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REPORT No. 347

A METHOD OF CALCULATING THE ULTIMATE STRENGTH OF CONTINUOUS BEAMS

By J. A Newimw! and Geo. W. TravER?

SUMMARY ;

In the design of continuous beams subjected to trans- i

terse load only, it has been common practice to estimate |
marimum loads by substituiing the numerical value of the
modulus of rupture, as obtained in bending tests, in the
usual equation of three moments. Further, for combined
arial and iransverse loading, two methods of calculation |
hare been used. The more comman one 18 the application
of the generalized eguation of three moments, while the
other is an extension of the ordinary equation of three
momenis o allow for the moments introduced by the direct
tension or compresgion load. In the second method, the
deflection in the span af the point of maximum moment
1s calculated, neglecting the effect of axial load, and the
product of the axial load and this deflection is added io
the moment determined by the ordinary equation of three
momenis. C

Both of these methods are used io calculate maximum ;

loads, although neither is properly applicable beyond the |
elastic limit. The purpose of the study reported here was |
to inrestigate conditions after the elastic limit has been |
passed. As a resulf of the study, a method of calculation, |
which i3 applicable fo mazimum load conditions, has
been developed. The method 18 simpler than the methods
now in use and it applies properly to conditions where
the present methods fail fo apply.

The experimental work was conducted af the Forest
Products Laboratory in cooperation with the Bureau of
Aeronautics, Nary Depariment, and submitted o the Na-
tional Advisory Committee for Aeronautics for publica-
cation. Over 800 continuous beams were tested under
transverse load and under combined axial and transrerse
load. Loads obtained in test for beams of rectangular
section were as much as 50 per cent in excess of loads cal-
culated by the usual methods, with the arerage about 25
per cent. For 1 beams the average increase was about |
40 per cent. Fortunately, the error in the usual caleula-
tion i on the side of safety, but i is foo great fo be
neglected in good design.

INTRODUCTION

In employing the usuel theory of three moments to t
caleulate maximum load conditions, it is assumed that [

1In charge, section of timber mechanics. !

* Banior englneer, Forest Products Laboratory, Forest Service, U. 8, Department |
of Agriculture. Maintained at Madison, Wis., In cooperation with the University .
of Wisconsin.

*

the relation of moments does not change when the
elastic limit of the material is passed. When the
elastic limit of the material has been exceeded at some
point in the beam, however, the stiffness of the beam
at that point is necessarily reduced. In other words,
exceeding the elsstic imit at some point is equivalent

i to a loss in modulus of elasticity at that point. This

change in sfiffness is accompanied by a shift in the
points of contraflexure and a concomitant redistribu-
tion of moments. It is a fundamental principle of
mechanies that if & continuous beam is stiffened be-
tween two successive points of contraflexure, these
points of contraflexure will move away from the stiff-
ened portion with & resulting increass in moment at
that point. Conversely, if the same portion of the
beam is made less stiff, the points of contraflexure will
then move toward the portion of reduced stiffness.
This principle is the basis for the development of the

i proposed method of calculating the ultimate strength
i of continuous beams. Briefly stated, the investiga-

tion has made it possible to determine the irue relation
of the moments at maximum Ioad. The beam can then
be treated span by span and, when axial load accom-
panies transverse load, portions between two successive
points of contraflexure, or between & point of contra-
flexure and a hinged support, may be considered sepa-
rately.

Just where the points of contraflexure will move to
after the elastic limit has been passed depends to a
considerable extent on the toughness of the material,
which is its capacity to continue to sustain load after
the elastic limit has been passed. Furthermore, in
arriving at a design basis, the extent of the damage
caused through the beam having passed the elastic
limit and the number of times the load will be repeated
before failure occurs must be given careful considers-
tion. The method of celculation herein proposed is
based not on average material but upon materisal that
will just pass an aircraft acceptance test, so that any
increase in load obtained by this method of ealculation
may be safely counted on.

DESCRIPTION OF MATERIAL AND OF TEST SPECIMENS

Material,

In the study of continuous beams subjected to trans-
verse loading only, a few beams were made of select
Douglas fir (coast type) end a few of eastern-grown
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spruce, and the remainder of Sitka spruce cut in
Oregon. The material for the combined axial and
transverse load tests was also Sitka spruce from
Oregon, which was air dried at the Forest Products
Laboratory. This material varied in specific gravity
from 0.32 to 0.46, with the determination based on its
weight and volume when oven dry. Although the
minimum specific gravity for acceptable aircraft mate-

rial is 0.36, some material of low specific gravity was :
used in order to ascertain its behavior; this material |
. weights supported the evener system during assembly

was clear, straight grained, and of uniform texture.
A few beams were also made of material including
compression wood, to demonstrate the erratic behavior
of such material; these beams contained compression
wood to an extent readily discernible by an inspector
or woodworker experienced in the use of spruce.

Major test specimens.

For transverse loading iwo styles of beams were
used, namely, I and rectangular. All beams of both
types were tested over two spans. Some of the
I beams were routed throughout their length and
others were left unrouted at the supports for varying
distances.

For the combined axial and tranaverse loading the
beams were either of the I or the box type. The panel
arrangement was the same for both types, with 81
inches from the hinge to the first strut, 117 inches
between .struts, and a 40.66-inch overhang. The
I beams were unrouted at the hinge fitting and at the
two strut points and the box beams had filler blocks
at these points. .

Both styles were 2 inches wide and 4% inches deep.
The I beams had flanges 1 inch deep and webs ¥ inch
thick. The box beams also had i-inch flanges, but
the web thickness was different for different beams.

MATCHING

The properties of the material in each beam were
determined by making standard tests on small pieces
cut from the plank from which the beam was made or
from uninjured portions of the beam after test.
often there was some slight difference in moisture con-
tent between these minor beams and the corresponding
major beam, in which case—adjustments were made.
Values for the minor beams that are given in the tables
have been adjusted to the moisture content of the

major beam.
. METHOD OF TEST
Major beams.

All beams subjected to transverse load only were
tested over two spans with from one to eight concen-
trated loads in each span. The rate of loading was
such that the rate of fiber strain was that specified for
structural timber tests in the standards of the Ameri-
cen Society for Testing Materials. Care was taken to

Very "

so that the effect of crushing under the block might be
compensated for by partial distribution of the load.
Necessary provision was made to prevent bending in
more than one plane.

For the combined axial and trensverse loading I
beams and box beams were tested as part of a truss.
A disgrammatic sketch of this testing apparatus is
shown in Figure 1. Load was applied to the beam
through the evener system by lowering the movable
head of the testing machine. A series of counter-

and acted to prevent it from falling when a beam broke.
Two truss heights were used. One height (47.5 inches)
made the direct stress about 50 per cent of the total
stress and the other height (30 inches) made the dircct
stress about 60 per cent of the total. The close spacing
of the concentrated loads makes the moment curve for
transverse load only agree very well with a moment
curve for a uniform load (fig. 2). Failures usually oc-
cured in the inboard bay (fig. 2} and deflections were
therefore taken in this critical portion.

Prior to the test to failure in the truss arrangement,
the beams were subjected to a small transverse load
applied in increments for the purpose of determining
their stiffness. In this test they were supported at tho

‘two strut points and symmetrically loaded with two

loads 44 inches apart.

"Minor test specimens.

The minor specimens were tested in accordance with
the standards of the American Society for Testing
Materials.

ANALYSIS OF THE PROBLEM

The usual equation of three moments for transverse
loads only and the generalized method of ealculating
stresses in continuous members subjected to both axial
and transverse load are based on the assumption that
the limit of elasticity is not exceeded. The design of
wooden airplane spars, however, is based on maximum
load stresses, and maximum loads are ordinarily esti-
mated by substituting such stresses in formulas appli-
cable only within the elastic limit. Such a procedure
is satisfactory when designing a simply supported
member. Further, the modulus of rupture, which is
really not a stress at all, can be used with accuracy
to estimate maximum loads for such a member, pro-
vided, of course, that when the member being designed
is not rectangular in shape the modulus is corrected
to take care of the form of the cross section.?

This procedure leads to difficulties, however, when
designing & member the stiffness of which must be
used in the equations of equilibrium in order to deter-
mine the reactions and from these the amount of stress

$ National Advisory Committee for Aeronautics Report No. 181, Form Faclors
of Beams Subjected to Transverss Loading Only, by J. A. Newlin and G. W.

select load and reaction blocks of the proper curvature, ' mrayer.
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at different points. The distribution of stresses in &
member that can not be determined by a consideration
of external forces only is fixed by the relative stiffness
of the several parts of the structure. In general, that

part which lscks stiffiness will carry but little of the |

load while the stiff parts will take the brunt of the
work.

It is this principle of distribution of load that is
involved in fhe development of the proposed method
of calculation. Consider for the moment a continuous
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| Now in any continuous member what has happened

by the time meaximum load is reached? Certainly

thereby losing a portion of their stiffness. Just as
soon, however, as these more highly stressed parts
pass the elastic limit and lose stiffness, relief comes,
more load is thrown on the parts that have retained
| their original stiffness, and the result is a maximum
1 load considerably higher than that which the usuel
: formulas would indicate.
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FiGure 1.—Dlagram of the loading apparatus for 2-bay and overhang test heams

beam. With a given loading within the elastic limit, i

certain bending moments occur out in the spans und
at the supports. The slightest change in the stifiness
of any portion, however, will cause a readjustment of
these moments and an accompanying shift in the points
of contraflexure. If the beam is stiffened between
two successive poinfs of contraflexure, these points
move away from the stiffened portion with a resulting
increase of moment in the stiffened part. Conversely,
if the beam were made less stiff at any point, the
adjacent points of contraflexure would move toward
that point.

ment in any span is one-half the moment at the sup-
ports, for all inerements of load. If the load is in-
creased so as to produce a stress at the supports in
excess of the value at the elastic limit, a loss in stiff-
ness results and this loss increases as the load inereases,
until failure occurs. Attending this loss in stiffness
is 8 redistribution of moments, the points of contra-
| flexure move toward the less stiff parts, and the ratio

some parf or parts have passed the elastic limif,

To illustrate, consider the simple case of a uni-
formly loaded continuous beam of uniform cross sec-
tion, with an infinite number of equal spans perfectly
aligned. Within the elastic limit the maximum mo-

i |7
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SHEAR DIAGRAM FOR TRANSVERSE LOAD ONLY

Ficuore 2.—The loeding of 2 typleal continuons beamn and the resulting moment and shear distribufion
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of maximum moment in the span to that at the support
is no longer one-half. This action goes on until at
failure the ratio of maximum moment out in the span
to that at the supporis approaches unity for tough
material.

