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AERONAUTICAL SYMBOLS. 

1. FUNDAMENTAL AND DERIVED UNITS. 

Metric. English. 

Symbol. 1--------------------.-------1-----------------.-----------1 
Un:it. Symbol. Unit. Symbol. 

- Length ... 1 meter...................... m. foot (or mile) .. .. ...... . ft. (or mi. ). 
Time . . .. .! t 

F 
second. . . . . . . . . . . . . . . . . . . . . sec. second (or hour) ..... " sec. (or hr.) . 

Force ... . weight of one kilogram... .. . kg. weight of one pound .... lb. 

Power. . . P kg.ill/sec ............... . ........... .. . horsepower .............. IP 
Speed ............ .. m/sec... ... . ............. . . m. p. 8 . mi/hr ..... .............. 1 M. P. H. 

2. GENERAL SYMBOLS, ETC. 

Weight, lr =mg. 
Standard acceleration of gravity, 

!7 = 9.S06m/sec.2 = 32.172ft/sec.2 

W 
Mass m = -, 9 
Density (mass per unit volume), p 

tundard density of dry air, 0.1247 (kg.-m .­
sec.) at 15.6°C. and 760 mm. = 0.00237 (lb.­
t.-sec.) 

Specific weight of I. tanuard" air, 1.223 kg/m.3 

= 0.07635 Ib/ft.3 

Moment of inertia, m7.:2 (indicate axis of the 
radius of gyration, k, by proper subscript). 

Area, S)' wjng area, Sw, etc . 
Ga.p, G 
Span, b)' chord length, C. 

Aspect ra tio = b/c 
Distance from C. g. to elevator hinge,j. 
Coefficient of viscosity, J.I.. 

3. AERODYNAMICAL SYMBOLS. 

True airspeed, V 

Dynamic (or impact) pressure, q=~ p P 

Lif t, L; absolute coefficient OL = q~ 

Drag, D; absolute coefficient OD = r:. qu o 
Cross-,yjnd force, 0)' absolute coefficient 

0. =2... 
C qS 

Resultant force, R 
(Note that these coefficients are twice as 
. large as the old coefficients L c, Dc.) 

Angle of setting of wings (relative to thrust 
line), iw 

Angle of stabilizer setting with reference to 
thrus t line i, 

Dihedra.l a.ngle, 'Y 

Reynolds Number= p Fl, where l is a linp.ar di­
lL 

mension .. 
e. g., for a model uirfoil3 in. chord, 100 nu/hr., 

normal pressure, O°C: 255 ,000 and at 15.6eC, 
230,000; 

or for a model of 10 cm. chord, 40 m/sec., 
corresponding numbers are 299,000 [tnd 
270,000. 

Center of pressure coefficient (ratio of disLnnce 
of C. P. from leading edge to chord length) , 
Gp • 

Angle of stabilizer setting with reference to 
lower wing. (it--i .... ) = 13 

Angle of attack, IX 

Angle of downwash, E 
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REPORT No. 181. 

FORM FACTORS OF BEAMS SUBJECTED TO TRANSVERSE LOADING 
ONLY. 

By FOREST PROD CTS LABORATORY. 

I TRODUCTION. 

This publication i one of a serie of three reports prepared by the Forest Products Lnbo­
ratory of the Departmen t of Agricul ture for publication by the National Advi ory Committee 
lor Aeronau tics. The purpo c or thp (] papers is to make known the results of t sts to determine 
the propertie of wing beams of standn.rcl and propo cd ections, conducted by the Forest 
Products Lahoratory and financed by the Army and the Navy. 

SUMMARY. 

N early all of the mechanical properties of wood, e pecially those affecting its flexural 
strength, have been determined from test on rectanaular pecimens and, of all of these proper­
ties, the modulus of rupt.ure i the one most u ed in de ian. The term modulu of rupture does 
not orrespond to any of the fundamental properties of wood, but it i that value obtruned by 
ub tituting maximum bending moment in the ordinary beam formula which give tres es in 

the extreme fiber for moment within the ela tic limit. When confined to rectangular sections, 
however, the term modulu of rupture in thi. restricted en e may well be applied to wooden 
beam. . However, when applied to beam of I and box ections we obtain 1'e ults which are not 
comparable with tho e obtained for rectangular beam. The computed values for such sections 
may, in extreme ca es, be 50 per cent Ie s than corresponding value. computed for rectangular 
beams made of material from the same plank. 

If the properties of wood a based on te ts of rectnngular ections are to he u cd a a ba i of 
de ign for any other section, a factor who e value is dependent upon the hape of the ection 
must needs be applied to the u ual beam formula. For con,enience in this discu sion thi factor, 
which is the ratio of either the fiber stress at ela tic limit or the moclulu of rupture of the section 
to the imilar property of a rectangular 'beam 2 by 2 inche in section made of the same material, 
will be called a "Form Factor." 

uch factor for variou section have been determined from test by comparing propertie 
of the beam in question to similar propertie of match d beanls 2 by 2 inches in section. Further­
more, formula more or Ie s empirical in character were worked out, which check all of these test 
values remarkably well. In the development of these formula it is necessary to consider 
the characteri , tic of timber. The strength of wood in ten ion and compl'e ion dong the grain 
is very different, being much greater in tension. WJ1en a wood beam fails it fir t gives way at 
the urface on the com pres ion side and these fiber 10 e some of their ability to ustain load. 
The adjacent fibers receive a gren.ter tre s and with this redistribution of tre s the neutral axis 
move toward the tension side and shortens the arm of Lhe in ternal re isting couple, giving a 
much higher stre s in ten ion. This process continues until tension failure occurs. The com­
pre. ion failures are often not prominent, sometime being almost invi ible. This has often 
led to the erroneous conclusion that tension failures occur before there is a compres ion failure. 

It has been observed for years that the computed fiber stre s at elastic limit in bending was 
far greater than the fiber stress at elastic limit in compression parallel to the grain. Various 
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theories have been advanced for this, the one most prominent being the fiber tresses and strains 
were not proportional to their distances from the neutral axis even within the limits of elasticity. 
This investigation has led to the belief that stresses within the cIa tic limit arc very nearly 
proportional to their di tance from the neutral axi and that the difference i one of actually 
greater fiber stre s in the beam than in the block under compres ion parallel Lo the grain. We 
account for thi ability to take greater tress by the a umption that the minute wood fibers when 
subjected to compression along their length act as miniature Euler col1lmns more or le s bound together. 
These fibers when all stressed alike offer little support one to the oLher, buL when the stress is 
nonuniform as in a bent beam the fi bers nearer the neutral axis being les stre sed will not buckle, 
and will therefore lend lateral support to the extreme fibers cau ing them Lo Lake a higher load. 
By evaluating this support the relation of the elasLic limit for various sec Lions can be determined. 
The following formula gives such an evaluation: 

FE=0.5 +0.42 [0.293 (5;-3-sin a cos a) t24tl + ~J 
The above formula for the clastic limit form factor can be used Lo deLermine Lhe modulus of 

ruptme form factor by a change in constants and we have for uch factor 

F - 0 50 [0 ')93 (~- . ) t2 - tl ~J u- 0.50 +. .~ 57.3 SlllaCOSa t2 + t
2 

As regards the accuracy of the above formulas, we would expect them Lo check the .average of a 
great number of test values more closely than a few tests of repre entaLive material would check 
such average. Even for beam with extremely Lhin flanges, at which limit they were not ex­
pected to check, it wa found that they checked results of test made on I beams routed beyond 
all practical limi ts. 

PURPOSE. 

The general aim of this study is the achievement of efficient design in wing beams. The 
purpo e of the tests, the results of which are here presented, was to determine factors to apply 
to the u ual beam formula in order that the propertie of wood ba ed on tests of rectangular 
sections might be u ed as a basis of design for beams of any ection, and if practical to develop 
formula for determining such factors, and to verify them by experiment. 

DESCRIPTIO OF MATERIAL. 

