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S & T 1emo 3/61

Strength and Stiffness Tests on Multi-Web
Boxes in Steel and Titanium at Elevated Temperatures.

The report contains the re3ults of a theoretical and experimental study
of the pure bending strength and torsional stiffness of stainless steel
(D.T.D.166 and Firth Vickers 520) and titanium alloy (I.C.I.317) box beavis.
This researoh foms a continuation of the .forik already carried out on
aluminium box,s a- ambient mperatu-as report. in S & T i&emo 1/61.
The new work has formed an extension of the ori+'inal 11inistry of Suppl--
Contract Nos 6/iroraft/i1020 CB.7(b).

Part I of the report covers, in full detail, the results of experimental
work on a total of nine box-beams, throe in each titerial. Zach box was
subjected to torsional stiffness tests and then broken in pure bending, these
tests being carried out on idsntica! boxes, in each material, at ambient
temperatures and at steady temperatures of 2000C and 3000C. In order to reduce
costs the boxes were somekhat smaller than the aluminium alloy ones of the
original programe and contained only three cells instuad of the original five.

Part II of the report compares the experimental rcsulto with the same
theories used in Part II of the original report S .-, :.-Czao 1/61. It is concluded
that there is reasonably good agreezent betwoon the theory of pure bending -
failure of Reforence 2 and the experimental results. The agran&,int is not
so good at elevated temperatures as that in the original report, but this
can be attributed to the greater scatter in experimental results which wou4d
be expected when temperature effects are introduced in addition to the applied
loading. Good apreement is reported between simple torsion thoory and the
torsional stiffness measurements, the theoretical results being in the renge
+12% to -3% of the experimental results. It is noted, however, that the
titanium alloy specimens show effective moduli of riridity of about 14% less
than would be expected in relation to their moduli of elasticity. This
result was confirmed by material control tests carried out at the National
Physical Laboratory. Thus the particular titanium alloy (I C.I. 317) used in
the test is a relatively inefficient sheet aaterial when used in an application
where torsional stiffness is th,: dosi-n criterion.
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3heet No. 1
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* PART1. TESS.

In continuance of the resoatrch on Multi-Web Box construction the first
part of v.hich - Aluarinium Alloy .Bo:es - has been covered bY S & T
xmo 1/61. it vas decided to e,,:tend the i:.inistry of Supply Contract
6/Airoraft/1lO20/.7() to i:clude toests to determine the effeot of
temperature on the strength anil stiffinss of boxes in steel and titanium.
This report contains the results of these tests.

2.* TEST PROGRA1M

Por the purLoso of tEx tests two repiesuntative steel alloys were
selected - D.T.D.166 and iirtf.-Viokers F.-V.520 - and a relatively high
stren;th titaniuti allo, I.C.I.17. It torsional stiffness test followed
by a benain. test to failure -,,,ore to be carricd out on each specimen and1
three specimns in uach material were reu.uie so 'hat tests at normal
Embient tesperature, at 2W0C 'Ina .,O0°C coulU be made.

3. MSCRfITI OF SIM3f-MS

The specimens inre mwnufactured to Drwin. us. 14716-9, ancl particulars
of the -oiin dimensions, plate gauges anl, :vtin are given in Figs. 1 and 2.
Each specimen consisted of a centre section an,1 two outcr sections which were
coon to all specimens.

The centre sections %were basically composed oZ four formed channel
section webs riveted to flat top and bottom sheets of equal thicknesses.
Intercostal diaphzms were located in pairs at the load application sections
and reinforcing flange arnles were added to the iebs outside of the test
length. All sheet material was to the follo4ng speoification:-

Speoimenlf, Specification Draing No.

1 - 3 D.T.D.166 14718

4 - 6 F- v. 520 14719
A 7 - 9 I.c.I.;17 14717

3Due to manzfaoturir ; difficulties exL~erienoed i4th the titanim alloy
the mebs of Specimens 7 - 9 ;.ore mwde u.th a 4T inside bond radius whereas
those of Specimens 1 - 6 %ere made \!ith an itwide bend radius of _'T as
specified.

The to outer sections used vith all nine specimns were of slight1y
hoavie construction in D.T.D.166 material and -waro Joined to the oontwo
section by means of butt straps on the skins and angles on the vebs.

