Ire---------------.--.- 20
169-------------------- 31
170-------------------- 31
171-------------------- 31
172-------------------- 31
173-------------------- 31
174-------------------- 31
175---.-.--.---.--:---- 31 L
176-------------------- 3i
177.------:------------ al ,“
178-------------------- 31
179-------------------- 31
180-------------------- 31
181-------------------- 31
182--------— --------- 31
183-------------------- 31
1s4-------------------- 31
185-------------------- 31
186-------------------- 31
187-------------------- 31
Id-------------------- 31