Because it combine the qualities of lightne , great strength per unit weight, and a consider­
able degree of toughne ,Sitka spruce i the wood mo t used in aircraft construction. For this 
reason all te t pecimens used in this study were built of this pecies. The material was re­
ceived from the west coa t of the United tate and from Alaska. Both air-dried and kiln­
dried stock was used and all conformed with Army and avy specifications a to rate of growth 
and slope of grain. No material wa u ed having Imot or pitch pockets, no matter how mall . 
and 0.36 was the minimum pecific gravity permitted ba ed on oven-dry weight and volume . 
The size of the plank from which te't beams were made varied from 2 by 10 inches by 12 feet 
long to 4 by 22 inches by 34 feet long. 

Cros section of the beams tested are shown in Figure 1,2, and 3. The I beams were of 
ingle-pi ce con truction. The cheek or webs of the box beam were aLtached to the flanges 

with ordinary hide glue. Filler blo ks were placed inside th box beam at the end and load 
point. These blocks were not glued in but held in place by mall cleat glued to the flanges. 
The F-5-L beam (fig. 1) were first routed throughout their length and tested with no filler 
blocks at the load points, later a series was made in which the beams were left unrouted for 
6 inches at the ends and for 4 inches at the load point . 

The lengths of the beam, ections of which are shown in Figures 1,2, and 3, varied from 30 
inches to 12 feet 6 inche. The span was always of sufficient length to eliminate horizontal 
shear failures. 
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MARKING AND MATCHING. 

In order to make reliable comparisons between beams of different cross sections, careful 
matching of the various beams with beams of standard cross section was necessary. Practically 
all beams of I , box, and other symmetrical or unsymmetrical sections tested were matched with 
2 by 2 inch rectangular specimens. The e 2 by 2 inch specimens will be referred to as minors 
and all other beams as major beams or simply majors. 

While but one major beam was made from a plank, everal minors were cut from the balance 
of the material, their number depending upon the length of the major beam. The minors were 
taken from one or both sides of the major beam or if this was impossible, they were cut from 
one or both ends of the plank depending upon its length. Figure 4 shows the various methods 
of matching employed. 

When minor bending specimens could be obtained from but one end of the plank the 
specific gravity of specimens cut from them after failure were compared with the specific gravity 
of specimens cut from the other end of the plank and proper adjustments made in order to 
obtain the average properties of the plank based on tests of 2 by 2 inch specimens. 

OUTLINE OF TESTS. 

Following is an outline of the tests of both the major and minor beams: 
Major beams. 

Static bending. 
Center or third-point loading. 
Moi ture determinations. 

Minor beams: 
Static bending-2 by 2 by 30 inch specimens. 

Center loading. 
Moisture determination. 

Compression parallel-2 by 2 by 8 inch specimen . 
Load applied parallel to grain. 
Mositure determination. 

pecific gravity determination. 
Compression perpendicular-2 by 2 by 6 inch pecimen. 

pecimen cut from static bending specimen after failure. 
Load applied perpendicular to the grain. 
Moisture determination. 

Specific gravity-2 by 2 by 6 inch specimens. 
pecimen cut from static bending pecimen after failure or from plank directly 
where size of plank permitted. 

Moisture determination. 

METHOD OF TE T 

In some of the earlier test of the beam hown in Figure 1, both center and two-point 
loading was used. However, two-point loading proved 0 much more ati factory for larger 
beams that it alone was finally used. The minor bending pecimens and tho e of T , circular, 
and rectangular section, with diagonal vertical hown in Figme 2, were all te ted with load 
applied at the center at the rate of 0.103 inch per minute. The load wa applied to all the 
larger beams at such a rate that strength values obtained could be compared with trength 
values of the minors without correcting for rate of loading. 

A standard laboratory deflectometer was used to mea ure deflection of the minor beams. 
For the major beams defiections were read by observing the movement of a vertical scale, 
attached to the center of the beam, acros a wire fa tened to two nail driven in the beam over 
the supports. Such beam as the Loening (fig. 1) were prevented from bending in more than 
one plane by using pin-connected horizontal ties spaced not over 10 inches along the beam 
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(see fig. ) . The rear beam was held very well by the e tic , but we found it practically impos­
sible to prevent buckling of the Loening front beam and a consequent reduction in maximum 
load. The ratio of the moment of inertia about a horizontal axis to that about a vertical axi 
is about 39 to 1, which is far in excess of what is permis ible for beam in other classe of con­
struction which are held even more firmly than are wina beam in the wing. Although it is 
difficult to fL'C a value for thi ratio, ince the rigidity of support and di tance between rib has a 
great influence on the allowable moment of inertia about a vertical axi~, we would ugge t 
thi ratio to be kept below 25 if possible. When this i exceeded, particular attention should 
be given the above-named factor to insure lateral rigidity. 

A tandard set-up for a two-point loading te t is shown in Figure 5. The compre ion 
parallel and compression perpendicular test and the specific gravity and moi ture determinations 
were all made according to the approved laboratory methods. 

DESCRIPTIO OF FIGURES AND TABLES. 

Figure i.- These arc sections of wing beams in use, four of them are front and four are 
rear beam. Below is given a table showing the form factors of these sections. As will be 
pointed out later there is a slight change in the modulus of rupture with a variation in height 
of rectangular beams and, since practically all te ts for the determinations of properties of 
woods grown in the United tates have been made on specimens this ize, the 2-inch height has 
been adopted a a standard for establi rung form-factor values. 

The te t value for the Loening front beam are probably a little low for, as explained 
under " Method of Tests," it was practically impossible to prevent lateral buckling of this 
section and a consequent r eduction in load. 

It will be noted that the moduli of ruptUTe of the following beams as computed by the 
Me 

formula S = T are from 17 to 3 per cent Ie and the ela tic limit stre ses 15 to 27 per cen t 

les than imilar properties of the minor 2 by 2 inch specimens. 

1 

F-5-L Loening 

6Ffront 
4Frear 

~l 
~~;f 

T.F. 
FIG. l.-Types of wing beams. 

1 
l'front 
6Freor 

1 

Type of beam. I 
Fib r str 's at eLa tic R 

limit, form factor. M. of . form factor. 

F-5-L front . .... . ..... . . ... .. . 

F-5-L rear ....... .. . ........ . 

Loening front . . .............. . 
omp . ... . 

Loening rear. . . . . . . . . . . . . . . . .. Act . ..... . 
Comp . .. . . 

T. F front. .. .. . ... ..... . . . ... .\ ct . ..... . 
Comp .... . 

rl'. Frear................. . . . .. .\ ct ...... . 
Comp . ... . 

:\. C. front. ................... \ct . ..... . 
Comp .... . 

X. C. rear. ..................... \ ct ...... . 
I (·omp .... . 

Act ..... 0.72 
Comp .... 6 
Act..... .70 
Comp ... . 73 
Act..... .75 
Comp ... · .78 
Act..... .83 
Comp... .79 
Act..... .62 
Comp .... 62 
Act..... .66 
Comp. .. .64 
.\ ct..... .72 
Comp... .72 
.\ct.. ... .73 

. 71 Com p. .. . 73 

.\ ct.=.\ value determined by test of [rom (j to 13 beams, each of 
which was matched with from 3 to minors. Spans vary from 6 to 12 
feet and load was appli d at the third points. 

Comp.=Value computed by th formu las to be discu ed in the 
anal)' is. 

The dirnen ions o[ the abo\'e sections are shown in Figure l. 
Table I shows the indi"idual results and the ayerage of the minors 
matched Kith each beam. 

Figure 2.- Thi figure how additional ections tested for form ~actors. They represent a 
considerable range in form factor , that for modulus of rupture varymg from 0.69 for the box 
beam with equal flanges to 1.41 for the square with diagonal vertical. The extreme ections 
shown are beyond practi al limi t buL were made and tested to check out the form factor 
formula. 
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Below is given a table showing the modulus of rupture form factor of six of these sections as 
determined by test and by the formula which will be developed later in this analysis. The 
circular and the square ection with diagonal vertical will be discus ed separately. 

Type. 

I section ....... .... ....... .. . 

T section ................... . . . 

Box section equal flanges ...... . 

Box section unequal flanges ... . 

Extreme sections: 

Form lactor modulus I 
of rupture. 