The main test portion (24" lea) on the uentre section uss wmell sua7
frcam the joints betwehen the centre and outer sections.



A unuiber of Chromal-Alumel thermooouples were cleotrically
resisanje.-welded to the sainz ond outev webs o. the speoLiens both
iiiside and out so that adequote csu.ieni of the t,iperature
distribution over the test lengths could be iade. Sis positionsof
these therraocouples are shon in Iiaures - 5.

4. __CR9TICRN OF RIGS

4.1. Torsion R

The rig es manufaotured to Drawing . 14745 end is shmn ii,
Fig. 6 and in plate No. 1. T1he opeolnen i.-o clamped rigiily at one
end and pivoted on the oentre-line aboI its horizontal axis at the
other where a pure couple vis applied by Tjons of a lever .ystem
loaded by a hydraulic jtok and a 3pring balaioe.

The applied to-que = Total load 0 = 15 P lb.it.

p beir_- thi total applied load.

Dial -atges we:c uttached in pairs to the top a.d bottom skin
at several chordwiie rtations along the length of the spcoimen, an A
shown in Fligs. UO - ii, to determine the angular defleotions.
Durir4; the -.lcvLjted temperature tests the %uae- aere i ounted above
the lamp trmys as shown in Plate No. 4.

4.2. Bedv-- ~

-'he ri Nas wanufactu.'ed to Drawin IT.. 14720 ana is shown in
Pig. 7 and plate ifos. 2 ani p.

The s~eaimens viere supported at two pointsa at 24'; centres by
links 1 ~ivoted at the mid-depth of the speciuen and the load iAs
applied by meana of a calibrated hy xaulic Jac and pressure gauge
to two points at 156" oentres .hrotugh lin:s si-,AilrlJ pivoted.
Thus the mid.-length of 24" 'sa subjocted tu n co.witrnt bendiaig
moment and no shear.

Banting moment a Ttal load . = P lb.ia.

%&we P = total applied load. &

Dial gauges arid f"our Vernier tapes were used in the positions
shown in Pigs. 12 - 14 to meosture the defleotions of the speacz.eu

During the elevated ter.iperature tests the .eutes were uounted
above the lamp trays (Plate No. 4).

Heat uss supplied to the seocimens fram three lamp trays susLended
above the top s1 :int and three below the bottaw skin, each tray being
baoked by a reflector. The oentre trays containedl eight quartz
Infrea-ca laups, a ni the outer trays each four similmr laips. Whe



output of each larar) vos 1,000 ,;'Itts rt u nominal 2 0 volts, po,,er bcing arawni
A. frou the 440-volt masa liains 'an supplied to the lawLs by v iy of a triple-

, )ng )phase ;orriao trinaafCmer, allowing infinite mair)l control of the leat
radiated, fra, zero to a:ximum.

l The orrngement of the lomp trays is shown in ii'i. 6 and 7.

The lamps in the centre tray were in two staggered rows pitched at
2.75" in each 'ow a nd those in the outer tray rlt 5.5", transverse to the
length of the specimen in all cases. The upocr lamps were 4.25" above
and the lover ones 4.25" below the specLien,

For the tarsion test the trays -,ere adjacc..t to each other but for the
bendirxg test they had to be separated to clear the ri, (Plate No. 4). In
both cr;ses the lamps extended only over the centre section and the reduced
number of lamps in the outer tray resul ed in a ijraduation of temperature
frw the ends of the centre section to the test length.

5. LHOTID OF TEST

The procedure adoptcd was the sa.ie for ench set of specimens.

The tursional stiffness test at normal tomparature vas first carried out,
followed by the bending test to fbilu -e oi the sae speclmen. This prograsze
wns followed for the ne.:t -pecLaen at aO0°C an then the third at X00C.

Prior to couritncing the tcts at elevated temperature a comprehensive
series cf preliminary hezting tests ima carried out on the first steel speciuen
after it had failct at normal temperature. The upper and lower surfaoes were
painted a matt black to assist heat absorption. These preliminary tests ,iere
usde to determine the best arrang&erient of lamps tc- give as unifoma 3 diistribution
of temperature as posnible both in the st:ins and webs over the test leorth.
It ivs found to be irapoosible to obtain a unLhori to-mparature doirn the outer
webs even iith the id v, rflectors, and to reducu heatinr, losses to a minimuin
the outside webs were lu.ft unblackened.