Now the principle involved in all this is one of
fundamental mechanics, easy to understand and yet
often difficult of application. The first step in the
attack on the problem of application was an experi-

SOLUTION OF THE PROBLEM

In studying the behavior of continuous beams sub-
jected to transverse load only, this experimentsal deter-
minatioh of the actual ratio of moments was made.
: The loading of beams continuous over two spans was
| so varied that the calculated ratio of the maximum
moment in the span o that at the center support
ranged from less than 10 {o more than 80 per cent.
Nearly 300 Sitks spruce beams, having specific gravi-
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FIGURE &—Chart of the moment factor for calculating the sirength of continuous beams

mental determination of the actual or true ratio of the

maximum moments in the span and at the supports -
at the time of failure, as compared with the cor- .
responding ratio while all the stresses were still within

the elastic limit. With this information the location

of the points of contraflexure at maximum load can -
be determined. The beam can then be treated span

by span, or a portion of it between two successive
points of contraflexure can be considered separately.

ties ranging from 0.32 to 0.46, were tested; the specific
gravity values were based on the weight and the vol-
ume of the wood when it was oven dry. In addition,
15 beams of Douglas fir and 8 of eastern-grown spruce
were also tested. In Figure 3 are plotted the true
ratios of the moments at failure, as determined by
these tests, against the calculated theorstical ratios
for beams of acceptable material. The horizontal

. scale is the ratio of the maximum moment in the span
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to that at the center support for a beam of uniform | low in toughness showed little redistribution of

cross section, as obtained by means of the usual equa-
tion of three moments, and the vertical scale is the
true relation of moments that existed at the time of
failure. The curve is the locus of ratios recommended
for the design of Sitka spruce beams; essentially they
are the safe minimum actual ratios. Therefore,
actual loads to cause failure will normally be con-
siderably greater than those calculated from the curve
of recommended ratios.

When a loading was chosen to give a selected cal-
culated ratio of maximum moment in the span to
moment at the center support for a beam of uniform
cross section, it was found that almost any true ratio
at failure, up to unity, could be obtained by selecting
material varying in toughness. In fact, since it was
impossible to always select minor test specimens that
would give exactly the true properties of the material
in the beam, and since information from which the
proper radiuses of load blocks were determined was far
from complete, the true ratio often apparently became
greater than unity. A< might be expected, material

stresses.

The test velues in Figure 3 are taken from Tables
I, IT, III, and IV. In Table I, for example, the values
in one of the columns headed “Moment factor’ are
the ordinates for the dbscissa standing above the
column, which is there called ‘Calculated uniform
section moment ratio.” Beams that failed to meet the
specific gravity and toughness requirements of the
Bureau of Aeronautics were omitted from the figure.
Such beams had been included in the tests only to
determine the behavior of the abnormal material in
them; this behavior is reported in the tables.

APPLICATION OF THE PROPOSED METHOD OF
CALCULATION
Transversely loaded continuous beams of uniform
cross section,

The -application of the true ratio of moments to
the simple case of a beam of uniform cross section can
perhaps be best illustrated by taking a particular
example.



TABLL I—RECTANGULAR SITKA SPRUCE BEAMS, APPROXIMATELY 2 BY 2 INCHES IN CROSS SECTION
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TABLE I.—_RECTANGULAR SITKA SPRUCE BEAMS, APPROXIMATELY 2 BY 2 INCHES IN CROSS SECTION, CONTINUOUS OVER TWO SPANS. THE

CALCULATED MAXIMUM MOMENT IN THE SPAN VARIES FROM 0.452 TO 0.821 OF THAT AT THE CENTER SUPPORT, FOR THE DIFFERENT
LOADINGS—Continued
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TABLE 1L —RECTANGULAR DOUGLAR FIR AND EASTERN-GROWN SPRUCE BEAMS, APPROXIMATELY 2 BY 2 INCHES IN CROSS SECTION CON-
%%LEUI?(})JASDOI‘&%RS%VS%?\IPANH THE CALCULATED MAXIMUM MOMENT IN THE SPAN IS 0.667 OF THAT AT THE CENTER SUPPORT FOR
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Oaloulated uniform saotion moment ratio 0.667 COaloulated uniform soction moment ratlo. 0.667 .
Maljor beam ' Miner heam Major beam Minor beam
Spealfia Speaific
' ml?:\nrilty ’ Moment gravity Moment
Nombar | g | Booton | YO8 | e | Tacygy | Medoios | feotor Number | g | Seotion | Mok | o et | Torenns| T
Bm wel “ofrm r | mum Te -
load [modulusfoonient and yoi- mp- load |T0dUIus) ooneens and vol- | turs
umewhen . [arewhen
oven dry ) X oven dry
Lba, per Lbs, i1m
Pounds | IQC' Per cent . in, Pounds | IC  Perceni n& n,
1-DP 8,700 1,338 0. 1-D 0. 549 12,780 O 2-Ef &5, 478 L30 ; 114 2R8 0,421 10, 650 1,088
&~DF 6,810 1,883 12,8 8D 481 11, 020 1,170 458 8, 025 1,833 = 7.8 4+E8 450 14, 300 . 781
&DPF | 580 | 1240 | 10.6 8-D .488 | 1L070 B8 | 6,500 | 1,847 9.0 B8 400 | 13 840 1,012
8DPF | 6328 (eL847 | 12.3 &DF 828 | 13, 870 ¢-ES8 | 4850 | 1,88 ° 9,0 6-E8 487 | 12,280 931
*-Dr 0,450 1,333 10.4 -Dr . 516 12, 570 1,012 8-R8 7,886 1,838 ¢ 9.8 8-I8 4 18,200 1.180
1%-DP | 4,760 | 1888 | 10.4 | 13-DF 478 | 13,140 8 ! 6075 | 1888 & 08 -B8 480 | 12,540 1137
13-DP 4, 000 1.888 12,0 1-D¥ o4 11,4680 780 ' 10-1t8 8, 850 1847 © 8.4 10-E8 11, 040 . 800
14-DP 4, 125 1,338 1.5 4-DF . 12, 240 798 8 4,775 1,388 B8 12-B8 4“4 11, 560 753
15D 4,075 | 1,820 | 128 18-DF 10,720 .
16-D 5,350 1,327 12,2 16~DP 45 10, 2560 1,043 Av, 6,101 1.387 ' 7% T " 443 13, 860 . 980
17-D 7, 300 1,838 12,0 17-DF . 588 16, 110 841
18-DF | 6,780 | L8%7 | 1.7 DF 619 | 16,840 W 7
1-DP 8,728 1.888 L8 19-DP 809 12,800
DF | 6,175 | 1.888 | 18,1 F L7850 | 11,780 1,040
2-DF 7,850 1.338 12.4 31-DF 808 16, 820
Av 5,980 1,338 ) 1L8 |eeurrcnnaes JE37 |, 13,788 002
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TABLE IIL—RECTANGULAR SITKA SPRUCE BEAMS, APPROXIMATELY 2 BY 2 INCHES OR 1.4 B
OVER TWO SPANS. THE CALCULATED MAXIMUM MOMENT IN THE SPAN IS_EITHER 0.39
FOR THE LOADINGS SHOWN

———— 5 3paces of 9"each ——— ]

2
(0]

.5 INCHES IN CROSS SECTION, CONTINUOQUS
R 0.556 OF THAT AT THE CENTER SUPPORT

P P i P
T T e e e N s s it
72~ T2 72* o 72% 42" q22
Diasgram 3-A ! Diagram 3-B Diagram 3-C
QOalcnlated uniform section moment ratlo. 0.556 Caleulated uniform section moment rafo_ omeee o .. 0.808 Calenlated uniform eection moment retio. oo 0.393
Major beam - Mingr beam Major bearn . Minor beam Major beam Minor beam
Specific Specific ' Bpacific
gravity Mo- gravity Mo- ; gravity Mo-
- Maxi- &lgo- liélois- ) based c;n l}&odl}- mt N Maxh gee- Mois- based h%;n Ll_t[ugdl}- ment N Maxd- 1%e;o- Molis- haged hc:"n I}Iodt}:- ment
um- n | tore weigh us o T um- on | ture welg] of | factor um. on | tore welg] ns of | factor
ber 'ﬁ%{f mod- | on. | Number and rup- ber. Il“o‘;ﬁ‘ mod- | con- | Number and rup- ber ’]’g;fi“ { mod- | con- Number and rup-
ulug | tent volume ulus | tent volumse | ture ulus | tent volume | ‘ture
when when when
oven dry oven dry - oven dry
Per Lbs. ‘pcr Per . Lba, ‘per Per Lbs.
 Powndel I/C | eent 8g.in. Pounds| I/C | cend ag. 7. . HC | cent . ag. n,
D-1 |,2,000 | 1.490 9.7 D-1 0.427| 7,680 | 0.376 D-20 ] 2,626 11.827 | 143 D-20 0,421 , 030 | 0.678 G-110 | 5,140 | 1. 14.0 | C~100-111 0, 440 , 540 | 0.841
D-2 {2675 | 1.340 8.8 D2 4421 8,720 | .560 D21 | 2,675|1.327| 126 D-21 4168 0,860 .673 C-112 | 5,890 { 1.838 | 13.0| O-111 .462 § 10,790 | .804
D3 |3,000 | L.480 8.8 D-3 .459 | 8740 | .594 D-2212640 | 1,268 12.2 D-22 .409 1 88001 ,.831 O-118 | 5,550 | 1.354 | 13.0 .428 | -9,810| .988
D-4 | 2,300 | 1,388 9.3 D4 L4061 8,610 | .475 D-23 | 2,575 | L268 | 12.5 D-23 . 7,360 { .094 C-1151{ 5,115 1.883 | 18.9 | O-116 .436 ] 10,160 | .738
D-6 | 2,675 | 1.490 9.5 D-5 472 8,400 | .521 D-24 ] 2675 ) 1280 | 128 D-24 .380 | 8,4001 .931 C-118 1 5,745 | 1.333 | 14.5 | O-117-119 .434 | 9,610 | 1.016
- O-120 § 6,055 | L3827 | 13.0| O-119 .436 | 10,910 | ,898
D-6 |2825 1,388 8.4 D6 4721 9,1401 ,600 D-25 | 2,460 | L268 | 123 D-25 .868 | 7,070] .804 .
D-7 | 2,450 | L4060 126. D-7 .809 | 6,470 | .708 D-2612410| 1.268( 11,5 D-28 .800 | 8,120)] .830 Av.| 5583 | 1.836 | 13.6 487 | 10,082 | .800
D-8 | 204011330 18.5 D8 .310 ) 6,580 | 603 D-10 | 2,065 | L827{ 125 D-10 .818 | 7,500 ( ,850
D-151 4, L 383 98| D-18 .460 1 12,050 | .902 D-1211,80] L3334 18] D12 .8171 6,900 | .616 N
~D~181 3,075 § 1.327 |- 1.6y D18 - . 4104 0,310 .668 D-2712650| L1671} l]‘a w1 D47 .386 1 10,630 { -.092 Pl ' o
“D-19 8, L37} 1461 D18 4RO} 9,040 % .838 D-2812;626| 1,180} L7{:+ D-28 .80% { 30,750 § .648 ! . |
A-1 .| 2,400 { L314 | 10.9 A-1 .485| 7,0401 .710 D-321258011.338 | 131 D-32 462 1 1L, 210 { .421
A-2 | 3,085 | L300 9.5 A-2 .4381 10,4201 771 D-8812375] L2333 14.% D-33 .424 1 10,180 | .487 .
A-3 | 3,425 | 1.208 9.8 A3 .420 | 11,450 { .600 D-36 | 2,395 | 1.4801 10. D-i6 .330| 7,780 | .662 ¢
A4 {4,225) 1,807 10.5 A4 .430| 9,700 | .908 D387 ) 1,915 13381 1.8 D-37 831 | 7,770 | .498
D-2013,580 {11661 1.0 D-20 .3027 10,510 1 .846 D-8811,920 ] L4681 10.8 D38 .238 1 7,380 | .447 |
D-30| 3,620 | L1687} 122 D-80 L4585 | 10,926 | .808 D-8011,9207 1.888 | 1L 9 D-30 L3201 7,850 | .488
D-31] 3,425 | L167 | 1.7 D31 .450 | 10,800 757 D43 | 3,90011,347 | 10,9] . D43 .470 | 12,610 | .708 .
D-9 |31656 | L4471 10.4: D-9 .Bl4| 7,880 | .781 D44 | 4,040 § L3847 | 1L0] D-44 .465 | 12,640 | .860
D11 | 3,130 | 1.46¢ | 11.8: D-11 .32 | 7,800 | .800 1D-3413,080 | 1,203 | 13.8 D-34 .412 | 9,450 | .942
| D-13 2,500 | 1,427 9.8" D13 .308| 7,380 [ .622 D35 2620 L204| 122 D35 .4201 9,310 | .888 |
D40 | 2,675 | L479 9,2 D-40 L824 7,840 | .596 D-53 | 2,880 | 1.300 | 13.8 D-53 .3851 7,800 834 -
D-41] 2,580 | 1,833 1 10,8 D41 .83 | 7,570 ,688 2,360{ L.300 | 143 D~i4 .360 | 7,680 ] .B46
D421 2,728 | 1.480 9.9 D-43 B3M | 7,480 | .658 D-57 | 3,050 | 1.320 | 18.9 D87 L4608 1 10,040 | . 674
D-167| 5,200 | 1.435 D-16 454 12,000 | .886 D-58 {8185 | L.320 | 14.1 D58 477 | 10,840 | 753
D46 4,825 | L.383 | 10.4 D46 .m' 13,020 | .783 D-61 3,050 L33 | 128 D61 L4008 | 11,350 | .611
D-47]8,450 | L3883 | 9.9 D47 L4680 | 18,550 | .440 D-62| 296 1.333| 121} . D63 4568 1 10,770 | .43
D—48 | 3,000 | 1,833°t 10.0 D48 L4609 | 18,780 | .331 ~
D51 3,420 L314 | 14.4 D-51 .364| 7,710 | 1.016 Av,| 2,630 | L34 | 123 L3097 | 98011 .72
D-13| 8070 | L314] 141 D-52 3501 7,540 ,900
D-55| 4,200 | L30| 13.7 D56 .450 | 10,770 | .849
D88 4230 | L3320 140 D-56 L4501 11,4004 , 798 '
D50 | 3,9501 L.320| 1L8 D50 4421 12,000 .062 : :
D-60| 4000 | 1.327 | 123 D80 .46 | 11,585 | 712 b
D-63]3,035|1.327 | 11.6 D63 .486-1 13,500 | .354
D64 14,350 | L227] 120 D84 LAR2 11,8001 .773
D65 3,840 L33} 11.2 D-85 .476 | 11,420 | .681 .
|
Av. 13,32 | L39 | 1L1 417) 9TV 00 :
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A METHOD OF CALCULATING THE ULTIMATE STRENGTH OF CONTINUOUS BEAMS 305 i