Test ....... 0.70 
Formula... .70 
Test....... .7 
Formula.. . .80 
Test... .... .69 
Formula .... 69 
Test....... .71 
Formula... .74 

't £ 't Thin flanges...... . .. . . .... Test.... ... .64 
Formula... .64 

Thick flanges...... . . . . . . .. Test....... . 9 
Formula. . . . 9 

l~rIl 
~ 1 
T 

Extreme sections 
Fro. 2.-Sections 01 beams tested for lorm lactors . 

CIRCULAU SECTIONS. 

In the ca e of the circular section we have a form factor greater than unity. A series of cir­
cular beams were tested and the average modulus of ruptme computed by the usual beam 
formula was found to be 115 per cent of the modulu of ruptme of matched specimens 2 by 2 
inches in section. Let us compare the bending trength of a beam of circular section with a 
beam of square ection, cro s sectional areas being equal. The ection modulu l lc of the quare 
is approximately 11 per cent of the l lc of the circle, but as stated above the modulus of rupture 
in the case of the cll·cle was 115 per cent that of the quare. This shows that a beam of circular 
section and one with a quare section of equal area will su tain practically equal load . 

SQUARE SECTIONS WI TH DIAGO AL VERTICAL. 

The moment of inertia of a square about a neutral axis perpendicular to it ~ides is the 
same as the moment of inertia about a diagonal. When a beam of quare section is tested with 
the diagonal vertical, however, c, the distance from the neutral axi to the extreme fiber in 
compression, i v2 time as great a c for the same beam te ted with two ides vertical. If 

we use the ordinary beam formula J.l1 = :' we would anticipate that the load su tain d by 

the two beams would be to each other as 1 i to 0.707 in favor of the beam with it ide vertical. 
Tests have shown, however, that thi is not the ca e but that they ustained load which were 
practically equal; in fact, the beam with its diagonal vertical was lightly superior in trength , 
though scarcely more than the normal variation to be expected with careful matching of 
material. The stress factor then of a rectangular beam loaded with it diagonal vertical is 
practically 1.414, or when using the usual beam formula with a determined by te t of 2 

I 
by 2 inch specimens a stl'e s factor must be applied, and we have },f = 1.414 c' 

Figure S.- Thi · figure gives illustrations of equivalent section. Although there is a 
considerable difference in l ic, both beams in each et ustain practically equal load. 

Figure 4.- Thi figure show the systems used for matching minor 2 by 2 inch specimens 
with a major beam which is to be investigated. The minors are hown taken along ide the 
beam on one or both ide or at one or both end. When taken from one end pecific gravity 
determination were made for the other end and adjustment made. 

Figure 5.-Figme 5 shows a standard set-up for a two-point loading test. 
like the Loening (Figure 1) were prevented from bending in more than one 
connected horizontal tie which are shown in Figme . 

lender beam 
plane by pin-
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Figure 6.-The theory of variable elastic limit and ultimate stresses in timber under 
compression along the grain due to the upport which a low-stre eel fiber may give to one 
more severely tressed is developed later in thi repor t. When attempting to evaluate the 
amount of reinforcement received by the extreme compre ive fiber from those less stres ed 
or in tension several trials were made to obtain a relation which would check te t results and 
which could be represented by simple mathematical CUI'Ve Curve A was the re ulting relation. 

a -Maximum load ~ 3200 lb. 
b - " "31 78 " 
c - 2280 " 
d - 2285 " 
e · 3897 " 
r· 3867 " 

e 
f: = 4 .1 5 
Fu = .86 
Fu {; = 3.57 

1 2 " 

r 
f: = 4.73 

Fu= .74 
Fu f: =3.50 

~ 

c d 
1;= 4.73 1;=5.33 

-15 =9.88 
Fu= .68 
Fu f: = 6.71 

'<I; 

f:= 10.40 
Fu = .65 
Fuf:= 6. 76 

Fia. 3.-Equivalent beam sections. 

Minor 
specimens 
cut from 
both ends 
or plank 

as indicated. 

FIG. 4.-Matching diagrams. 

Curve B i the supporting ratio of the flange of a box or r beam. The depth of compression 
flange in per cent of total depth of beam i plotted against the ratio of the area above this 
flange-depth ratio to the total curve A area. 

Figure 7.-This figure shows how the maximum load sustained at the center of a box or 
r beam varies as material is transferred from the tension to the compression flange, over-all 
dimensions and area remaining constant. 
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Curve A 
Empirical relafions. 
Area represents 

supporfing obilify of 
rectangular beam. 

r::£ 0Q~Q++=l+U 
~ & + --N-+++ -0'6 
~~ 20 Q:< ~~-;'Deplh 
8..2 p. , 3 
~6 40ft=tij=tttl=ttj---
~~ ~ I ~ 
~.~ 60 -4 -
"- \) fan-I - = --
o~ ~1- 3 + -
~§80 - I . ~¥T~ ~ 
~ II)Vi ~~ - 3Btit

R
, 2"i':::;-2 g ~ 100' L.!..--'---'>--,-' I I'-'--:I-L...L:""""-

Q. 0 . 50 100 %/ r 
RelatIVe suppor -
'nq influence on 
exfreme fiber in 

FIG. 5.~l'wo-point loading test. 

Curve B ' 
k = Ratio of curve A area 
above horizonfal repre­

senfing given flange-depfh 
ral/o, fa fofal curve A area. 

O<u 
g> 

:S? 
1 ~==+ttttttt~~~~~~20~ ~::£ 

•••. 122-
40 ~\:j 

~~ ~~ 
9.0 

r • -I-l---l-----l--+--I--+-- 60 ~ "'-
IF 0 ..... 

\) 0 

---~~+4~-I-l-+~~+4 ..... ~o 
80 0 0

' 

H-+-H-j ::£·S 

~tijJ=tfj~t±jj~rj=ttijj & 
t 2 I .8 .6. .4 .2 .0100c::, 

Supporflnq rallo, Ie ; 

o.293(5~3 - cos d sind) 

compression. Fiq.6 in formulae. 

Cun-es showing empirical relations in stress factor theory based on assumption that less 
stressed fibers lend support to higher stressed fibers. 

64942-24-2 

SITKA SPRUCE 
BOX BEAM 

Spon 8 ft. Third-point loading. 
(J) p; FuSI (2) p = KSI 

5800 16c 16c 

1 

42000 'Ie '14 "h '12 5/8 3/4 71e 
Thickness T in inches 

Ir ansferred from t(insion 
to compression flange 

FIG.7.-lnfluence of unequal tlange depth 
on strength of box beams. 
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Figure B.- This is a photograph of the apparatus used to prevent the bending of beams in 
more than one plane. When the ratio of the moment of inertia about a horizontal axi 
to that about a vertical axis is large, lateral buckling cau es a con iderable reduction in load 
unless pr vcnted by orne uch apparatus a shown. 

FTO. R.- .\ppsrntns to preyent lateral bucklin!!. 

Tabl I.- Thi table sho\\" the propcrtie of the beam , ~ections of which arc shown in 
Figure 1, together with the average of (h propertie of the minor matched with each bam. 
All minor values have been adjusted to the moi ture content of the beam. The ratio of a prop­
erty of the major to that of a minor is expre ed a a form factor for that property. Modulus 
of rupture form factors were determined in Lhis way and al 0 by giving the compression parallel 
nlue equal weight with modulus of rupture values. In weighting compression parallel value 

they were multiplied by ~,;~~, the ratio of modulu of rupture to maximum crushing trengLh , 
parallel to the grain for pruce aL 15 per cent mois ture. 
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TABJ.E I.-Strength properties of several standard wing beam.y .dtll similar properties of matched rectanqular specimens £ b.v t illch sccti01l alld /II< relation of similar properties erpresscd as form factors. 

Beam. 

(1) 

F-5-D-K .. 
F-5-D-L .. . 
F-5-D-P .. . 
F-5-D-T .. . 
F-5-D-V .. . 

Avcrage .. 

F-5-D-M .. 
F-5-D-N .. 
F-5-D-O .. . 
F-5-D-Q .. . 
F-s-D-S .. . 

Average .. 

s vecifiJ Spec ifi c 
gra"ity\ gravity 
weight. vo lume 
oveu- aod 
dry weight. 

vOlumo

l 
oven­

at test. dry. 