Because olZ the difference in coauactivity between steel and titanimn,
similar prelimaina7ry check tests -,ore also wde on the first titanium specimen.

As no more u.:ifon:, temperature distribution was obtained ith the blaokened
surfaces subs,.oquoAt specimens iere left unpainted.

A
For the tests at elevated temperature the lamps vere sritched on and the

heating continued until the required stabilised oonditions were obtained.I This took three to four hours.

A smwll load (torsion or bending as appropriate) vaes applied to settle
the load system and then removed. Dial gauges vere zeroed and loading comenoedin increuents, dial gauge readings being no'ea at each step. Temperature

checks vere also made at thti terination of the stiffioss tests.

For th-e stiffness teats the loadings were continued until the defleotionw
..ere no longer linear.



Shot- No,. 4

6. m

6.1, Torsion tests

A rumer of tests uere carried out on each bean due to the
difficulty in obtaining consistent readings, and only that which A

gave the most reasonable result has been included.

Each test took approximately ;-hour fran the start of loading.
The temperature distribution over the specimen vms checked before and '

after each test and the observations together with the percentage
variation are given in Table A. The dial gauge readings and the
deflections are given in Tables B and C, and from these have been
plotted the torsional deflections of the stations over the central
test length, Figs. 15 - 23. These curves have been extrapolated
linearly to a torque of 80,000 ib.in. and the equivalent deflections
at this torque used to calculate the angular twist at the four
stations. These twists have been plotted in Figs. 24 - 32 and used
to determine the torsional stiffness of the specimens over a 20"
length as shown in these figures and plotted in Fig 33 against
temperature.

The theoretical stiffncssea for the samo torque and length of
specimen have been calculated by Batho theory using the actual gauge
thicinesses of the specimens. These have been taken as the mean
of the thicknesses of the appropriate tensile and compresuive control
specimens as given in Table J. The actual width of the skins and
depth cf the Boms as recorded in table D have also been used.
The theoretical and experimental stiffnesses are sumsarised in
Table B. The value of tEt in this table is the Uhan cO the values
i.etermined f-r the control specimens from the top and bottom skins
in tension azA compression as given in Table J.

The predicted and effective modli of rigidity used in determining
the theoretical ant experimental stiffnesses respectively are also
given in Table B and are based en the formulae Gjp = E and

03 = respectively, whereA6 = Poisson'3 Ratio, T = Torqe, #, -

length over which e, the experimental angle of twist, vias measured,
and J = the torsional constant.

Measured moduli of rigidity, %, :ire obtained ultrasonically frm
specially made up specimens as described in paragraph 8. The effective
moduli OE obtained from these torsional tests are in reasonably close
agreement with the measured values U.

6.2. Bending tests

The loading to destruction took approximately one hour in each
case. The temperatuwe distribution over the specimen van measured
at the coaenoement of the test and is given in Table P.

The dial gauge deflection readings are given in Table G ani the
mean d flections at the various sections are plotted in vias. 34 - 51.



r ~dihest No. 5

Some of the support deflections axe erratio, but the errors are negligible
and may be due to sticking in the dial gauges. The defleotions of the
centres of the beams relative to the inner supports are plotted in Figs.
52 - 60, and the overall deflections of the beams at 10,000 lb. load
(330,000 lb.in. Bending Moment) in Figs. 61 - 69.

The maximum loads at failure, the bending mcaents and the failing
stresses based on the simple Engineer's theory are given in Table H.

Failure in each case was due to buckling of the compression skin and
web flange and is shown in plates 5 to 13.

The skins of the D.T.D.166 specimens (Nos. 1 - 3) buckled outuards
and there was some tearing of the web in ray of one iwb/skin attachent
rivet. The F-V.520 specimens (Nos. 4 - 6) buckled imards vdth no sign
of ary vmb teartig, 4.ilst the titanium speocimens (Nos. 7 - 9) buckled
immrds and the vjeb pletes split along the heel of the flanges.

The effect of temperature on the ultimate bending stress is shom
in Pig. 33.