TABLE IV.—RECTANGULAR SITKA SPRUCE BEAMS, APPROXIMATELY 2 BY 2 INCHES IN CROSS SECTION, .
CONTINUOUS OVER TWO SPANS, WITH THE END SUPPORTS AT A LOWER LEVEL THAN THE CENTER
SUPPORT. THE CALCULATED MAXIMUM MOMENT IN THE SPAN AVERAGES FROM 0.077 TO 0.360 OF -
THAT AT THE CENTER SUPPORT, FOR THE THREE LOADING CONDITIONS SHOWN h )

. F P P P . . P P
N g yy- 1] 28~ L ge g N Yy 28= 28= 2g= ] t‘h
b " N iy : e
il , iy 3 1 T3 ) _
T 42= e T l t P ra L2 _f—r
F— —rh—‘—.i r T2 —, j
Di&gram-i—.L DIWFB L e
1
| Adafor beam Minor beam : l Mafor beam MInor beam
i
: !
Spe- Cal- ; - Cal-
r ; A ik &
V- v- ;
i :RLY ml [, ! :}?y,l E.u{- Ho-!
'based] form i based, rm i
' Num. |Max-| Sec- (Mol on | Mod- | Modulns | see |MEDE. 1o inged.; Bec Mois] on ! Mod- | Modulas | see- | IeRE
| ber | UM | pos | eon. | Number weight ulusof) of elastie-. tlon 1 ber | WO | mog | gon. | Number wefght ulusof}of elastie-} tion ; i
! load | Ui | temt ggfl rupture ity times J n?&: . load | yye | tent a‘_:;ii-rruptum ity times I} nTettl '
: i ume ratio! | ume | ratio & :
\ when) ' when |
H gven oven .
! | dry | dry i .
| ' Per I.bc[xr I Per Lb;.tper!
Pounds IC | eent Lt | EI ' \Pounds, 17C | eent i, EI .
C-145 4,210 | L33 124 | G146  0.443 | 16,410 | 2,236,000 | 0.050 0.790° | C-1q7 [2,&0 | 1338 | 123 | C-198 o 408 's,mlmm,om 0.103 | @ 401 ;
iR R e B R BB R (S8 1 b BB () B LR B8
| C-159 3575 | 1.360 | 128 | C-158-160 | .462 | 0,500 | 3,516,500 {— 062 ; .602 " C-207 [3,8%0 | L1333 | 138 | G208 _ | 417 | 9,850 | 725000 | .i27 | 714 ; .
: G162 4,035 | L313 | 12.3 | C-161-163 | 444 | 8200 | 3241000 105 | 1961 C-209 [ 2,306 | 1333 | 14.8 | O-208-210 | .418 | g3t Lmo,oool.us a8, e
T C-et ] 2,880 1833, 13.0, C-168 -440 | 7,280 | 3,105,000 |—. 136 | .713 co11 (2,075 Lass | 1o 415} 9,000 ' 1,675,000 ' 071 | 422 e
Cmimlins om e b\ Dl T e o ol e lue o | g e o) ot =
G | e L R S | 1S | L0 M2 -808  iGau(zmas|rssa{1es! Cadms | ats: gero | Tsdo00 ) Jos2| I3s3! =
; % £ . 0,020 | 2,177, -057 1 . 1 C8 | 2675 | 1338 | 13.7 5 cani 950 1,885,000 ‘o8| 3! e
$C-219 5,000 | 1320 | 1.6 | C-218-220 | (308 | 10140 [ 525000 | lomt)mz | SRR RO LIBY BT OFE 411 | 18600 | 2 274,000 ' J127 | s "
C-221 | 3,330 | 1.320 | 13.7 | G220 .300 | 10,800 | 2,009,000  .181;.477 | ! [ -
G269 | 5200 | 1333 [ 130 | G289 -480 | 13140 zm,oool 060 | 705! 1 C-24 4010 1320145 C-223-005 | .416 [ 10,100 ' 2,281,000 | .027 | .72, e
G a3 | LS| ILT G0 -412 | 10350 | 515,000 l— 020 | 1533 C-26 [ 4105, 1814 |13.0! G5 132 n,uola.lmmo ‘s | lelo
775 | L33 | 135! Com1 293 | 10210 | 2 562, 000 |—. 04¢ | -766 G227 3,200 | L 854 [ 147 | G238 -412 | 10, 150 1,sso.ouoi.us s | —
C-a3| 3,825 | L33 | 139, G212 359 [ 6,240 | 2,108,000 | 122 [ 680 O L5  La 184 G | ot $520) L7000 | 1130 | (218 | =
SR Im | gm ) amineml i) IO Syt et gy | ia| o -
(GEk|pinibim nElom k) R0 A0, 00| A oo iRed DI |ike: S |1 | B0 | TRIND) | e -
] . » . - 4
Gz | G35 i Us6 | 121) 67 [la; 500! 1% | l628 C-236 3,400 1383|145 G286  |.402) 9,170 | 2,080,000 | .018 .m}
o3 lammafLos 121, oo .491 | 13,520 | 2,676,000 | .107|.568 Av.| 8327 1388|141’ .l n,wix,m,mo.[.mx e
' O-29 5350 | 1.306 | 125 C-29 o1 [ 117330 [ 2430000 | Cos2 ! lear i } i
O-2%0 3175 L3 |1re! G280 243 | 15970 | 2,630,000 ) .o4d  .313
. Av. 3,837 |L38)125 .423 | 10,388 z,zas,am% .onTl.m
P P P P
P 26 o x _
;! ! +
X —T
P_—_«n g2 JI —_
Disgram 4-C
[ Major beam Minor beam tad{ et
i Specific grav- uniform .M nt o =
: Mavl- ity based on Modulnsof | section | Orhe —
- Lection |Molsture Modulus "
- Number | mum Number and moment
| load |[modulus| eontent volums éwr'hen of rupture | “yyreq ratio !
OvEen ary
i H . Lba.tpa' . .
| Pounds Ic Pereent | - 2. in. EI L
| &% | 3u0, B | mi Siew S e | 3cen | “Es | % o
1 ) . .3 o
. C-189 31325 ! 13 e | G .44 7,500 | 2,230,000 : 785 i
C1m 1 3705 | oLass 125 | Giman 410 7,600 | 3,116,000 RITEEIN
C-182 | 4850 ! 1.333 47 181183 A8 L gs0 | 2300000 a7 ! les2
emigmomm| wtlem | o) oam)ame) om. oml
1 1 i 385 !
g | £ DI | i30 | Siieas “405 £860 | 2248000 | Lo |
¢ Gt | g0 | L33 1.4 | C-163-1%5 it 10,780 | 2174000 a0 | e
C-196 | 495 | 1.333 138 | G185 . 1,020 | 2188000 YTy ST
| c202 | 416 | Lass 1.6 | C-28 . 387 7,720 .| 1,361,000 408 .83
| C-204 | 640 | 1338 173 | C-208-205 28 8 250 L&Oﬂo i 1820
. G208 | Lm0 | 1333 180 | Ca05 it €840 [ 1621000 .4 018
. Ave| 412 | Lsa | 142 L9 8,88 | 212700 a0 | .sm