Mois-
ture. 

~1~1(4) 

0.408 
.428 
.396 
.398 
. 389 

.404 

0. 394 
.40·\ 
.4:;7 
. 37R 
.:378 
. 402 

0.433 
.449 
.422 
.418 
.414 
.432 

0.429 
.429 
.4~ 
.406 
.40 1 

.430 

Per 
cent. 
11.2 
11. 8 
11.6 
11. 9 
12.3 

11. 8 

11. 6 
11. 3 
11. 3 
10.6 
12.4 
11.4 

T-F-D-Il. "I 0.416

1 

0.443 10.7 
T-F-D- I .... 411 .435 10.1 
T-F-D-J ... . 104 .4 12 11.1 
T-F-D-K.. . ;347 .368 10.8 
T-F-D-L ... 379 .401 10.0 
T-F-D-M.. .:382 .401 1l.0 
T-F-D-N.. .36:; 1 . a90 1 10. 0 
T-ILJ)-O .. . :J09 .:378 10.8 
'f-F-D- P .. .307 . 12.1 10. 5 

Average .. 1 . 3R! . 40!; 10.6 

T-F-D-R .. 
T-I" - D-U .. 
T-F-D-V .. 
'l'-F-D-W. 
T-F-D-X .. 
T-F-D-Y .. 
T-F-D-Z .. 

Average .. / 

0.42'1 
.382 
.401 
.:J39 
.347 
.:3~ 
.!J!lH 

.377 

0. '1-17 
.412 
.424 
.360 
.374 
.407 
.379 
. JOI 

II. 9 
11.0 
11.0 
11.3 
12. :; 
12.5 
11.0 
11. 6 

FSf .. front bea.m . 
-----

Beam ____ --.:.1\linor8. I 

}<~ibcr 

stress 
at 

clastic 
limit.. 

(5) 

.\ Iodu­
Ius or 
rup­
Lure. 

(6) 

Fiber 
strcss ., 
clastic 
limit. . 

(7) 

Lb •. ')';tr Lb •. pcr Lb •. per 
80.111. sq. in. 8Q. in. 
6,815 8, 760 9,370 
6,3SO 9,3SO 8,050 
5,950 7,630 7,855 
6,110 7,745 6,760 
5,460 6,870 6,535 
6,143 8,077 7,714 

(8) 

Lb •. 1Jer 
&Q. i,t. 
13,170 
11, 590 
11,340 
10,070 
9,9SO 

11,230 

(9) 

1.1)8. per 
8Q. "'I. 

6,520 
6,300 
6,020 
5,690 
5,660 

6,038 

l i'orm ract.arg 

( tOJ 

lJq. in, 

FE. 
( J 1) 

Lb,. P" 1 

n ,9SO 0.686 
11 ,570 .792 
11 ,060 .758 
10,450 .90! 
10, 400 .836 
11,092 .795 

Fo 
(12) 

0.665 
.809 
.672 
.769 
.688 

.721 

Fu 
(13) 

0.696 
.S09 
.681 
.755 
.674 
.723 

I I 
6,760 
6,260 
6,270 
5,1l40 
5,560 
6, 13H 

4,000 
4,H55 
4,740 
4,300 
.j, 170 
il,220 
5, 100 
4,675 
5,000 
4,802 

:;,320 
.1,070 
J,070 
4,700 
'1,4:;5 
'1,33:; 
4, 175 

'!,4Q9 

F5L rear beam. 

8,045 
8, 160 
9,280 
7,240 
7,345 

8,014 

8,3SO 
7,645 
8,300 
6,R9.5 
6,995 
7,661 

11 ,940 
11,570 
13,400 
10, 160 
10,890 
11 ,.592 

T. P.front beam. 

7,535 1 6,835 10,680 
6,830 6,960 11,050 
(;,420 6,4105 10,470 
5,620 5,960 9, 120 
6,050 6,440 10,300 
6,000 6,460 10,310 
6,395 6, .560 10,290 
5, Mt:; ;), 4LO 9, 12.1) 
7,02.1 1 6,.1:35 to, 730 
6,31l4 6,:397 10,231 

--- ----
T. F. rear bcam. 

~­~m 
~OO 
~~ 
~~ 
~~ 
~m 

~~ 

7,6M 
5, [)'ifi 
.,, 320 
5,52.; 
5,800 
6,025 
6,3M 
6,039 

11,450 
8,895 
9,345 
8,700 
8,490 
9,:;60 
9,32;; 

9,:195 

6,010 
6,62'; 
6,915 
5,570 
.5,870 
6, 198 

6,97:; I 6,440 
5,365 
4,975 

~:m l 5,875 
5, 120 
6,02.5 

fi,739 

5,30.; I 
4,.51.; 
4,765 
4,~75 
4,4RO 
4,70,) 
.1,535 
4,Rgl 

11,040 
12,170 
12.700 
10,2:30 
1O, 7SO 
11,384 

12,810 
1l,830 
9,900 
9,1-10 
9,750 

10,100 
10,790 
9,405 

11,070 
10,533 

~~ 
~Q 
~~ 

~­~B 
~~ 
~~ 

~m 

O. S07 
.819 
.755 
.1l47 
.795 
. S05 

0.597 
.698 
.739 
.722 
.M3 
.MS 
.790 
.864 
.765 
.754 

0.693 
.734 
.765 
.850 
.768 
.719 
.702 
.747 

0.674 
.705 
.693 
.712 
.674 
.692 

0.70.) 
.618 
.613 
.616 
.588 
.582 
.622 
.612 
.655 
.623 

0.700 
.688 
.711 
.710 
.678 
.697 

0.642 
.597 
.630 
.615 
.60 1 . '.~8 
.
607

1 .603 
.644 I 
.614 

0. 601 0.649 
.646 .669 
.661 .6R:3 
.643 .633 
.666 .676 
.648 .6SO 
.656 .628 
.646 .660 

1 The properties givcn fDr the minor speCimens are the a,'crage of from two to cight 2 by 2 inch speci' 
mcns matched wilh ench major beam and adjusted lo the moi,ture contcnt of the major beam. 

Beam. 

(H ) 

L-B-B .... . 
L-B-C ... .. 
L-B-D .... . 
L-B-E ... .. 
L-B-F .... . 
L-B-Q ... .. 
L-B- R ... .. 
L-B-8 .... . 
L- B- T .... . 
L-C-Z .. '" 
L-D-A . ... . 
L-D-B .... . 
L-D-C .... . 

Average .. 

L-B-P ... .. 
L-C-Q .... . 
L-C-R .... . 
L-C-T ... .. 
L-C-X .... . 
L-C-Y .... . 

Average .. 

N-C-A-v .. 
N-C-A-V .. 
N-C-A-\\, . 
N-C-A-Y .. 
N-C-A-Z .. 
N-C-B-A .. 
N-C-B-B .. 
N-C-B-D .. 

A \'cragc .. 

N-C-.\ - B-.\ 
N-C-.\ -B-B 
N-f'-A-B-C' 
N-C-A-B-O 
N-C-.\ -B-E 
N-C-A-B-F 
N-C-B-E .. 
N-C-B-F .. 
N-C-B-ll .. 

A\"<'ragc .. 

Loening front beam. 

Beam . Minora . Form factors. 

S pecific Spccific 
g ravity gra\ ity 
weight volume 
oven- and I M oia-

dry weight ture . 
volume oven-
at test. dry. 

Fiber 
stress 

at 
clal:'tic 
limi t. 

Modu­
lus or 
rut>­
t.ure. 

Fiber 
stress ., 
elastic 
limi t . 

i\lnximum 
I\lodulus MaximUm \ crushing 
o r rUP- 1 c rus bing shength 

ture. strength. timos 
79+43. 

F rom ~IFrODl COI­
column column UroD 19 

18 19 1 divided 
di vided divided by aver-

by by ago of 
eolumq column columns 

20. 21. 21 aDd 23 

(15) 

0. H1 
.370 
.386 
.358 
.365 
.388 
. 370 
.3.;1 
.368 
.391 
. 40·1 
. 407 
.415 
. 377 

(16) (17) I (18) (19) (20) (21) 

P., 
cen t . 