7. CM-ML = =3
ViStandard tensile control specimens and compression specimens 2.65"

x .625" ith accurately squared ends uere out from the same sheets as the
skins and -mbs of the Box Beams. The web specimens wre used only for
thickness measurements but the skin specimens wore tested in the Avery
test machine under the appropriate temperature conditions.

For the elevated temperature tests an ovon ms fitted to the machine
and the specimens heated at approximately the same rates and f cc the saw
times to give the saue temperatures as the test beams.

The stress-strain curves are given in Pigs. 70 - 75 and the results
amarised in Table Jo

The variations of 'E' with temperature for the Ue materials ae
shown in Pigs. 76 - 78.

8. =M~a XMO ' OF =G=

* As a result of the inconsistencies between the preyicted and effective
modulus of rigidity for titanimn I.CI.317 on test and shmn in Table 3,
further =all specimens (see sheet 21) ware out from each of the materials

9 used for the skins and sent to the Basic Physics Division, N.P.L, !eddiaigton,
for determination of the modulus of rigidity in tbree planes by an ultra-sento
method. These results are given in Table K and shov the material I,.0I,317
espeially, to be anisotropic. Ohese measurod moduli we obtaine& at
ambient temperatures only and the values for the plane I av Wtboe given in
Table E. The values quoted in this table for 200O. ana 3000.have be=
obtained by decreasing the ambient value in the ratio of the approprIAte 3.

24th N7ovember, 1960.
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All Defleotions given in ins.

I O IRD ',B R LATI 0TI0N8

GA o - , 5A4 6A3, 7/A2 8A2.

ORB - L.BN8

0 0 0 0 0
15,000 .018 .020 0022 .025
229500 o038 .040 '07 052
3o,(oo .o56 .060 .077
45,000 .096 .05 .. 09 713
52*500 .116 .128 .34 .161
6c,0oo .136 , .1. .170 .19D
75,00 .179 .199 .223 250

90,000 .22 .247 .275 .308

'ozo -IB.INB.

0 0 0 0 0
15,000 .0175 j .022 I .026 .027
22,800 .035 ' .043 .050 .056
0,0W .051 .064 .079 .084

137,5o .o68 .o84 .203 .m
45,000 .085 .107 .128 .139
52,500 .104 .128 .1.% 168
60,00 .125 .151 .18o 1.197
67,500 jJ .4, .174 .208 .226

o 0 0 0 0
'15,000 .015 i .019 .022 .023
22,500 .035 1 .01+3 .047 .048
3,000 .055 .o65 .71 .077
37,300 .071 1 .o88 .098 .106
45,00 .091+ .16 .122 .135
52,500 .111 .138 .150 .166
6,00o .133 .261 .174 .199

0 0 0 0 0
15,ooo .025 .035 .038 .0+3

1,.p5 .044 .058 .o63 .073
o0.063 1 .082 .090 .202

13.0 083 .1o6 .216 I
.453oo203 .. 32 .. 162

52,500 .32 .157 .170 193
IGo,ooo .145 .1 .197 .226

,173 .215 .231 .262
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All Dei"Jotions given in ins.
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GAU-G = O A 3 ..

Torque - ib.ns.!

0 0 ' 0 0 0
15.,000 .022 .029 .029 .034
22,950 .043 .055 .054 4"64
3o,15o .062 .080 .081 .096
37,50o .084 *o2 .106 .125
45,Oo .204 .130 .34 .156
52,500 .125 .158 .164 .189
6o,ooo .144 .3.82 .192 .2o

00 0 0 0
15,00 .022 .024 .031 .035
i22,950 , .040 .053 057 .065
30,000 .057 .072 .083 .099
37,5o .082 .097 .13 .133

145,000 .105 .320 .341 .163
4 ,52,500 .126 .143 .3.67 .195

6,.ooo 0.49 .171 196 .229

0 0 0 00
159000 .028 .o37 .01+0 .048
22,500 .047 .o6o .o68 .oo
3,o00 •070 .086 .098 .:34
37,50 0 .090 1 . .27 .- 46
45,000 .112 ,138 .158 : .182
52,500 .i .66 .189 .223
60,000 .157 .193 .224 .254
67,50 .10 .221 .255 .289

6A7 7A

0 0 0 0 0 0
15,0 .025 .030 .032 .038 .0.3
22000i .044 .056 0Q58 063 073o079 .088 :092 .