! When the supports are not on a level, ths calenlated ratio of maximum moment In the span to moment at the support changes as the amount of load changes. The
ratfo given in this column was obtainad by first solving for P by substituting In ths equation

—px- LR mrxpe —
where X issomefunction of the span, depanding on theloailng, and Als the subsidence of the end supports, and then substituting the value of P In the equatfon
RIL—PXj=MRXIIC
where Xals some function of the span, depending on the Icading, and R Isan end resotion. Enowing B, the maximum moment In the span can be determined; the maxi
mum moment divided by (AMRXI]C) gives the moment factor.

|
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Assuming, for instance, the loading shown in Dia-
gram 1-A of Table I, and using the following symbols:

C=distance from the neutral axis to the extreme
fiber.
I=moment of inertia of the cross section of the
beam.
L —=distance between supports.
M=maximum moment.
P=concentrated load.
R=reaction at an end support.
S=normal unit stress on & fiber.

the usual equation of three moments gives the follow-
ing results:

Moment at center support= —-;—?PL

Maximum moment in the span is at the single P
loads and equals

§iPL

The maximum load, therefore, would be predicted
by this method from the equation

SI
PL M= 0
from which
P 2781
“14CL
and
o

Total load =6P =11.57 oL

In the proposed method, however, the calculation
proceeds as follows:

The calculated ratio of the maximum moment in
the span to that at the center support is

2 14
PL+~2-—7.PL= 0.524
The moment at the center support is
RL-£PL

and the maximum moment in the span, which is under
the single P loads, is

RL

3

From Figure 3, for a calculated ratio of 0,524

within the elastic limit, the moment factor at failure
meay be taken. as 0.735; that is, the moment at the
center support multiplied by 0.735 equals the maxi-
mum moment in the span, at maximum load. Since
these two moments are opposite in sign the equation
expressing the relation is

0.785 (RL—$PL)= RL -

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONATUTICE

or
R=0917 P

The moment at the center support is then equal to

0.917 PL—%PL= —0.418 PL

and the maximum load would be estimated by

0.416 PL=M~= Sg

from which
Pe SI
0.416 CL
SI
Total load =6P =14.42 o,
This load is 42 or 124.7 per cent of that obtained

11 57
by the method in common use.

Twenty-six beams were tested with this loadmg,
the results of the tests are given in Table I. The
average actual load was 41 per cont greater than that
obtained through calculation with the use of the
ordinary equation of three moments. This excep-
tional increase is accounted for by the fact that
practically all of the material was of the highest
quality. Tables I, II, ITI, and IV show the results of
tests with other combinations of loads and other
species of wood under similar loading.

Transversely loaded continuous beams reinforced at
the supports.

The conventional I beam in an airplane wing is
left unrouted at the strut points to accommodate
fittings and to resist the high shear stresses usually
present there. For the same reason box beams have
filler blocks at these points. Some designers treat
such spars as if they were routed throughout their
entire length; the results of some 60 tests of routed
beams, on the other hand, show that this method
gives estimated maximum Ioads far below what can
actually be obtained. Further, if the principle of the

- shift in point of contraflexure after the elestic limit

has been passed is applied to the problem, a method
of calculation that presents itself checks actual test
loads within very narrow limits.

For a beam of uniform cross section, Figure 3
shows the relation of maximum moment in any given
span to the moment at the support, for the span
selected, that has the greater moment. In other
words, then, for such beams the moment factor taken
from the chart tells to what fraction of its capacity lo
resist stress the section in any given span is stressed
when the section at the major support for that span
is offering its maximum resistance. If this last idea
is extended to include beams that are reinforced at
the supports, maximum load can be estimated rather
accurately. The procedure is as follows:
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Considering the beam to be of uniform cross section
throughout its length, first compute the relation of
maximum moment in any span to that at the adjoin-
" ing support having the greater moment, by the usual
equation of three moments. Then take from Figure
3 the moment factor for the relation thus computed.
This moment factor tells to what fraction of its
capacity the section in the span is stressed when the
reinforced section at the support reaches its ultimate
capacity.

The tests showed this procedure to be safe. Im
test, when the maximum capacity of the reinforced
section at the support was reached, the moment in

41630—81—21

the span actuslly had already exceeded the product
of the moment factor and resisting capacity of the
section at that point. This was probably due to the
fact that a solid section will bend to a sharper curva-
fure at maximum load than a routed section of the
same exterior dimensions.

The results of several series of tests on I beams
tested over two spans and left unrouted for varying
distances at the center support are given in Tables
V, VI, and VII. These data show that the method
of calculation is accurate, with a slight margin on the
side of safety.

IJ Jllli\(l :



TABLE \.—SITKA SPRUCE I BEAMS, CONTINUOUS OVER TWO SPANS, WITH TWO CONCENTRATED LOADS IN EACH SPAN

r 2p - 2p P
24 24+ 48= 247t 24-._.1_
72an T2"
: Dlagram &
i 2 BY 3.6 INCH ¥ BEAMS WITH %-INOH FLANGES
Major beam MInor beam Maximum load
Specifio .
Section ' Iggeg?n Type of fadlure g:tl:d Routing
Number n?gcdttil(l’:s modulus nti'[uo.ri: Number | Weight |Modulus). m Actual | BY 0ld | By new
n at content| and [of rupture| method | method
Spa1 | syppart . volume
when
oven dry
Zy Z, |Per centy {z: n. slq. n. | Pounds | Pounds | Founds .
c-201 8.10 3.89 6.6 C-292 0. 411 840 | Shear.. » 405 4,760 4,470 6,950 | Unrouted for 18 inches at center support; rest }4-inch web.
208 314 3.88 6.5 C-203-4 .411 12,210 do 1,360 4,660 .| 4,310 6, 560 Do..
Q-285 3.10 3.83 6.4 294 . 411 11, 860 1,475 8,085 4,070 g, 200 Do. .
3.18 8.96 10.2 O-207 . 462 14,030 ..... do .| 1,855 4,920 4, 940 L, 710
O-298 8.16 | 8.18 89 |. 02979 L4681 | 14,650 | Flange split._.] 720 2,815 | 5,210 | 6,480 Routed entire length; 14-inch web.
ca0 | 312 | 805 | 0.6 o200 .460 | 13,000 | Sheer L280 | 5000 | 4,880 | 7,640 | Unronted for 16 inches at center support; rest 14-luch web.
C-301 8.16 3.97 8.8 0-302 .426 8,300 { Brashl 980 3,600 2, 980 4,640 | Unrouted for 18 inches at center support; rest }4-inoh web.
C-803 3.18 3.98 8.1 C-3024 .410 8,790 do, 558 1,910 3,126 4, 805 Da.
C-805 8.14 3.97 7.8 C-304 3! 9,230 |oa... do. 920 3, 450 3,260 5, 105 Do. .
14 BY 2,6 INOH I BEAMS WITH M4-INCH FLANGES
0O-308 1.2350 1,468 10,1 o-307 . L411 9, 2,268 1,472 2,160 | Unrouted for 6 inches at center suppart; rest }4-inch web,
C-308 L2340 1,480 11,0 O-307-9 .413 9, 2,160 1,460 2,180 Do.
C-310 ‘L. 230 1. 456 10.1 C-309 415 10, 1,850 1,578 2,335
C-311 1,288 L 439 12.9 C-812 .433 9, 2,425 1,472 2,140 Unroutod for 8 inohes at center support; then 34{-inch wsb for 24 inches; rest }4-inch web,
Cc-313 L2456 L 446 1.9 0-312—1} . 437 9, 2,100 1,480 2,160 | Unrouted for 6 Inohes at penter support; rest J4-inch web,
O-315 L2658 1,459 11,7 C-314 441 11, 2,710 1,703 2,890 | Unrouted for 6 inches at canter zupport; then 54-Inch web for 24 inghes; rest J4-inch weh,
C-316 L257 1. 450 120 O-317 . 455 11, 2,825 1,712 2,490 | Unronted [or 6 inches at center aupport: then 34-inch wab for 24 inahes; rest }4-inch web.
C-38 L2423 L 446 0.1 C-317-19 . 463 11, 2, 2656 1,753 2,560 | Unrouted for 6 inches at canter snpport; rest }4-inch w
C-320 L 280 1. 436 1L2 c-319 .451 10, 2, 538 1, 558 2,280 Unmunodfbrﬁinchuutmtumpport. then%-inohwab for 24 inehes; rest }4-inch web.
The uniform section moment ratio for this loading is 0.034.
The moment facter from Figure 8 is

The form facter far the 1.4 by 2.5 Inch beams I8 0.754.
! ¥The material in C-801, O-303, and C-305 was not acoeptable The tonghness averagsd about 32, whersas the recommindsd minfrumas 76,
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TABLE VI.—SITKA SPRUCE I BEAMS, CONTINUOUS OVER TWO SPANS, WITH FOUR CONCENTRATLD LOADS IN EACH SPAN