0.444 11.0 
.381 8.6 
.405 10.9 
. 376 8.9 
. 382 10.8 
.424 9. 8 
.391 10.3 
. 364 S.6 
.395 9.2 
.406 13.5 
.431 13. 3 
. 434 12. 8 
.443 13. 5 

.406 I 10.9 

Lb8. ,per £b3 . .'per Lba. ,veri Lb3 ~. Pt'r! 
1/(1.1.11. 8(1.1.11. IH/. tll. 8q. HI. 

5,540 7,720 6,930 10,965 
3,359 7,200 4,828 9,925 
5,410 7,520 7,OSO 10,410 
5,800 7,770 7,000 9,620 
3,758 6,790 4,770 8,710 
5,9SO 7,990 7,5SO 10,910 
4, 830 6,545 6,775 9,675 1 
5,970 7,325 7,620 10,690 
5,215 7,4SO 7,385 10,520 
4,950 7,800 5,656 9, 440 
4,5S8 6,955 5,4SO 9,600 
4,282 7,370 5,860 9,850 
4,012 6,670 5,9SO 10,170 

4,906 7,318 6,3SO 10,037 

Loening rear beam. 

(22) 

L &II. per 
3Q. i ll, 

5,630 
4,665 
5,560 
4, 690 
4,242 
5,465 
4,745 
5, 110 
5,085 
5, l50 
5,290 
5,635 
5,305 
5, 121 

( 23) 

L&II. per 
3Q. in. 
10,350 
8,570 

10,210 
8,615 
7, i95 

10,040 

g'~§g 
9:345 
9,460 
9,720 

10,350 
9,750 

9,409 

F~ 
(24) 

0.800 
.696 
.764 
.828 
.788 
.789 
.713 
.783 
. 706 
.876 
.837 
.731 
.671 

.768 

F o 
( 25) 

0.704 
.726 
.722 
.S08 
.7SO 
.732 
.677 
.685 
.711 
.826 

.

724

1 
. 748 
.656 
.746 

Fu 
(26) 

0.724 
.778 
.729 
.852 
.823 
.763 
.712 
.730 
.753 
.825 
.720 
.730 
.669 
. 754 

o. 345 1 0. 368 10. 2 
----------.,..----.----0-----.,.---

· 383 . 40·! !3. 4 
5,620 
5, 015 
5,4SO 
1>,000 
5,480 
5,985 

.402 .429 I 12.8 

.426 . -152 12.7 
· 427 . 460 12. 2 
.424 .458 12.3 

· 101 . 428 12.3 5, 430 

O. 407 1 O. 44. 2 .3RO .404 
.425 .456 
. 388 .426 
. 387 .412 
.413 .438 
. 459 .499 
.402 .427 
. 408.43 

12. 4. 4,640 
11'9

1

4'620 
11. 5 5} 235 
11.6 5,400 
11.8 4,595 
12.4. 3,950 
13.0 5.215 
12.4 3,948 
12. I 4, 700 

7,535 
8 185 
8:720 
8,5'15 
8,635 
8,915 
8, 422 

7,060 
5,995 
6,010 
6,550 
6,360 
6,535 
6,418 

10, 100 
9,270 

10, 120 
10,740 
10, 760 
10,9SO t 
10,328 

N . C. front bcam. 

7,060 6,. 9,410 i 
7,065 6,7SO 9, 930 I 
7,620 6,630 10,320 
8,000 6,995 10,060 
7,730 6,415 9,470 I 
7,20.) 5,455 11, 260 
8,090 6,445 11 , 100 

4,955 
4 S05 
5: 140 
5,955 
5,955 
5,7SO 
5, 432 

~m l 
~~ 
~28O 

~­~W 
~~ 
~m 
~~ 

~~ 

9,100 
8,825 
9,440 

10,940 
10,940 
10,620 
9,811 

1O,~ 
10,410 
11 ,540 
11,010 
10,010 
9,285 

10,7SO 
9,320 

10,369 

0.796 
.837 
.912 
. 763 
.862 
. 916 
.&18 

0.664 
.682 
.789 
.772 
.716 
.724 
.809 
. 716 
.734. 

6,190 1 5,510 I 8,620 
7,370 6,402 10,021 

--------~--~--~ 

0.441 
.1 22 
.392 
.382 
.415 
.414 
. 3SO 
.383 
.345 
.397 

0. 470 
.450 
. 423 
. ·115 
.448 
.445 
.-110 
.414 
.430 
.434 

N. C. rear bcam. 

12. 4 15,345 7,660 
12. 2 5, 120 7,440 
11. 6 4,415 7,410 
11.9 5,420 6,~0 
12.2 5,760 7,800 
12.0 4.760 7,330 
12.8 4,062 5,875 
12.7 4,400 6,285 
11.9 4,695 6,135 

12.2 4.997 I 6,974 

~. 
~W 
~~ 
~m 
~81O 
~~ 
~m 
~~ 
~m 
6.2!t3 

10,170 1 
9, 910 . 
9,670 
9,300 

10,030 
9525 
8:6SO 
8,930 
8,9-10 
9,462 

~m 
~m 
~~ 
~~ 
6085 
~~ 
~41O 
~Q 
4,720 

~~ 

10,620 0.765 
10,420 .770 
10, 010 . 821 
9,645 . 848 

11 , ISO . 846 
10,460 .715 

8,100 I ' 777 7,900 .827 
8,665 .794 
9,667 .799 

0.746 
. 883 
. 862 
. 795 
.S02 
. 812 

.817 

0.750 
. 712 
.738 
.795 
. 816 
. 640 
.728 
. 718 
.737 

0.753 
.751 
. 766 
.734 
.778 
.770 
.677 
.704 
.686 
.735 

0.784 
.905 
.891 
.788 
.796 
. 825 
.832 

0.706 
.694 
. 697 
.760 
.793 
.702 
.740 
.704 
. 724 

0.738 
.732 
.753 
.721 
.735 
.734 
.700 
.747 
.697 

.728 

Spans of major bcams range from 6 La 12 feet and load was applied at the third points. 
United States Department of Agriculture, Forest Service, Forest PrO'ducts Laboratory, Madison, Wis. 
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A ALYSIS OF RESULTS. 

early all of the mechanical proper ties of wood, especially tho e affecting it fl exural 
strength, have been determined from te tOll rectangular specimen and, of all the e propertie 
th modulu of rupture is the one most u ed in Ie ign. Al though modulus of rup ture is noL 
a true fiber stress, it has been hown that th modulu of rupture of so lid rectangular beam of 
any dimension can be used a a ba is of de ign for olid rectangular beam of practically any 
other dimen ion without introducing error of any considerable magnitude. The advenL of 
the airplane, however, brought in to u e wood beams of shapes not commonly used before, such 
a I and box beam , and it wa soon found that the modulu of ruptur of rectangular beams 
could not be sati factorily used in calculating the ultimate strength of uch. ection from the 

ordinary beam formula M=.J..· ince to obtain the modulu of rupLure we sub tit ute maxi-
e 

mum bending moment in the usual beam formula which is based on the a sumption that the 
limits of ela t icity are not exceeded it i not mpri ing that till computed value varie with 
th shape of the beam. It eem quite apparent that the cro s section would have a tremendous 
influence on the di tribu tion of stress beyond the ela t ic limit . What i surpri ing, however, is 
the fact that the fiber stre s at elastic limit is greatly influenced by the hape of the ero 
section. There i every reason to believe that the ordinary a sumption a to distributipn of 
stre hold quite well up to the ela tic limit when con idering the t ras in the extreme fiber, 
yeL a wood I beam, for example, may hav an elasLic limit stress 30 per cent Ie s than a solid 
rectangular beam made of the arne material. 

A conclu ive mathematical explanation o( the chang with shape in the elastic limit and 
the o-called modulus of ruptme of wood beams i not available, but the following conception of 
what take place, ha ' been u ed in the developmen t of formula ' which check experim en tal 
results r emarkab ly w 11. 