37, 5o .o86 .1D5 I .w 128 .le3
45,0 .313 .131 .340 A .169
5250 .26 .155 .166 .185 .1"9

.66 , 78 o197 .219
T ~ ~ ~ ............

So. 0 0 0 0
;15,o00 .03.6 o23 .o3 .303
122,500 .037 .0 09 .061 .

.056 .072 1 o75 .0 .ow8
t-,----o - , ~-a-.072------



Shoet NO. 13
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Dimensions in inches.

I p -
BM 1O. A B C D G F.

1 ~-I 4 . ... 4..
1 12.50" 4.10", -.69,, .69,, .72" .711, 12.5011
2 j 12.52 4.o7 .7 o .70 .71 .7 12.52

12.5 4.14 .71 .71 .69 .;9 12.50
4 112.53 4.0 1.72 .73 1.70 .70 12.50
5 12.50 4.09 .70 .70 .73 .73 12.50
6 12.56 4.:14 -.73 :72 1.72 .72 1.2,56
7 12-.72 4.10 °77 76 77 :77 112.5
8 12.70 1.32 .77 .75 175 .75 12.5
9 12.74 4.12 1.75 .75 .75 75 il2.6

44
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r 2B- 1 - w6t - w].6 -15

TOML

2M9 - 206

- 10 I 7 - 19 -. p

1- -- 8 -20

OU3 MMU 2 BM 3 EAm 5 Am6 JJ8m 9

1 W3490C W 242"C- w i7cO- .W21?0- 226-fC WZQC
2 W 249 -. W 234- W 358- w226 - w 162 - I26V

3 190 - 299 - 206,+ 255 - 194 - 256 -
4 192 - 282 - 209 + 275 - -19712829
5 180 - 282- 178 - 256 - 177- 282-
6 194- 296 - 1288- 179 - 266-
7 191 - 287- 208 + 273 - 20
8 199 - 289 201 + 278 - 195 - 295 -

9 282- 277 - 187 - 291-
10 to , 19- 28- 183 - 273-

1 Wo - W243 - w159- w226- 192 - 2 -

12 W 159 - 36W 2 w161- W2- +95- 296
13 188-o 294 - 31%i W W- 239 -

24 215. 322, 204 + 295 2 W 223 A
15 20+ 300 + 207 + 294- 180 - 271-
16 209 +  314 201 .+ 6 196 - 293
17 332.+ 188- 284 - 318 - 270-
18 199 - 304 + 234.+ 277 - 200.+ 294 -

19 201 + 297 - 215 + 294 - 200 + 289
20 15%4- 302. 217+ 291 - 179 - 284
21 24.+ 294- 21+ 301. 202.+ 316 +
22 202+ 209 + 290- 191 - 291-

23 --- 195 - 3+
24 1 -97 - 309.

%varLa t ion!' 17j 13,% 191% *1754, 12kg 201%

See Piss, 3 - 5 for iTmwzoouP1oe poitions.

Preriz oW' inctoates web teperaturea.
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TAA& H

?Calaulated
i Speo. Tep. Falling Load. 'endiAg-4 nt .',11'n

No. C. lb. at fal.u'e. lb.ina. Stress. lb/In 2

1 Ambient 13,000 430,000 68,t50

200 °  12,150 400,000 63,600

3 300°  12,300 4o6,O00 64,700

4 Ambient 12,760 420,000 68,800

5 2000 10,900 36o,ooo 59,000

6 300 011,000 363,000 59,500

* 7 Ambient 15,400 508,000 67#500

8 2000 13,500 436,000 58,000
S .09 300 1,200 370,OOO 49,200

I| A| m Lu m , J i --
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Part II - IMORETICAL ANALYSIS AND COMPARISUN WITH- EXMEINENT

l.0 IN1TkuDUCTIUN.

This epor detils he its of an investigation into the

pure bondi%! streng-th and torsizna2. stiffne:ss of' steel and titanium
multi-wmb lxuns at ain and olov-'.tod toriper-atures. This investigation
forms a continuation o)f tna earlier rosearch on. alunLiniun alloy mult.i-web
construction roportAd in 4?,foronce 1.