P P Fid P P P P r
I-sﬂ 8t 18" /82 181wt 18—l ——— /8% /8% .9"—-|
72" 72—
Diagram 6
1.4 BY 3,6 INOH I BRAMS WITH 4 INCH FLANGES
Malor heam Minor beam ’ Maximnm load
Bpeaifio |
Beotlon gravlty Type of fallura po;tl:‘d', Routing
Number rgg?l%(l)ga modulus Yoo Number w::f&“ | Modulus | :gr?; Actual ,]g&gg‘l, By new
Inapan | gypport | content volume v ;
when :
oven dry .
Lbs. per s,
Zr Z, |Per cont 2¢. in. .4¢, in, | Pounds | Pounds | Pounds .
o321 1,24 1,448 8.4 -823 0.414 12,440 | Bhear......... 1,080 | 3,285 | 2,806 | 8,525 | Unrouted for § Inches at senter support; reat }4-inch web,
C-828 | 1.984 1,488 | 10.2 418 | 11,600 do. 830 | R,000 | 3,580 | 8,805 | Unrouted for 5 Inches at center support; reat 44-Inch web.
0-835 1,285 1,438 B.68 Q-324 .423 13, 850 do. 1, 105 8,190 2, 580 3,618 | Unrouted for 5 Inches at cantar suppors; reat }4-inch
0326 | L2158 | 1,414 %9 | C-837 . 805 9,080 | Compreasion?, ,465 | 1,785 , 498 Ulmuted for be inohes at conter support; 3-inch web to 10}5 inohes each side of center; rest
0-328 |' 1,285 | L4850 | 1L8 | O-827-p .87 8, 555 do. 2,515 | 1,748 | 9440 | Unronted for 8 inches at center mpport. reat }¢-Inch web,
C-830 | 1285 | 1,485 | 10.4 O-829 377 9,220 do. 665 | 2,730 | 1,850 | 2685 | Unrouted for 6 inches at cantar mpport, 3-inch web to 1044 inches each alda of center; rest
. -{nch web.
C-831 | L2380 | 1,425 | 10.0 | C-na2 .482 | 11,830 do Y008 | 3,485 | 2,363 | 3,208 nrt}ut«lald for 6 inchesat center support; 54-inch wab to lo}i inches each side of center; rest
O-333 1,426 1,447 | 12.8 O-332-4 JABK 10,890 |..... o [ F— 1,085 | 3,040 071 | 2,040 Unrouted for & Inches at center support; rest }-Inch
C-a38 | 1240 | L448 | 7.2 | C-as4 450 131 000 | Bhear..-o-2C 780 | 8030 Qezo 8, 680 Um‘i for 6 {nohes &% centar support; -indh reb s 10% Inches each side of center; rest
14-Inch web.
C-a36 |, L2856 | 1447 | 87 | o8y A4 | 14,040 do 1,108 | 8810 | 3,000 | 4,225 ?Zofﬁm ;%rb 6 inches at centar anpport; 3-Inch wob to 1034 inches each side of oonber. rest
O-888 1243 1.488 9.1 O-337-9 400 15, 880 do 1,185 416 3,106 4,820 | Unrouted for 6 inchas at cantar support; reat }4-inoch web,
O-840 | 1.214 | L4106 01 C-339 06 | 16100 1200 do.oonun. ' 900 :4!:170 3,180 4,400 Un}:_oug%d for 6 Inches at center luppP:orf 3{-inch web to 1034 inohes each llde of center; reat
C-341 | 1.280 | 1.488 | 10,0 | C-843 421 | 11,780 do 970 | 3,325 | 2,35 | 3,310 Untougof forba Incbes at center support; H4-Inch web to 1ou inghes each aide of conter; reat
C-343 1,287 1.486 0.5 O-842-4 428 1,700 |.---. [« [ . 1,006 | 2,040 | 2,350 8,289 nrouted for 8 Inohos at cenier support; reat }4-inch w
C-845 | 1246 | L4d6 | 0,7 | C-dda 436 | 11,300 do ‘900 | 5635 | 2368 | 8170 8§‘mut%d for 6 Inohes &t oenter support; u-x?oh ‘b o2 10}4 Inches sach ide of canter; rost
-inech web,
C-846 1,218 1,415 0. O-847 405 10,580 |..... T2 [ S 7a8 8,100 2,685 2,020
C-348 1.297 1. 485 ‘N C-347-0 438 l?’ 10 |-.... A0 pans 1,080 2: 025 | 2,218 8,118 Uurout.ad for 6 inphea at center support; rest }4-inoh w
C-860 | 1,312 | 1.418 87 | C-30 448 | 12,140 |"Compreasioni.| 785 | 8540 | 2,300 | 3, 8m5 Unroutad ror 6 inchea at center support; 1-inch web to 10}& inchos each side of centar; rest
C-351 1,3 1.485 0,8 C-482 ,482 |:1L,610 | BheAr....cnarem 845 8,480 2,328 8, 260 Unr«;uw tor 8 inches at center aupport; 34-inch web to 1034 inches each side of conter; rest
C-RE8 | 1,238 1425 9.2 C-Bi2~4 426 | 11,940 do 1,008 | 2,878 803 | 8,838 Unrouted for 6 inohea at conter aupport; reat 1-Inch web,
C-888 | 1298 | L4328 | 0.8 | O-am 419 11; 1,690 |"Compreasioni.| 880 | 3850 %a«u 8,280 Ul;irout.ed for 6 inches &t oontar spport; 1-inoh web to 1034 Inohes each side of center; reat
. -Inch web,

The ocalenlatsd uniform ssotion moment ratlo for this loading i3 0.605.
The momsent factor from Fltgure 12 0,771
The form factor for the sections ont in the span is 0,754 exoept for beam O-838 where, with & 34-Inch web, 1t becomes 0.81,

t By compression failurs i3 meant s compreasion (\lnre followed by a tenalon failure.
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TABLE VII—SITEKA SPRUCE I BEAMS, CONTINUOUS OVER TWO SPANS, WITH EIGHT CONCENTRATED LOADS IN EACH SPAN

P P

f 4 P P

P P P
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72%

Diagram 7
1.4 BY 2.5 INCH I BEAMS WITH - INCH FLANGES
Major beam Minor beam Maxlmum. load
8
Com-
Section based on ‘| Type of fallure by Routing
Section Mois- shear
Number modulusg‘md“l“’ ture | Number | Welght | Modulus stress | Actpal | BY 0ld | By new
in epan at content and f rapture| methdd | method
support volume r
hen
oven dry !
Lba, Lbs.
Z, Z, |Percent| xq n. ['8 Pounds | Pounds | Pounds
C-366 | 1.254 | L458 8.4 | O-857 0.88¢ | 11,910 | Compreesion!.| 1,185 | 8,340 | 2,830 | 8,320 Unronted for 6 inches at center; then taper web fo 34 Inchat 18%4 Inches from oenter; rest }4-inch
C-358 | "1.258 1,460 9.0 O-857-9 .34 11, 020 do. 885 | 8,230 | 2,205 3,270 U?:olg}tgc lntgf: 6 igghaa at eenter:& tl;;r‘;n};lilnoh web to 434 Inches from center; then 34-inch web
C-360 1256 L 460 80 O-368-61 . 368 14,050 | Shear., . ... 1,026 | 3,660 | 2,300 8,272 Ugolgted h‘;ocll‘z ] hfxrohu at ot::ter' 1'.1'1;'051_1i %-lnahbweb to 414 inchee from center; then 96—inuh web
e from center; rest
C~-3682 1.200 L. 470 &5 o361 .363 10,120 | Compressionl| 1,240 | 3,825 | 2,120 3,020 Unrog for 6 inchesat center; then taper to }4-inch web at 18}4 Inches from center ;rest }4-Inch
. web,
C-363 1.256 1458 7.6 C-364 .304 11, 350 do. 1,268 8,760 2,370 3,360 Do. .
C-385 1,263 1470 7.4 C-364-6 . 402 11, 900 | Shear...cocun- 1,130 3,860 2,495 8, 550 ‘Ugal%?;d dﬁi& igoahu at g:mr;tﬂ;? 1-inch ;veb to 434 Inches from center; then 34-inch web
. m center;
C-867 1,265 1470 7.3 C-366-8 - . 406 12,100 |} Compressionl.| 1,130 8, 860 2,540 | 8,610 | Unrouted for 6 Inches at genter; %-mnh ‘web to 434 inches from center; then 3§-inch web
to 1334 Inches from center; rest Yi-inch web.
C-369 1,268 L 470 8.4 C-3688 401 11,150 do. 1,200 3, 650 2,350 3,325 Unrog.tad for 8 inches at center; then taper to ¥§-inoh wob at13}4 Inches t‘rom oenter; rest }¢-inch
c870 | Lo4s | Lidy 8.7 | c-an .437 | 13,070 do. L5@ | 4750 | 2,710 | 5840 'Umauted for 9 inghea at conter; rest J4-inch w
C-372 L4239 1. 447 9.1 C-871-8 . 440 12,980 do. 1,308 | 4,225 2, 678 3,818 Un:og.ted for 6 inches at center; then taper to }ﬁ-hmh web at 1834 inches from center; reat }i-lnch
C-874 L244 1447 8.7 C~378-8 .444 18, 120 do 1,308 | 4,110 2,710 8,868 | Unrouted for 9 inches at center; reat }4-Inch we
C-376 1241 1.447 8.7 C-375 .447 13, 880 do. 1,435 | 4,460 2, 860 3,788 Unml;lted for @ inches at center; ‘then taperto }é—lnoh web at 1334 inches from oenter; rest }4-inch
C-377 1.228 1.425 8.4 O-878 . 501 6,90 | Brash .. ... 795 3,000 1,420 .| 2,015 | Unrouted for 80 inches at center; rest }4-inch wel
C-379 1.255 L4568 8.2 C-378-80 .510 8, 460 do. 650 | 2,400 1,763 2, 502 Unrogtod for 6 inches at center; then taper to }é-lnch web at 15Inabes from eenter; rest }4-Inch
C-384 1.246 1,447 7.3 C-385 .443 18,520 | Com ont | 1,125 4,280 2, 800 3,975 | Unrouted for 30 inches at center; rest Y4-inch we!
C-388 L3246 1,447 7.9 O-885-7 444 13, 840 o, L145 | 4,00 | 2,760 3,918 nroll)lted for 6 inches at center; then taper to }anh webat 15 inches from center; rest 14-inch
* C-288 1,252 L 458 7.6 C-387-9 . 448 18,710 do ' 1,210 4, 650 2,850 4,060 | Unrouted for 30 inohes at canter; rest }4-inch web.
O-800 | 1246 1447 7.8 O-889 A48 13, 600 do. 1,200 | 4,400 | 2,815 | 3,008 Unrolq)nad for 6 inches at centar; then taper to }4-inch web at 15inches from center; rest }4-inch
C-391 L3219 L 415 .5 O-302 .468 10, 160 rash_ ... 685 2,310 2,055 2,920 | Unrouted for 30 inches at canter; rest }4-Inch web.
C-398 1232 1436 1.1 C-392-4 452 9,900 | Compreasion! 720 3,875 040 2,805 | Unrouted for 53 Inches at center; rest 14-inch web.
C-395 1,926 1426 L0 C-304-8 . 434 10. ....... 670 3,460 2,100 2,980 | Unrouted for 76 inches at center; rest }4-inoh web.
C-897 1.214 1428 10.0 O-396 . 427 10, 470 do. 770 3,950 2,115 3,035 | Unrouted for 99 inches at oe'nm. inch wab.

The material in C-877, C-279, and C-3901 was
calenlated uniform

The
The moment factor from

and ‘Loulgsaot pass the tonghness requirement.,

soction n;og:ent rlrlo for this loading

The form facter for the see onlntherpunho754.
1 By compreasion failare is meant a compresaton fuilure fallowed by tension fallure
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A METHOD OF CALCULATING THE ULTIMATE STRENGTH OF CONTINUOUS BRHAMS

As already stated, the first steps in the calculation
for maximum load are to compute the relation of the
maximum moment in the span selected to that at the
adjoining support having the greater moment, and
then to determine from Figure 3 what fraction of the
capacity in the span is developed when the section
over the support is stressed to its maximum. The
method should be applied, in turn, to every span in
the beam under investigation. In order to treat span
by span a beam that extends over several supports,
it is necessary to learn to what fraction of its capacity
the section at the other support for the same span is
stressed. This fraction is determined in exactly the
same way as the fraction for the section in the span.
From the relation of the moment at this support to
that at the support with the greater moment as it is
ordinarily calculated, determine from Figure 3 what
fraction of the capacity of the section at the secondary
support will be developed when the section at the major
support is stressed to & maximum. These relations
can be conveniently expressed algebraically as follows:

Assuming a uniform cross section and using the ordi-
nary equation of three moments:

Let M ,=moment at support a.

A y=moment at support b.

M y=maximum moment in span ab.

M, be greater than A,.

Z .=section modulus at a.
Zy=section modulus st b.