Con ider a r tlc tangular beam of Sitka "pl'uce at 15 pel' cent moisture content. The elastic 
limit of thi material in compre ion parallel to the grain i. 2,960 pounds per quare inch. It 
might be exp ected that wh en the pecimen is te ted in bending that the elastic limi t would be 
reach d wh n th e_·tr me fib I' on the compr es ion side wa stre ed to 2,960 pound per quare 

inch as calculated by the standard f= J~ e fo rmula. T ests show, however, that the elastic limit 

in bending i not r eached until the extreme compressive fiber has a calculated stre s of 5,100 
pounds per quare inch. A imila,r condition i found at ultimate load. We believe that the 
common theory of fl exme holds qui te well up to the elastic limi t. What then operates to 
develop a much greater compressiv stJ'e at ela tic limit in flexure than under direct compre -
sion ~ If we consider the minute fibers on the compressive ide as miniatme Euler column 
somewhat bound together, we may a,crount for thi increa e. These li ttle column when r ein­
forced laterally will exceed the load neces ary to cau e buckling when un upported, and as the 
fib ers near the neutral axis are less tre ed they may 'ivelllend uch upport. The out ide fiber 
are r einforced by those in the layer below them and 0 on down through the beam. At the ela tic 

. 5 100 -2 960 
limit the total reinforcement in th example cIted amount to ' 2,960' 0.72 of the strength 

at cla tic limi t in compres ion. 
Furthermor , the re ults of thou and of te ts on some 150 species grown in the nited 

tate indi ate the following realtions at a moisture conten t of 12 per cent: 

Fl = 19,000 • G5 and F2 = 11,000 -\105 

\\"here Fl = fiber stre at ela tic limit in b nding in pound per quare in h . 
F2 = fib er tres at ela tic limit in compre ion parallel to the grain ill pound per 

quare inch. 
G = pecific gravity of the material 

Fl 
whence F = l.727. 

2 
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Another illustration of the effect of lateral supporting action wa obtained in the following 
manner: Several matched pair of compre sion specimens 2 by 2 by inches were tested with 
load applied parallel to the grain. One of each pair wa loaded centrically and the other eccen­
trically, load being applied through plates and knife edges. In the latter ca e the knife edge 
were placed one-third of an inch off center. In the ca e of eccentric loading we might anticipate 
a maximum of stres on the edge neare t the knife edge and zero on the oppo ite ide, with a 
total load equal to one-half that obtained by centric loading. A serie of such tests showed not 
one-half but over two-thirds the load u tained by the specimen centrically loaded indicating 
that for some rea on the extreme fiber tress had gone far beyond what might be expected. It 
seems rea onable that lateral upport from the less stres ed fiber might account for this increa e. 

N ow, in an I beam such as shown in Figure 6, only those fibers in a width equal Lo the 
width of the web get the complete supporting action which obtain in a olid beam. The 
reiJuorcing action for the fibers out ide the web is neces arily limited to the depth of the com­
pression flange. A beam of this shape, then, i weaker than a o1id beam of the same height and 
same ection modulus and has a lower elastic limit. It is neces ary, therefore, in designing such 
an I beam to modify the modulus of rupture of the material a determined by tests of solid 
ections hy applying an approprinte factor uch as hns alrendy been referred to in this dis­

cu sion a a form factor. 
It is difficult to evaluate the amount of reinfor ement received by the exLreme compres­

sive fiber from tho e les stressed. The adjacent fiber could lend con iderable reinforcement 
by virtue of their proximity but they too are tre ed nearly a much a the extreme fiber; 
and tho e farther away, being under Ie compre ive tre or under len ile stre ,could lend 
considerable lateral upport but their ability to lend uch up port i reduced becau e of their 
distance from the extreme fiber. With the e two factor in view averal trials were made to 
obtain a relation which would check test re ults and which could be represented by imple 
mathematical curves. Curve A, Figure 6, was finally adopted. The ab ci ae of thi urve 
represent the relative upporting influence of all the fiber. 

The total area under the curve repre ent the total uppor receiv d by the exlreme com­
pre sive fiber of a o1id beam. The area to a depth equal to the ompre ' ion flange a compared 
with the total area represent the relative upport of the extreme fiber in the flange of an I or 
box beam exclusive of that portion which may be con idered the web exlended through Lo the 
top. 

If we a ume the radiu Rl (Fig. 6) to 1 unity, the total nrea between the curve and the 
vertical nxis would then be: 

1/2[ 143.13° (3 2) - 53.13° (3)2J = A 
57.3 + 2 X 57.3 X 2 

The area of the portion of thi figure above the clotted line repre enting the flange-depth ratio 
of a route I or box ection i : 

1 /2( 5 7~ 3 -. in ex co ' ex ) = Al 

The above formula repre ent he conditions when the depth of the compre ion flange 
i not more than 60 per cent of the total dep h of beam. urve B, which will he explained 
later, can be u cd to determine the relative upport for any flange depth. 

Within these limit ex which i the angle between the vertical and a radiu Lo the point 
where the horizontal repre enting the Bange-depth ratio inter ct Lhe upporting action curve, 

. . depth of ompre ion Ilanae 
the angle whose vel' ed IDe (1 - co ) J 3 X 1 th f b '" c ep 0 eam. 

If the width of the flange of an I or box beam i t2 and the width of th 'web tl the upporting 

ability of the compre sion flange would be ~l t2~tl tim the upporting ability of the rectangle 
2 
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t2 wlde. The supporting ability of the web will be t times the reinforcement of a rectangle tz 
2 

wide. 
Now it was shown that in rectangular sections the total lateral support given to the more 

stres ed fibers , by those Ie s stre ed, increa e the fiber stre s at elastic limit in flexure over 
that in direct compre ion by practically 72 per cent. The increa e of fiber tress at elastic limit 
for the I or box beam may be expre sed a : 

The ratio of the ela tic limit tress in bending to the elastic limit of the material in direct com­
pre ion will be 1 plu thi quantity, and the form factor will be 1 plus this quantity divided by 
1.72. Consequently, for the form factor of the I or box ection we have by substituting the 
value of A and AI: 

FE = 0.5 + 0.4{0.293(5;3 - inacosay24 t' + ~J (1) 

in which F r: = form factor at elastic limit. ot only does this formula check test re ult for all 
routing within practical limits but extreme cases a well. For the section with the one-eighth­
inch saw kerf at the neutral axi (see fig. 2) the formula value checks the average of te t re ult 
within 2 per cent. Thi formula which is semiempirical in it nature apparently would not hold 
for very thin flanges , giving value too low. Experiment, however, showed that with thin 
flange (see fig . 2 for extreme cases) factors uch as the influence of thickness of material with its 
resulting buclding and offsetting action 'Iv-hen failure starts, cause a reduction in load which off­
set the apparent inaccmacy of the formula. For thin flange our test result coincide almost 
exactly with the formula. 

The quantity 0.293 (5;3 - in a cos a) or ~I which is the ratio of the area above a horizontal 

representing the flange-depth ratio to the total area of curve A, Figure 6, can be determined 
graphically and i so recorded in cmve B, Figme 6. If we let K represent this ratio we may then 
write: 

F E = 0.58+0.42 (Kt2~ tl + ~). 
2 2 

So far we have worked on the as umption that the limits of elasticity were not exceeded. 
When the limits of elasticity are passed there i practically no theoretical ba i for the adoption 
of a formula such as the above formula (1) . It was found, however, that if 0.50 was substituted 
for both 0.5 and 0.42 the formula gave values which checked experimental result very well 
and for thi rea on we have adopted the following formula for the modulu of rupture form 
factor: 

(2) 

or 

the value of K to be taken from Figure 6. 
It is often the a e that the top and bottom edges of wing beams are not perpendicular to 

the vertical axis of the beam. The above formula (1) and (2) can not be used to determine 
the form factors of such ection. In order to estimate the strength of uch a section it is 
nece sary to consider a section of equal strength which is symmetrical about a vertical axi . 
It has been found by test that such an equivalent section is one whose height equals the mean 
height of the original section and whose width and flange area equal those of the original 
section. 
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Figure 3 show everal ections with the equivalent section corresponding to each. An 
examination of thi figure leads to but one conclusion, that the extreme fibers on the beveled 
compression edge by virLue of greater supporting action carry a higher stre . The loss ill 
l lcis thus compensated for and the two beams of each pair carry equal loads. 