In this part of th:- presinrt r-lport, tht- experimental results from
Part I ara aoop:~rod iwith thoseo ootairid iy tlir3 various theoretical methods
outlimd in fc~eij1.

2.0. M r!U? U ICL 1 17i-TIo 4S.

2.1. Tim, Frodicdi,. n of Fu: i;yiw alr

Tho: ra,th-d of an.-L. ,i-s dcscrit>2d In cio.Ail in FRefero-nce 1 have
be on again inv.--tigated in Pull diail f*.r -Ail tho pro sent spocimens.

* Thte m~lhods usced in ocruc 1 ero irns2-5 in paragraph 5.0 of

L .hc; fi~thuds wnro apliod exactly as 1jscribod in :-ifcrence 1 using
the a, tu!;. spocinmo.n .airnnsioi,s -uiu platc tricniesses and the; imaterial
proporti-es at th. apprepri.u - :cLvatoD moper-atun; as dEotcr:Ae ro h
control test spccions. Scvc.ral of tho -ntods used an emperical factor
for reductio)n in stre nz-ti-, cause:d by, th3 usC:; of a diis continuous attachment
such -.s riv,.ts, of -vib to skcin. This roduction factor has been usod, whero
apprepri21ta, in. the.- prcscnt ',tnalysis *o-t nc iiccount has Wo,.n takon of
ti reductioti in. rivet stnrth at. oIev-itxd t.-.,pjrature,. In the specimens
concerned, nowmvar, this Cffect is n,3I.igiblo sinoc. tinc3 attachment is
relatively strong and can be appraci--bly reduced without a significant
effoct -)n th-, strcncgtii of cthef bexo. .es a i*oc f it is assumed that the
rivet tension st~ghvaries in pro.-portionr to mato-rial proof stre.-ngth
th-, maximnu-i error in the. the-oreticrl bu-vi failing m2on.obtained by
ijirin-- thejL fall in mitcrniai str;en-tn vAiti- rise in tempc~ra',urc is
o nly )14

1 he1oretical bea £-ain- inrmnts obtrain.-d rs described above are
pres.-ted in Paula 1.

Preliminary comparison of hUw tiuorj veLh axpe rixrcrt showed that
the aerueiwnt was no-t so good as that rl por'cd -4. Lefoence 1. It was,
thert.for;L, docided. to inostigat'e Li. CuffcL (uf variation in the assumed

--------
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effoctiva modulus to soo if this would account for thu discro-pancy. This
invusU~gation wv., rtstrictzd to th'! mdUiod of Roforoiice 2, as this had
previously givor; oxcollioL a,rc,;,nrt w.t~h -.xpe rirwriL and in any case the
effect of variation in thr fissuni:ud *..ffCtiV3, m~odulus -AKuld bor, similar
for all ;,ithods. '10 cove:r thu vwide-,st possiolP rwi?- ot txigert -ind
socant mo~dulus w.,ro invostg:tV;(i for boLh ski.n oucKling and s.':in edge
stresse.s. The results of Lhis variatiun i:-i choice of c.,LV.-ctiv,. modulus
are, shovei in Table II.

2.2. I"Thormal" Strass s.

It was not possibLe to outainl an absolutily uniform tamper-ature
distribution through both the: srtins aind wuos o1f ho spicirxicns. Actual
temp. ratur-, distribution-, ai e.ivc;i, in Part I 'Table tt. From those
tempzratures the, av _ragr. skin anid wb t.-:rnp.,ra~nr giv,-.n in T-;ble. 3 have
Dean calculutd for oach sp.,ciarne. Using th-las. ivx-rg. teirpraturcs,
avarago siwin com~.rssion stross,.s ±al 4,io t~n~ion stress's hM.ve, bean
evaluatod by siimpli theory. Ths<' roz;>:s r:alsor given in Table 3.
From tho~ tompz. raturo rawasurom~nts outairnd it is clearly not possible-
to obtain a dotail~d stre.-ss distribuation iving say, tho induced thermal
str..ss at tho w(e:b to s~din junction. i'iowvir, th, : tr- sss, given in
Taqble 3 would not be uxp-.ct~d to hay; an ap,,r'ci-ubl-_ ,fIfct on the_
bending strength of t.' sp--cirjn.