Z ¢n=section modulus in span ab.
F,=form factor at support a.
Fy=form factor at support b. -

F.y=1form factor in span ab.

S=modulus of rupture.
A,

The ratio Mb determines the moment factor K.,

which is teken from Figure 3, and the ratio J}é—:

determines the moment factor K.

The moment developed for the three points at maxi-

mum [oad may then be written
M. =F.SZ.K,
My=FSZ,
Moy=F0SZ Koy

With these moments known, any span can be treated
separately, and the load that will give these relations
can thus be determined. :

To illustrate the application further, consider a
simple case, running through the actual calculations.
Take, for example, beam C-326 in Table VI, loaded
as shown in the disgram for this table.

311

Form factor in span=0.754.

Form factor at center support=1.00.

Modulus of rupture=9,030 pounds per square
inch.

Section modulus in span=1.215.

Section modulus at support=1.414,

For a beam of uniform cross section and using the

i ordinary equation of thres moments:

Meaximum moment in span= +% PL

Moment at center support = —2—2 PL

The calculated moment ratio therefore is

157

335,
STzPL"—ﬁPL— 0.595.

For this ratio the moment factor from Figure 3 is
0.775.

Maximum resisting moment at the center suppoit
=0,080X 1.414=12,760 inch-pounds.
Maximum moment developed in the span at failure
=0.754X9,030X1.215X0.775
=6,410 inch-pounds.

Taking moments about the center support,
72R—144P = —12,760 inch-pounds

The maximum moment in the span occurs at the
second load from the end reaction and is

27R—18P = + 6410 inch-pounds
Solving these two equations,
R =445 pounds
and substituting in the first equation,

P=311 pounds
and :
Total load 8P =2488 pounds

The slight discrepancy between this value and that
given in the table is accounted for by the fact that in
obtaining the values in the table nominal dimensions
were used for the calculation of the section moduli.

The actual test load on this beam was 2,465 pounds,
which agrees with the calculated load within 1 per
cent. The load estimated by the usual equation of
three moments was 1,785 pounds, which is 28 per cent
lower than the test load. The real accuracy of the
proposed method, however, can be checked only by an
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examination of those beams in Tsables V, VI, and VII
that failed in bending rather than in shear. Such an
examination will show that, even though the celcu-
lated loads are much higher than those estimated
by the ordinary equation of three moments, they are
safe. In no case, except the one used in the preceding
example, did the beam fail to support the expected
load.

Continuous beams under combined axial and trans-
verse loading.

In applying the proposed method of calculation to
continnous members subjected to combined loading,
the first step is to determine where the points of
contraflexure will be when the maximum load is
reached. If these points are known, consideration
of the problem may be restricted to the portion of the
beam between two successive points of contraflexure
or between a point of contraflexure and a hinged end,
with a resulting simplification of the solution for each
span. This solution will then involve merely the
solution of a column under combined loading. Cor-
rect procedure, however, requires bearing in mind the
fact that when the section at the support is stressed
to its maximum cepacity, the section out in the portion
of the span suspended between two points of contra-
flexure has to be limited’ to a certain fraction of its
stress capacity. Since these relations exist; it is neces-
sary only to investigate conditions out in the span.
Such procedure will usually give a slight factor of
safety, since the moment introduced by the axial load
is usually less at the support than in the span.

As previously stated, the relation of moments for
transverse load only is calculated by means of the
usual equation of three moments, with the assumption
that the cross section of the beam is uniform through-
out. Moment factors are then taken from Figure 3,
and considering one span at a time the positions of
the points of contraflexure are located. The positions
of the points of contraflexure so determined will not
coincide exactly with their position at maximum
load under eombined loading, but calculations and
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tests have shown that the differences are so small
that they can be neglected with safety.

Sections between points of contraflexure can now
be investigated separately but, as already suggested,
checking the section out in the span suspended be-
tween two points of contraflexure is sufficient. Under
combined loading that section is limited to a certain
fraction of its stress capacity. For transverse load
only this fraction is the moment factor but, with axial
loads present, the fraction of stress capacity may be
increased as follows:

Let K=moment factor.
p=ratio of direct stress to total stress,

U=maximum load modulus at the ratio .

Then the design modulus for the portion of the beam
out in the span is

' KU+ p(U-KU) (1)

The application of the preceding principles can be
best illustrated by following through an actual calcu-
lation. For convenience, let

W=maximum totel actual transverse load on
the entire beam.

W' =fictitious total transverse load.
Ry=roaction at the hinge.

- X=distance from the hinge to the point of
contraflexure in the inboard span.

Then, for example, consider the first beam in Table
VIII, No. CC-2.

Maximum total load W= 5,565 pounds

The maximum moment in the span between the
hinge end the inboard strut occurs at the second load
from the hinge (fig. 2). For a transverse load only
and a uniform section, the ordinary equation of three
moments shows it equal to

+1.62W



TABLE VIII.—RESULTS OF TESTS ON BEAMS HAVING A 2-BAY AND OVERHANG TRUSS ARRANGEMENT WITH A 47)4-INCH BEIGHT OF TRUSS
X BEAMS—~NOMINAL DIMENSIONS; 2 BY 44 INCHES WITH 1-INCH FLANGES AND }-INCH WEBS

Maxl- | Mols- [ 8 Trane- Bend- | Direot | “toiat. | B2 Modu-| Dres | Modo-| Max:
- | Mo . u-| pres- |Modu-
s | ot |2 | S8 boowtne| o | o |z | 2 | | Porm] Mo, | o | Yoo | Axal | P v | i B804 | & {dumor | Blon |lasof | R | pemarks
number | load | con- | grav o ness * . . * | Chion” | motor) feror Papan. | mo- | B | streas | P |S=Styynew| & | P ?a.rnl- elag- | 084 mar
W | tent ity ment 4 A i mathod| tare el to | ticity Ius
Inob- Square [ Tneb- Lba, per|Lbs, per|Lbs. per|Lbs Lba, per{ e, per| 1. et | e
Lba, | P, ck, Tnohesd| Inchea| Inab | Ina,s |inches | Jnch Inches Pounds| 2¢., g“ . ﬁ“ . ﬁ“ ag. n. 2. i’f):r g, ‘g?r ng 8:“ 2, h’i"
Q0-2 | 5,868 ( 13,1 | 0,881 a7 [ 13.58 | 2,250 | 6,75 | 6.04 | 5,90 | 0,755 | 0,77 | 0.688 | b57.65 | 9,088 [ 18,080 | 2,230 5,870 4, 600 , 416 | 0,485 gm ) » 371 &373
00-3 | 5000 | 12.1 85 | 18,87 | 2250 |75 | 608 | s89| 7m0 | .7r| .es8| w765 | om0 |1z710| 2007 | 2160 | 4267 | 4,188 | 402 | 7020 | 4,170 1,140 3108
Q04 |s5318| 18| .338 o8 | 1848 | 2245 | 672 | o.00 | s87| c7e8 | 77| .es8| sr.o5 | 9510 | 13880 | 3,178 | 2,278 | 4,480 | 4,427 | .480 | 8,370 | 4,420 | 1,304 | 5397
Jgg-s 160001\ 1L.61 . 101 | 18.40 | 2240 | 6,00 | 5,98 | 5.8 | (784 | .77 | .688 [ &7.65 | 10,785 | 15,080 | 2,513 | 2,675 | 5087 [ 4,880 ( ,484 | 7,000 4,880 | 1 5, 850
GO-6 | 5810 ( 13,4 .B820 76| 18,68 | 2,280 | 6.78 | 6,08 | 8.80 | .782 | .77 | .688 | &57.65| 9,500 | 18,860 | 2,112 | 2,260 | 4,372 ) 4,802 .488 | 7,980 | 4,890 | 1,311 | 5298
ag-7 470 | 13,6 | .824 80| 18.40 | 2.240 | 6,60 | 5,98 | #.86[ 784 | 77| .688 | B7.68| 9,790 18,760 | 2,277 | 2,380 4,627 | 4,282 | .492 | 7,800 | 4,428 | 1,260 | 5,235
ao-8 ,200 | 12,5 | .480 111 118, 2.085 | e.66 | 5,92 | 578| .740| .77 | .688 | 67.65 | 18,080 | 18,400 | 3,012 [ 8,182 | 6,104 | 5,730 | .486 10,420 | 6,018 | 1, 8,975
OG0 |7oo0| 138 | t403| 1s|1816|2.285| 663 (580 | 876 (740 (77 638 | £7.66 | 12,630 | 17,700 8,082 | 5030 | 5611 .48 [ 10,880 | 5,415 [ 1,895 | 6811
00-10 | 5,240 | 12.0 | .394 70 2,985 | 6,63 | 5,01 | 579 .740| 77| .083 .85 | 0,870 | 18,170 | 2,108 | 2,274 | 4,480 § 1881 . 10,000 | 5,040 | 1,201°| 6,318 | Compreasion wood.
O0~11 | 4,545 | 13,4 | .418 66 | 18,97 | 2,285 | 0,60 [ &94 | 580 ] ,740 | .77 | .648 f 8,135 | 11,430 | 1,777 | 1,070 | 8,747 | 4,945 | .474 | 0,406 | 4,840 | 1,801 ) 4,008 B R
a0-12 8ss | 1.7 .438 118 | 18,24 | 2,240 | 6,64 | 5.91 | 581 | ,740 | .77 [ .683 [ b&7.66 ] 12,470 | 17, ag 2,812 | 2,985 | 5,777 [ 85,907 | .487 | 10,060 | 6,100 | 1,720 | 7,265 Do.
QO-18 565 | 1.0 .450 198 | 18,24 | 2,240 | .64 | 5,91 | 8,81 740 | .77 | ,083 | &7.45 | 0,956 | 1 2,040 { 2,400 | 4,448 | 7,802 | ,459 | 18,270 | 7,030 | 2,087 | 8,788 | Fltting fatlure,
aqQ-17 | 7,180 9,6 .418 18| 1834 | 2,240 | 6,68 | 5,05 | K82 | .748 | .77 .633 | 87,68 (13,425 | 10,850 | 3,404 | 3,887 | 6,701 ( 6,187 | .B04 1], 5,026 | 1,620 | 7,832
Q1U-18 | 7, 400 0.8 .428 93 | 13,19 2,235 [ 6,62 | .90 | &80 | 780 | .77 | .083 | B57.08 | 13,250 | 18,40 | 8,200 | 3,203 | 6,403 5485 | L5800 | 10, 85,000 | 1,640 | 7,030
BOX BEAMS~NOMINAL DIMENSIONS; 2 BY 4} INCHHS WITH 1-INCH PLANGES; THE WBB THIOKNESS GIVEN I8 THE COMBINED THIOKNESS OF TWO WEBS
Q0-14 | 4,260 | 11,5 | 0.888 100 | 10,43 | 2.235 | 5,46 | 4.68 | 4,04 | 0,650 | 0,75 | 0,688 | 56,85 | 7,875 | 10,700 | 3,075 | 2,640 | 4,724 | 4,854 [ 0, 480 | 8,000 | 5115 | 1,436 | 5700 Fllltet&otokofioohuhort
i
QO-15 | 8,040 | 10,2 [ .336 100 | 10,47 | 2.225 | 6,50 | 4.70 | 4.05| .648 [ .74 | .688 | 54.85| 4,818) O,145| 1,682 ( 2,250 | 8,041 ( 5115| , 437 | 0,200 | 5,418 | 1,450 | 6,087 F':ﬂad lltae-al?y.
CQ-16 | 8,880 | 10.4 | .880 100 | 10,48 | 2,285 | 5,48 | 4,60 | 4,00 .634 | ,76) . 56,85 | 6,736 | 9,745 | 1,837 | 2,485 | 4,203 | 5,186 | .428 | 9,225 | 5,610 1,461 ( 6,158 Fﬂlerblookt&oshor&
. at strat point,
og-19 100 8.1 .868 121 | 12,08 [ 2.250 | 6.88 | 5,88 | 4,05 .217 | .67 | .688 | B440 865 | 12,820 78 164 | 6,187 294 | ,884 | 10,220 740 | 1,573 150 | Two-pl ruoe webs,
00-20 él% %ol "aes| 121|181 |2280 |6as |25 | 40| .810| 60| lema | BA10 &uo @900 %Zns &m B AT g’,m ~401 1&250 0o | T 3'.445 Do, ™
co-21 190 8.3 | .86 121 | 11,50 | 2,945 | 6,08 | 8,13 | 4.10 ( .408| .71 | .633 [ A6 30 875 | 13,060 231 183 413 436 | 412 | 10,440 710 { 1,670 408 Do.
o022 2;340 7.8 368 911,22 |9.945 | 5,88 | 5.00 | 4.00| ,508{ ,73| .633 | &6.40 &,290 12, 150 g:lﬂo &070 g',lﬂo ?'173 «431 8:480 g’,m 1:549 &118 Da,