The u e of Lhe equivalent ection not only implifie calculation but eliminates the neees ity 
of testing for form factor of section not symmetrical about a vertical axis. Greater accuracy 
will be obtained by the use of the equiyalent section than would be obtained by the use of a 
form factor for the un ymmetrical section determined from a relatively few tests. 

To illustrate the use of the equivalent section let us take the pair of I beams shown in 
Figure 3. We wi h Lo estimate the moment which the beam with the beveled top flange will 
ustain but the form factor of this section can not be determined by Lhe formula. The form 

factor for modulus of rupture of the equivalent section by the formula is found to be 0.65, 

since llc= 33.6
0
6
5 

we have the breaking moment .M = 0.65 S X 3 3:~~ = 6.76 S. In attempting to 

check the accuracy of Lhis value the form factor of the original secLion was founel by test to be 0.6 . 

1 f h · .. 3.0 l..ill 3 .0 Ie or t IS secLlOn IS 3. 5 ane =0.6 X 3. 5=6.71 S. The moment esLimated by mean of 

the equivalent section wa , therefore, correct within les than 1 per ceni. 

GENERAL CIRCUM TANCES TO BE CON IDERED IN APPLYING STRESS FACTOR FORMULAS. 

The form factors determined by te t and tho e obtained by the u e of the above formula 
are based on compari on of propertie of th variou ection with those of specimens 2 by 2 
inches in ection. Ul strength table u ed in de ign by the Aeronautical Bureaus of the Army 
and Navy Departments are ba e 1 on te L of such specimens. Some standard mu t be adopted, 
since it has been shown by test that the modulu of rupture gradually dimini hes as the height 
of a beam i incr a ed. This decrea e may be e timated by the following empirical formula 
ba cd on te t of beam up Lo 12 inclle in height: 

(3) 

and for a rectangle 

where D=per cent modulu of rupture of beam with height (h) varies from the modulus of 
rupture of a beam 2 inche in height. 

A common method of obtaining a form factor for a proposed ection by te t has been to 
compare its modulu of rupture with that of a rectangular beam of the same over-all dimen ion. 
If the form factor of an I beam on the ba i of comparison with a pecimen 2 inches high is 
0.70, for example, and this I beam is compared with a rectangular beam inches high in which 
we would expecL a eli erepancy of 0.07 in modulu of rupture the apparent form factor would 
become 0.70+0.93 or 0.75. It would be incorrect to u e 0.75 when trength yalue u ed in 
design are ba ed on te t of beam 2 inche in height. If this procedure i adopted a height 
fa.ctor must be introduced to take care of the difference in tres developed in a pecimen 2 
inches high, and in the particular rectangular heam. The con tants in our form factor formula 
were chosen 0 a to compensate for thi redu tion with heiO'ht and Lhey haye been found Lo 
give very accurate results for ordinary box b am and normally routed I beam for height up 
to 9 inches. For greater heights a slight error will be introduced which will probably increase 
with increa e in height. 

RELIABILITY OF TEST VALUES. 

Unle s standard method are employed in making te t it is not expected that te t yalue 
will check each other or furmula. valuo-. It 1- not the purpo e of thi report to di cu the te t 
methods in great detail, but it might be well to point out a few of the thing~ to guard again t 
in order to obtain reliable re ult. by te ts' In applying center loading on a pan equal to 
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fourteen times the depth of beam, the bearing block should have a radius curvature one and 
one-half times the depth of beam for a chord length eciual to the depth of the beam. Greater 
width of block can be ecured by continuing the curvature on a radius two-thirds the above. 
For beam loaded at the third point double the above radii. Any great departure from this 
procedure will give 1'e uIts which are not comparable. The properties of wood are considerably 
influenced by the rate of loading. Consequently, the speed of machine 'is very important. 
When but few tests are made to determine a form factor , material hould be selected with great 
care. Taking Sitka spruce, for example, a te t piece would not be considered representative 
material unless the ratio of ma.,ximum crushing strength to modulus of rupture fell between 
0.52 and 0. 57. 

CO CLUSIONS. 

The strength of I and box beams can ot be estimated by applying the strength values of 
wood as determined from tests on small rectangular beams directly in the usual beam formula. 

These str ength values can be applied, however, in conjunction with certain correction 
factors whose values depend upon the shape of the cross section. These factors have been 
named form factors. 

The form factor applied to the modulus of rupture may be as small as 0.50 or, in other 
words, the modulus of rupture of a section other than rectangular when calculated by the usual 
beam formula may be only 50 per cent of the modulus of rupture of a small rectangular beam. 

The reduction of fiber stress at elastic limit for any section is not as great as the reduction 
in modulus of rupture. 

Form factors are not necessarily all less than unity. 
has a form factor for modulus of rupture of about 1.1 

A beam of circular section, fOl' example, 

There is also a reduction of modulu of rupture with height for beams of solid rectangular 
section. Therefore the value of form factors must be based on some standard height, as prac­
tically all tables used in aircraft design are based on tests of small rectangular beams usually 
2 by 2 inches in section, the 2-inch height has been taken as this standard. 

If the ratio of moment of inertia about a horizontal axi to that about a vertical axis is 
excessive the full theoretical strength of a beam can not be developed because of lateral buckling. 
For one standard section tested in connection with this study this ratio was 39 to 1, which is 
far in excess of what is permis ible for beams in other classes of construction which are held 
even more firmly than beams in the wing. We would suggest that this ratio be kept below 25 
if possible, but if this value is exceeded particular attention should be given such factors as the 
rigidity of the suppor ts, I'ib spacing, etc., which influence the lateral rigidity. 

Heretofore the factors for any adopted or proposecl section had to be determined by test. 
An analysis of the re ults of a large number of such tests, together with a study of what seemed 
to be the underlying principles governing these results, furnished a basis upon which to develop 
formulas for determining form factors for any section. Values obtained by these formulas 
check test results remarkably well. 

All previous methods of estimating the breaking moment of wood beams involved the 
tensile and compressive properties of the wood and assumed fiber stress at elastic limit and 
maximum fiber tress in the extreme fiber to be constant for all sections, wherea our a sumption 
is that both these stresses are variable. 

As regards the accuracy of the. above formulas, we would expect them to check the average 
of a great number of test values more closely than a few tests of representative material would 
check such average. Even for beams with extremely thin flanges, at which limit they were 
not expected to check, it was found that they checked results of te ts made on I beams routed 
beyond all practical limits. 

NONSYMMETRICAL SECTIONS. 

It is generally know that the ultimate tensile strength of wood is greater than the ultimate 
compressive strength even when the compre sion fibers are as fully supported as in a solid 
rectangular beam. It would appear r easonable, therefore, to proportion a wood beam in some 
manner which would involve a large compression flange and a smaller tension flange. 
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aturally thi would only apply to imple or cantilever beams under stress from transver e 
load only and that not subject to rever al unless the load factor under reversed condition was 
much 10'wer than for normal conditions. In combined loading tifIne i an element of strength 
find is greatest for a symmetrical section. 

SECTION MODULUS A MAXIMUM. 

H is commonly supposcd that the most eITective woo 1 section is obtained by so arranging 
the material that Lbe distances of Lhe extreme ten ion layer and extreme com pre sion layers 
rrom an axis containing the centroid are to each oLher as the ultimate tensile stre sand ulti­
maLe compre sive stl'es of the material. Many textbook pre ent this idea for uch materials 
as wood and ca t iron, but by all the a umptions which are made in the developmenL of the 
common-beam formula, the ection modulus Jle should be a maximum if the ultimate sLres is 
considered constant. In neither wood nor ca t iron does this occur when the distances from 
the centroid to the extreme tension and compression fiber are as the ultimate tensile and 
compres ion strength, which condition would indicate an equal likelihood of failure by tension 
or compre sion. The first failure in wood beams with unequal flange always occur on the 
compres ion side if the material is normal and di tributed beLween the two flanges so a to 
give maximum strength. 