This conclusion is confirmad by f~eo7 v.kur the strongth of
the ocam in banding was nrv-1stiga~d for a lartgz varicety of h,.;atirig rates
and thcrujfora therma)l streses. U.,i~t~ chang__; -in strmnjith was obtainad
in the, tosts in spito of a cconsiderable, ch'±wr in, thiurmal stress.* All
reduction in strength at olevatod tmpora turro was attributed to tho
rcduction in rmatcrial proprti.s.

2.3. Torsional Stiffne.ss.

Simple Br.Adt-i3_,tro clos-,d c:ell torsion th.;.ory was tho only theory
conside.re,.d. "'his th -ory is g;iv ;n in full detail in iRoferonco 6.

A r..vilw of oth(-r torsion th.eori-s was giv..n, in Ref.erunce 1.

The basic th,:orios doscriocd in i-,;foranca 1 are compared Ath
the axpurim..,ntal results in Taolo 1 anid i-'iure: 1.
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Inspection of thase results shows that tho agree:Leant at artbient
tamperatur- s is veryr good for both Referonce 2 raothods and reasonable
for icferenco 3. Raf cronce 4 3hows that, as in the case of the
aluriniw alloy, wrinklin!' type failures wvrc; not pradicto3d. 'Reference

is Uri, appr cirzat., dasi 7naethod ,-nd here C--ain the agreem~ent between
the ory and experirme1nt is 3atisfactory for tho purpose.

At olevat-d tcvprturas the agroo.,ont is not so g-ood, although
it is quite satisf!actory for both the Firth Vickers 520 and the I.C.I.
Titanium Alloy 317. 1n fVact the bnly result wvhich --Ay b.; regarded as
rath.r unsatisfactory is for the Di2D.166 Stainless .3tel at 2000C -and
to a 1,.3ssar extent the rosult at 30000. This conclusion is highlighted
in Fioaro 1 where the com-parison betwoon theory and experiment is
pict.orial, Figure 2 compares thz--- rceduction in b Pan str-enFth 'at elevated
tem.pterature with the re-ductioni in :vatcriial prope;rties. This shows that
th-- t-Vo rL'.nt rsults ir. que stion .9e,,, to be rrather high. The
furt'ielr investi,,-t tions cairri-id out -,ith va on ffectivta modulus for
skin buc:%kiinr and e2 stre ss-,s, dat,:iled in Tabl.e 2, failed to cast

nyfurther- i ht on th-1z t-wVo re;sults. 11 th&;h it did show that the
sJli,-htly b-ttor abrertrt b ;tw'n thoory o exn.crri-nt is obtained if
tho cffectivxe n:ed.us, used in Reference 2, for both skin buckling and
ud-. 3tr-sse s a rk tpakc:' to be -ivon by the secant modulus. Also, of
ccurs2,1 thi s is by far tn>- c-.siest modulus to obt3ein and it can be
d-etrmv~ied ~'ihthe rkn'tost aiccuricy.

Thc only wqpl.ation seems to 'be 611at the akin to we~b joint was
*ratho.r poor, r in th. D13.160' specimen from~ the haec.t flc%4 point of vLw.

T.,is wculd result in a low~:r frrn.e temperature and consequenA'tly hiEgher
strcnj-th1, but t,. .p.-,ure::asur-nicnts show: that this is a small effect

an1could only .cc ournt for -2-4rt of" tho differenice batwjon theory and
experiyr.,nt. Insirectioa of '4ablt; Z shows *.-ha-t th,; modified theory of
RefeX nc 2, ao x:p>1 n -1 In Raf..rrcc 1, tofrcthar with the; use of secant
effecti-vo ;oulus riv---s -. sca- t.--r of +5 " to -5%& of theor-y relative to
1=DrLi-nt. h'is zc~t',r is ccnsr -3-; reason-Lbl;e wh..n two separate
offe cts (Ioadin zi Z tzrortti. ar,: ;,bnc in one test.