The apecific gravity 18 based on the welght and the voluma of the wood when Ii Is oven dry.
5—}120);:1?;{;:‘01 inertia of routed seation,
- (-] N

Z,=geotlon modulus (é.- of unrouted or filled seatlon,

Z,=gection modulus -é, of routed section;

" Ap f ronted n, '
4 emmm(;nam loarg:odtml waa ealanlated from a separate chart ruade for sach heam In accordanca with the properties of the material in the beam.
The calonlations are for the panel from the hinge to the firat atrut,
The ealeulations were made with a alide rule, '
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At the inboard strut the moment under the same
conditions is :
—4. 68W 62T
.62
Moment ratio for a uniform sect10n= i 68W =(0.346

Moment factor from Figure 3=0.633
Mazximum resisting capacity at the strut
=modulus of rupture X section modulus X
form factor 2)
=8130X6.75%1.00 =54,900 inch-pounds.
Maximum resisting capacity in the span
=modulus of rupture X section modulus X

form factor X moment factor (3)
=8130 X 6.04 X 0.77 X 0.633=28,040 inch-
pounds.

To determine where the pomt of contraflexure will
be at failure, considering transverse load only, it is
necessary to determine what fictitious total transverse
load W’ on the entire beam will cause the preceding
moments, and what the hinge reaction is.

Teaking moments about the inboard strut and re-
membering that each load in the inboard span is
0.06786 of the maximum total load (fig. 2), the follow-
ing equation results:

81 Ry—13.74 W = — 54,900
Taking moments about the second load from the hinge,
24.3 B, —1.099 W'= +23,940

Solving these two equations,

R;=1,691 pounds
and . _ o

W’=13,380 pounds
To determine the position of the point of contraflexure,
try a point between the load 56.7 inches from the
hinge and the load 72.9 inches from the hinge.

0=1,591X—0.06786 X 13,380 [(X —8.1) + (X—24.3)
+ (X —~40.5)+ (X~ 56.7)]
X=57.65 inches.

Under combined loading, therefore, the member is
57.65 inches long from the hinge to the point of contra-
flexure, with four concentrated loads on it. The axial
load on it is equal to 2.512W; the factor 2.512 is de-
termined by the height of the truss.

2.512W=2.,512 X 5,565 =13,980 pounds

Lot M=totel maximum bending moment in the
span.
M’=maximum bending moment caused by
transverse load.
P=axial load.
S=total unit stress of combined transverse
and axial loads.
S’ =total bending stress.

Then by Johnson’s formula, in which P is the axial

load,
M'C -

I—

S = @)

:

9.6

b
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The maximum moment resulting from transverse load
only, for the four concentrated loads on the 57.65-inch
span, is determined thus:

57.65 Ry=0.06786 X 5,565X 101
Rp = 661.5

(fig. 2}

and . )
661.5X24.3—377.5X16.2=9.955 inch-pounds

! Since the axial load P is 13,980 pounds and the

modulus of elasticity £ given in Table VIIIis 1,371,000
pounds per square inch,

8= 9f35g§<02x2(557 55! = 2,230 pounds per sq.inch

18.58 =565 1,371,000 ' -

§= 1—23—3-%9 =2,370 pounds persq. inch

Total stress S=4,600 pounds persq.inch

The total stress of 4,600 pounds per square inch is
the stress in the suspended span that was produced
by the actual test load of 5,565 pounds, as deter-
mined in accordance with the method of calculation
herein proposed. It is the stress that existed in the
suspended span when failure occurred at the strut
point. At failure,

S _ 2,230
S 74,600

~ Employing the proposed method of estimating the
stress in the span when failure occurs st the strut
point, and making the calculation without using the
value of the actual test-load, the result is a stress
somewhat smaller than 4,600 ppunds per square
inch; this fact substantiates again the assertion that

=0.485

- the procedure is conservative for average material.

The estimated stress in the span at which failure
should occur at the strut joint is obtained as follows:

* For the modulus of rupture, form factor, and similar

propertles of this beam the maximum load modulus *
“at a ratio of S7 to S of 0.485 is equal to 5373. Now
the moment factor is 0.633 and, since 0.485 is the ratio
of bending to total stress, (1—0.485) is the ratio of
direct to total stress. The design modulus is then

‘calculated by means of formula (1), thus:

_ 0.633 X 5373 =3400
(5373 —3400) (1—0.485)=1016
Design modulus =4416 pounds per square inc_h.

Therefore, by means of the proposed method and
using the properties as determined from this particular
piece, the design modulus, which is the expected stress
in the span when failure occurs at the strut point, is
found to be 4,416 pounds per square inch. The actual
load produced a stress of 4,600 pounds per square inch
before the beam failed.

¢ National Advisory Comrmittes for Aeronauties Report No, 188, Stresses In Woed

Members Subjected to Combined Column and Besm Actlon, by 7. A, Newlln and
G. W. Trayer.




A METHOD OF CALCULATING THE ULTIMATE STRENGTH OF CONTINUOUS BEAMS

The stresses in the beam in the outboard bay can be
calculated in the same manner when these stresses are
near & doubtful value. Here they are sufficiently be-
low the inboard bey stresses to make such celculation
UNNECEeSSary.

In order to permit full appreciation of the effect of
the quality of the material on the load that a continu-
ous beam will sustain, a detailed discussion of all the !
combined loeding tests seems worth while. g

~ the “Remarks” column of the table.
i these tests, therefore, can not be used as a check on

DISCUSSION OF THE. INDIVIDUAL COMBINED
LOADING TESTS

Agreement with the moment factor theory. ‘
1

The first six beams in Table VIII, although low in
specific gravity, were clear, straight-grained, and of :
uniform texture. Xach beam carried more load than :
would be expected from substituting its own individual i
modulus of rupture, crushing strength, and modulus of |
elasticity in the proposed formula. As previously |
poinfed ouf in this report, the recommended moment
factors of Figure 3 represent what should be expected
of border-line matetial, and of course material of aver-
age or higher toughness should give higher loads than
the proposed formula would indicate.

Beams CC-3, CC—4, and CC-8 of Table VIII, be-
cause of their low toughness, sustained loads that pro-
duced stresses only slightly in excess of the allowable
value recommended for design, while CC-2 and CC-7
with greater toughness show a greater difference be-
tween the allowable stress recommended for design and
that produced by the actual test load. (For conven-
ience, the ratio of the actual stress to the allowable
design stress will hereafter be called the “improvement
ratio.””) CC-5, with a toughness that would place it
in acceptable stock in spite of its low specific gravity,
showed the greatest improvement ratio; it sustained a
load equal to that which would be obtained by substi-
tuting recommended stresses for aircraft timber of
Sitka spruce in the proposed formula.

Beams CC-8, CC-9, CC-17, and CC-18 range in
specific gravity from the average of the speciesup. All
carried loads producing stresses higher than those that
would be expected from calculation by means of the
proposed formula.

Beams CC-10, CC-11, and CC-12 contained some
compression wood, and the results for them are there-
fore erratic. The material in these beams, although
not aceeptable for aircraft construction, was purposely
used to show that it is unsuitable for continuous beams
in spite of the fact that it is of high specific gravity.
As a rule, compression wood is not uniformly distrib-
uted throughout the cross sections of & piece of timber,
especially if the piece is of large size. Rather it is
localized slong certain annual growth rings, or it
varies over the cross section in its degree of develop-
ment. Hence, when a beam conteins compression
wood that occurs locally, the load that the beam will
carry depends primarily upon whether the compression
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wood happens to be at some point of high tensile stress.
At failure, CC-12 was well up to theload indicated by
the proposed formuls, while CC-10 and CC-11
reached only about three-fourths of the formula load.
In the test of CC-13 a fitting failed at the maximum
load recorded in the table and the results, therefore, in
no way represent the strength of the material.

~ Certain difficulties were encountered in the fests of
box beams CC-14, CC-15, and CC-18, as explained in
The results of

the efficiency of the proposed method of calculation.
The other box beams, CC-19, CC-20, CC-21, and
CC—22, were carefully msatched, and all had 2-ply

- 45° Sitka spruce webs of & thickness that was different
¢ for each beam. The results show clearly the effect of

using relatively thin webs. For web thicknesses of 0.10
inch and 0.15 inch the shear stresses in the webs were
greater than the recommended stress for this type of
construction and, although no shear failure occurred,
wrinkling of the plywood took place and caused a
reduction in the ultimate load. The actusal loads for
beams CCO-19 and CC—20, therefore, produced maxi-
mum stresses less than the values that would be
expected from the proposed method for the properties
of the particular material used. For beams CC-21
and CC-22, the expected and the actual stresses are
practically the same.

Table IX, in which are given the results of tests
meade after the ratio of axial load to iransverse load
had been increased, shows beams, CC-23, CC—24, and
C(C-83, of material above the average in quality.
CC-23 and CC—24 have practically the same specific
gravity and, considering that factor alone, should give
about the same results. CC-23 with a toughness of
155, however, shows a better improvement ratio than
CC-24 with its toughness of 120. On the other hand,
CC-33 with a specific gravity even higher than these
two and a toughness of 179 had a stress at failure only
slightly in excess of that allowable. The usual failure
in these tests was compression at the sirut followed by
complete failure in the span between the hinge and
inboard strut. CC-38, however, failed at the inboard
edge of the unrouted portion at the sirut, indicating
that the length of the unrouted portion, although
about right for practically all other I beams, was
slightly short for this one beam. With such a failure
the beam would not be expected to surpass materially
the load indicated by the formula.