If the thickne s of the tension flange of an I ot' box beam i gradually dimini hed and the 
Lhickne of the compres ion flange increased by the. arne amount, it i found that up to a 
certain point the quotient Jle increa e in value and then begin to decrease. (eetig. 7.) J is 
the moment of inertia of Lhe ection about the axi which contains thc centroid and e the di -
Lance from this axi to the extreme fiber in ompre ion. We are apt to as ume an increa e in 
maximum load practically corre ponding to thi increa e in l ie a the formula M = Jle would 
indicate, provided, as stated above, that the maximum compre ive stre was considered 
constant as the hape of the beam changed. An increa e in strength i obtained, but it is 
greater than would be anticipated from th Jle in rea e. Thi i because the section, by virtue 
of its change in hape, will develop greater compres ive stress in the extreme fiber at failure or 
what means the same thing, has a laraer form factor. 

It i the combination of these two factor that give the increa e in efficiency of box or I 
'cctions when th flanges are made of unequal area. 

Properly both factor hould be used in determining the relali,e ar a of the two flanges, 
yeL iL ha been found ufficiently accurate La use only Jle to determine what ection hall be 
u ed and both in computing the probable rength of thi section. An examination of Figure 
7 will show thaL the maximum of lhe two full-line Ul'YC occur at different flange area ratio. 
However, both curve are quite flaL at the maximum and the difference in trength for a con­
siderable change in flange area ratio i noL great. Furthermore a the theoretical maximum 
efficiency i approached the beam become more erratic in heir behavior due to the inability 
to detect flaws which may cause ten ion failure. It appear advi able, ther fore , to u e only 
the Jle cur,e in determining what ection hall be u ed and to introduce the form factors when 
computing the stl'enath of the ection. 

RE LT OF TE T. 

Figure 7 shows the re ults of Le t of everal et of matched beam with varying ratio 
of tension flange area to compre sion flang area. The lower CUITe i the variation in maximum 
load we would get if we followed the chang in Jle. 

p=K I 
16e 

But you will note all the test show a much greatRr increase. 
It i not difficult to account for thi incr ase if we apply the principle outlined in the 

preceding pages of thi report. By tran ferring material to the com pre ion flange from the 
tension flange we increase the form factor of the ection, or, in other words, tbe ability of the 
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extreme fiber to resi t compressive tre is enhanced The form factor unlike the l ie value 
does not r each a maximum and then get Ie ,' , but continue to increa e until all of the material 
ha been tran ferred from the ten ion to the compre. sion flange. The variation in load expected 
when both the form factor and l ie are Laken into ac ounL js r epre ented by the upper fuUline 
of Figure 7. 

P = MaximlIDl load. 
Fu = tre factor of ectjon. 

p=Fu I 
16e 

J( = Fu f9r ection when flanaes are eqUtLl. 
= },f of R of material obtained from ,'olid re ·tallgulal' oeams. 

I = moment of inertia of ection about axis through its centroid. 
c = Di tance from entroid to extreme fiber in compression. 

The te t values follow thi · line in a gencral way. The variation from Lhe CUI've, however, 
are not greater than would be exp cted when the (lifficuItie of matching are con idered. In 
order to match nine or more beams of the climen ions indicated it wa nece ary to use material 
in r elatively large size, and two piece cut from the same plank some distance from each other 
may difTer con iderably in , peci fi c grayiLy lUlel accordingly in other properties. The Le t val ue 
weI' not correcLed for den ity difIcrencc . 

FORMULA FOR DESIGN. 

In order to develop a formula for deLermillina Lhe propel' dimen ion of the mo L efficienL 
ecLion wi th unequal fl anae , let u as. ume a , ymmetrical I or box section who e bendina 
trength under load. from one direction we aim Lo improve by tran ferrina material from the 

ten ion to the ompre' ion flange, total height, widLh, and area to remain con. tanto We have 
bu t to et up an expression for the ection modulu. in term of the variable thiclme to be 
removed from Lhe tension flange and added to th compl'e'. ion flange and Lo solvc thi cxpres-
ion for a maximum. 

Let 

or 

A = area of the cross ection. 
b = total width. 
h = total height. 

W = width of flange. 
D = di tanco between flange . 
F = on -half the ombjned thickues of the Hange . 
l s=moment of inertia of the symmetrical ection. 
i \ = moment of inertia of the unsymmetrical ection about the axis contai ning the centroid. 
e = eli tance from the above axi to the extreme fiber on the compre ion side. 
/2= moment of inertia of th un ymme lrical section about an axi at midheight. 
x = the thickne to he taken from the tension flango and add d to the compression flange 

for maximum efficiellcy. 
Thcn 

I = Is + - H'X~ - - 1I'X~ + Xl)' ...: - F - .:.... - )' /I ' - - F+ - 11 - - e 1 1 (Il . X)2 (ll X)2 (h )2 
1 1:2 1:2 2:2 2 :2 2 

(1) 
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Since the s tatical moment about an axis through the centroid = 0, we have 

A (~-c) =xw (c- F- ~) +xw (h -c- F+~) 

. (0._ ) =xw(h-2F ) 
. . 2 c A 

and 

c=~_ [xw(hA2F) J 

substituting (2) in (1) and dividing by c or its value from (3) we h ave 

I I Is-x2w(h - 2F) -A [~.i2flJ 2 

Let 

c= h xw(h - 2F) 
'2 - A 

h -2F = D 

I I 2(AIs-Ax2wD -x2w2D 2 
'0= Ah-2 xwD 

Differentiating thi expression , equating to zero and canceling, we ha,e: 

x2wD (A +wD) -xAh(A+wD) +A1s=O 

Substituting bh for ( 1 + wD), we have : 

x2wD bh -xAbh2+AIs= 0 

A bh2- , IA2b2h4 -4AIsbhwD 
x= 2wDbh 

The minu sign preceding the radical is used to fulfill the second condition for a maximum. 
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(2) 

(3) 

On ace-ount of the uddenne s of tension failures and the difficulty of inspection which would 
in ure material of high tensile strength it is probably inadvisable to use a ratio of tensile to 
compre sive stress greater than 2-t to 1. In going over the var ious wing beam section which 
the laboratory ha had occasion to test there appear to be none in which this r atio limits the 
application of the above formula. 

o 
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Positive directions of axes and angles (forces and moments) are shown by arrows. 

Aria. 

Force 
(parallel 

Sym- to axis) 
Designation. bol. symbol. 

I 

L'dina I }[ I X ongltu l.. . . , 
Lateral. ....... '1 y y 
Normal.. ....... Z I z 

Absolute coefficients of moment 

L 0,=-­
qbS 

Diameter, D 

M 
(1 =­

m qcS 

Pitch (n) A.erodynamic pitch, pa 
(b) Effective pitch, po 

I 

(c) Mean geometric pitch, pg 
(d) Virtual pitch, pv 
(e) Standard pitch, ps 

Pitch ratio, p/D 
Inflow velocity, V' 
Slipstream velocity, V. 

Moment about axis. Angle. Velocities. 

Designa-
tion. 

rollin~ .... . 
pitc~g ... 
yaWIng ..... 

I 

Sym- P08itiYe D~igna-l Sym-direc-
Linear I 

(com 0-
nentafong. Angular. bol. tion. tion. bol. 

axis) . I 

L 
M 
N 

!-I I 

Y~Z roll. . . . . <l> tt P 
Z~X pitch. '" e 11 q 
X~Y yaw ..... 'It w T 

A.ngle of set of control surface (relative to 
neutral position) , o. (Indicate surface by 
proper subscript.) 

4. PROPELLER SYMBOLS. 

Thrust, T 
Torque, Q 
Power, P 

(If "coefficient;;" are introduced all units 
used must be consistent.) 

Efficiency T/ = T VjP 
Revolutions per sec., n; per min., N 

Effective helix angle q, = tan-1 (2';n) 
5. NUMERICAL RELATIONS. 

1 IP = 76.04 kg. m/sec. = 550 lb. ft/sec. 
1 kg. m/sec. = 0.01315 IP 

1 lb. =0.45359 kg. 
1 kg. =2.20462 lb . 

1 mi/hr. =0.44704 m/sec. 
1 m/sec. = 2.23693 mi/hr. 

1 mi. = 1609.35 m. = 5280 ft. 
1 m. =3.28083 ft. 