3.2. T o r sionalI t-iffn s s

Th .o.- :,ca .,.depr~t~ torsicav2- ztiffnossos (GJ) aro
cox.preLl Th-le 4. Th, or,! co,;lp'ires ve3ry wull with ax ierimant, the

scatt~jr b-ind cov,rrin-7 the! r-anjo +11;' to -3%. Thus tLhe th%3ory is, on the
avzerag, 3a:,' 4 -hi,1h1r than -.r Len with an accuracy on this basis

*of ±7. Th- fact that tl- theory is ni,,hor tuian acper.L.,ent is wcpacte-d
since the, theiLory inc-a.ud3 no allow-rnce for rive t slip. it should b;e noted
that the t:heor-tic!3. utiffncss uses -a modulus of riL;Ldity obtain by
mate rial con:-"ol tests U1ij in Table K, shaeet 21 of Part I (the L.B.
value is appropriat+e in this cn'se)4. Since thtese. values corr.espond to
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room tamperature conditions the values for elevated tomperature conditions
have been obtained by reducing these values in proportion to tho reduction
in modulus of Qlasticity report in Table Z, siet 14, of Part I.

It is interestinj to note that the ratio of modulus of rigidity
to materil density is 33..1 x 106 for the titanium alloy compared with
36.7 x 10 Ofr both the stainless stels, i.e. tho titaniwuz alloy is
some 8% less rigid than the stairl.ss stel. In addition, the test
results on the box bens show a further averag-e reduction in stiffness
of the titanium alloy specimen of some 8% in relation to th stainless
steel boxes. Thus, in an application ihMore torsional stiffness of a
box is the design criterion th titaniuum alloy box will be some 16%
heavier than the correspondinr stainless steel box.

4.0 CNCLUSI0I

The conclusion of RefereAce 1, that there is good agreaernt between
bendinc; theory, particularly that of 7e-cfor-ce 2, and wexpriment has been
verified for the stairlss stool and titznri :tlloy ,iulti-wob beam
investigated in this re:port. It should b.; noted, however, that there is
considcrably more "scatter" of th; theory r]. t ve to exporiment at
eleva-tod t-mperature. This scatter is slightly ruduced, and more
L..portant the com.putation ",.:ork associatd w.ith the theory considerably
reduced, if th, effective zodulus fL.ctor is takn to be the ratio of the
secant and Young's -odulus instead of thr or cc.pl, c Stowell theory
norrmlly used.

The torsional stiffness tests shmow that the thcory,on average,
predicts torsional stiffnesscs some 4% Ur.ater than xacperiment. This
increase is directly attributable to th. slip of the rivetted attachment
of the skins to the webs. If, an allowance of 4% is made for this effect
the theory ;zay bv xpected to bL Vitbin t7% of xcpori-nt.

4
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3pemimn Average Averag. Comsiai Tensile
No: mate rial. Temp.of Temp.of Stress in Stresg ini
(Bat .Pt.1 sicin mbe skib o
S1.et 1) O (lb./in3) (lb/in.2 )

2 DTD.166 2o0 150 3,69U 149570

3 If 301 240 4,090u 14,630

5 Firth 2U1U2,95
Vick*ers 5W 0 6 ,AJ ,0

6 280 22U 3o450 14,200

a Titajium 200 150 1.295 5,150

9 *29U 225 10671 6,120
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CONPARLON PC LRICTID AND PRlMip T
TIOH.SIO NAL STIFFNESS

Specimen I Test Predicted G.J perimental
I~o material aov GeJ. rdcg
(Ref.Pt.l oC. (frto Table S) Experimt
Sheet 1) (lb.in/rad./in) lb.irVrad./in)

I

1 DTD.166 Ambient 234 x 106 224 x 106 1.045

200 193 x 198 x 106  0.9753 )Dt!9 0 12x16 lO

Alloy F irth Ambient 233 x i06 .233 x 106  1.000
5 "200 210 x 106  2 1'e z 10o6  0.990

6 "3D0 207 x 106 2-02 x 106 1.025

7 Titanium Ambient 150 x 106 139 x 10 6 1.077
Alloy ICI.- 317

8 200 133 5 106 226 x 106 1.056

9 300 125 x 1D6 11 x 106 1.115

t The value of G used in the predicted stiffness is that given
in Table K, sheet 21, of Part I and corresponds to the LB value.
Since these are only roam tmpera.ture values they were reduced
at elevated temperature in proportion to the reduotom in
Young's Modulus of elasticity given in Table 5, sheet 14, of
Part I.
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