The other six beams in Table IX were of low specific
gravity. All except one show loads higher than those
indicated by the proposed formula and all except this
same one carry loads that compare favorably with the
design load calculated by means of the proposed
method and with the stresses recommended for Sitka
spruce for aircraft service. This one beam, CC-29,
has a very low toughness value and a very low specific
gravity, which accounts for its behavior.

|
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o 2 : ‘Actual loads sustained.
ifgés | Semnnss sag :
RERET | ffsSes ST _ For the design stress values of 9,400 pounds per

e " square inch modulus of rupture, 5,000 pounds per
E§.§§ géﬁ%ﬁﬁ %i% : ' " | square inch compressive strength, and 1,300,000
=& pounds per square inch modulus of elasticity adopted

gggﬁ §~é§_§§§§_ §§§_§_ for spruce by the Federal Aeronautical Bureaus, each
CARds | 3% "~ Ibeam of Table VIII, with its 47%-inch height of truss,
32 8788888 88% 1 should carry a load of about 5,900 pounds. These
S8 ef Fgeioiodld oigae standard stresses are based on a moisture content of
. §3383 2359 15 per cent and 3 seconds duration of stress. The

_ gt v beams shown in Table VIII are of lower moisture con-

§ 5% | §cER38E zEas tent but the difference in the rate of loading should
Eipg T il offset the difference in moisture content. Of the first
N S3%aE 135S L . six beams, all of which are of low specific gravity,
ggg Y g:-‘éff._,.;:i ¥552 only one reached this load. Itis beam CC-5, which
<%« 1 | §% i has a toughness of 101 inch-pounds. The standard
E EM\' 459882 3888 .- | design stresses for spruce are also based on a minimum
ag g g : specific gravity of 0.36 except that material with a

-| toughness of 90 or more is acceptable at any value of
specific gravity. CC-2 and CC-7 are just under this
requirement of 90 and their loads are only 6 or 8 per
cent below the design load. Thé other three beams
are decidedly low in toughness as well as in specific
gravity, and are correspondingly low in load.

Beams CC-8, CC-9, CC-17, and CC-18 are well
up in strength properties and therefore they exceed,

{2k 439585 263

ﬁé:ﬁ'«"d‘n‘d‘ oledelod

53“ §§§§§§ 8328

Sgggy oEEY

_Eggé 4383888 2382
b-—ug =

o A e

properties of the material®in the heam,

TABLE IX.—RESULTS OF TESTS ON BEAMS HAVING A 2-BAY AND OVERHANG TRUSS ARRANGEMENT WITH A 30-INCH HEIGHT OF TRUSS
' I-BEAMS,—NOMINAL DIMENSIONS; 2 BY 4} INCHES WITH I-INCH FLANGES AND 3-INCH WEBS

4% 53.3.3.31‘3. 8332 : ; . \

mgg BBEhE BhBES by a considerable margin, the design load that is
. 3 based on the standard stress values for spruce.

43 g3gae 2aae 5 Of the box beams, CC-14, CC-15, end CC~16 had
: E filler blocks only 10 inches long at the inboard strut.
gg ERRRE EREE § Although preliminary tests of I beams had shown that,
= : : g with an unrouted portion less than 14 inches long at

24 9BREEE 838 | % . | this point, the full strength of the beam could not be
B+ & : E g ' developed, a block 4 inches shorter was tried in the

. 2R3 Q88 | £ 2 box beams. Two of the beams failed af the ends of

N e E these blocks at loads less than those calculated and

- 38585 BIRE é E the other failed laterally before the load was great
3”""5“ WS | g g enough to cause failure at the end of the filler Plock.

. gTTrre—— E EE In this connection, it should be borne in mind that

N éddddd dddd § o2 box bem?ls with 45° webs are lqss stiff laterally than
ﬁ rm ﬁ- aans g . g& beams with the parallel-perpendicular type of webs.

o | ghanas a8as | 5 g 3 Beams CC-19, CC-20, CC-21, and CC-22 were

— ;E g g2 alike except for web thickness and both their specific

0 iggggg gggg g z g 22 | gravity end their toughness are acceptable. With

: & v s §§T3‘ these beams, however, the slowness of the rate of load-

§§ '§§§§§R% RERR %g k: g %Eg ing did not quite offset the difference in moisture con-

" =5 E 5 3‘?’ 5 | tent. The design load based on stendard stresses is

i%' 53388 8¥38 %3 5 5 ;E; about 4,600 pourds and all four exceed that by enough

&5 gttt gg mﬁgég to offset the lower moisture content when duration of °*

4 543 hgggggg neee | 23 vvgéﬁg stress is teken account of in spite of the fact that the

SEEE | N : gg E B 3§§B maximum loads of beams CC-19 and CC-20 were

4 28895 8859 B3, § E gggg reduced by the wrinkling of the excessively thin webs,

EEER CELEE FFEE é’g’% g g ‘s.g-gg as already explained.
oy poR—— iﬁgg §g§ § ? gogg Th_j_q_design' load of 4,600 pounds is considerably less
LE ééé$§ O§OO 844 & & <EEE | than the design load for the I beams, but the web

8 . thickness also is considerably less and in addition to
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that only one-half the thickness of the plywood can
be used in calculating the moment of inertia; the
result is a considerable reduction in moment of inertia °
for beams of the dimension used.

The results in Table IX are for a combination of
axial Joad and transverse load that makes the direct
stress about 60 per cent of the total stress. For this
loading and the standard design stresses for Sitka
spruce at 15 per cent moisture content, a maximum
load of about 4,360 pounds would be expected.

Beams CC-23, CC-24, and CC-33, all of which are
of material above the average, sustained loads enough
in excess of 4,360 pounds to show that the low moisture
content had compensated for the duration of the load-
ing. The other seven beams were below the minimum
specific gravity permissible. CC-25, however, would
have been accepted because of its high toughness, and
CC-31 and CC-32 are border-line material. All three
gave acceptable loads. CC-26, CC-29, and CC-30
are the lowest in specific gravity, and their toughness
is too low to make them scceptable in spite of their
specifie gravity. Their loads reflect the fact that they
are not of acceptable quelity.

EFFECT OF REVERSING THE STRESSES

A question may be raised as to the strength of a con-
tinuous beam under a reversal of stresses affer it has
once been subjected to a load approaching its maxi-
mum. A few {ests were made to determine what
might be expected. Three continuous beams and sev-
eral standard bending-test specimens were cut from
the same plank for comparison. It so happened that
the material in the selected plank was exceptionally
tough. In fact its average toughness for standard
specimens was 165 inch-pounds, whereas the minimum
requirement for aircraft spruce is 75. The loading
used on these continuous beams was that illustrated
in Table V. With this high toughness the true ratio
of maximum moment in the span to moment at the
support at failure was taken as 95 per cent, whereas
the moment factor from Figure 3 is only 73¥% per cent.
On this basis it is reasonable to assume that the beam
would carry 50 per cent more load than the velue
estimated by means of the usual equation of three
moments. The recommended figure of 734 per cent
would give an increase of only 25 per cent. To illus-
trate the safety in reversing stresses, however, the
higher figure is used in the following discussion.

The first beam was run to 112% per cent of what
should be expected from the old method of calculation,

§ Ajthough the modulus of elastieity of £5° plywood Is only about one-sixth of that
for the specles, the Forest Produnets Laboratory has recommended that one-half the
thickness of 45° webs be used In calculating the moment of inertfa, since sach weabs
offer & great resistance to shear, thereby reducing distortlon and providing a better
distribution of stress across the flanges. Furthermore, in calculating the area by

which tha axial load is divided to give the direct stress, only one-half the plywood is
incladed.

which is three-fourths of what is expected from the
new method. After this the load was reversed and
was run up just as high. This double operation was
repeated eight times. The beam was then run to
failure and reached a load approximately 85 per cent
of what was expected on the 95 per cent moment-factor
basis.

For the next beam, the first run was 125 per cent of
what would be expected from the equation of three
moments, or five-sixths of what would be expected
from the proposed method on the 95 per cent basis.
The loads were then reversed and run up to two-thirds
of what would be expected from the proposed method
of calculation. This double operations was repeated
three times. On the next trial, the five-sixthsload was
not reached.

The third beam was run up to five-sixths of what
would be expected from the proposed method of cal-
culation, on the 95 per cenf true ratio basis, after
which it was released and again run up to this seme
load. After 50 repetitions, the load was reversed and
run up to two-thirds of the estimated load. A slight
failure developed but, when the loads were again
reversed to their original direction, the full estimated
maximum load was obtained.

Now, how does this compare with the action of &
beam simply supported? As compared with the first
beam on the three-fourths load basis, a beam simply
supported fook 17 repetitions where the continuous
beam took 8. With the second condition, of five-
sixths normal load and two-thirds reversed load, a
simple beam sustained 11 repetitions, whereas the
continuous beam withstood but 3. For the third
condition of repesting & five-sixths load fifty times,
and then reversing, the simple beam stood the two-
thirds reversed load as did the continuous beam and,
like the continuous beam, reached its maximum load
within 5 per cent when the loads wers again applied
in the original direction. Hence the recommended
true ratio for design is conservative, and will give
beams that will stand limited repeating and reversal
of stress. Minimum toughness and specific gravity
requirements will insure material with & fairly good
improvement ratio as indicated by the moment factor,
and the chances of poor tensile and poor compressive
strength occurring at the same time with a low moment
factor is remote. :

CONCLUSIONS

The maximum transverse load that a continuous
beam will sustain can not be determined with any
reasonable degree of accuracy by using the modulus
of rupture in the usual equation of three moments.
Similarly, the meximum load stresses that are used
to calculate the strength of a strut subjected to com-
bined axial and transverse load can not be used in



318

the generalized equation of three moments, which
applies to continuous members under combined load-
ing. The equation of three moments represents well
the relation of moments for elastic conditions, but
does not represent the true relation of moments after
the elastic limit has been passed.

The usual incorrect procedure just described will
yield estimated maximum loads that are considerably
smeller than actuel loads. The errors, therefore, are
on the side of safety but they usually are too large to
be neglected. - _

The method of calculation proposed in this report
is not only simpler than those in common use but it
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also yields results that several hundred tests have
shown to be accurate.

The principle upon which the proposed methods of
calculation are built is a fundamental principle of
mechanics and consequently is applicable to other
materials as well as to wood.

ForesT PrODUCTS LLABORATORY,
ForesT Service, UNITED STATES
. DEPARTMENT OF AGRICULTURE,
MapigoN, Wis., February 1, 1930



