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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TECHNICAL NOTE NO. 721 

COMPRESSIVE TESTS OF A MONOCO~UE BOX 

By Walter Ramberg, Albert E . McPherson, and Sam Levy 

SUMMARY 

A monocoque box specimen of aluminum alloy was sub
jected to end compression and the strains in the stringers 
were measured up to loads at which permanent sot became 
noticeable. The stringer strains at low loads agreed close
ly with those computed from the assumption of uniform stress 
distribution. Buckling of the 0.026-inch sheet between 
stringers and of the 0 . 075-1nch shear web took place at 
stresses in accord with theoretical values. Permanent set 
became noticeable at a load of 115,200 pounds, correspond
ing to an average stringer stress of about 16,000 pounds 
per square inch. The measured average strain above the 
first buckling load was within 2 percent of the theoretical 
strain as calculated from the dimensions of the box and ef
fective width formulas due to Ma r guerre and to Cox . 

IJTRODUCTION 

Compressive tests of a monocoque boX specimen were 
made as par t of an investigation on monocoque boxes for 
the National Advisory Committee for Aeronauti cs. The in
vestigation was authorized in July 1937 for the purpose of 
studying the stress distribution and the deformation under 
a number of different loading conditions of a monocoque 
box beam having dimensions within the range encountered in 
desi~n. 

Originally it was planned to test at least three boxes : 
the first one with ~reater reinforcement than customary in 
desi~n, tne second with a representative amount of rein
f orcement, and the third with less than representative re
inforcement. The program was restricted to a single box o f 
representative design when it was found that the cost of 
the specimens uould be co mparable with the cost of the en
tire test program. 
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It was decided to bogin '7 it h compressive te s ts and to 
fellow wi th tests und e r tiansver se loads and possibly with 
tests under torsional loads . 

The compre ss ive tests wero designed to give informa
t ion on tho follow ing points : 

1 . AdeQuacy of the loadin~ fixtures in producing an 
approximate l y uniform strain distribution over the cross 
se ction of the spe ci men . 

2 . Ope ration of special strain-gage equipment for 
measuring str in~er stra i ns . 

3 . Maximum stress supported by specimen without ap
p reciable pe rmarrent dana~e • . 

4 . Co mparison of load-compression curve with that 
calculated fr o m the di mensions of the box and the results 
of pane l tests previously made at this Bureau (refe rence 1). 

SPEC n EliI 

The over - all di me nsions and the design of the mono
cOQue box specimen are g iven in figure 1. The box was 
fabricated from 24ST alum i num alloy; 0 .07 5-inch sheet was 
use d for tho shear web s i des , and O.026 - inch she e t re 
info rced by Z- st ringers spaced 4 inches on centors was used 
f or the top and the bottom faces of the box . The string
e rs we re fastened t o the sheet by liB-inch brazier-head 
r ivets , spa c ed 7/8 inch on centers. The top and the bottom 
faces of the box were nominal l y of the same design as end 
compressi on panel 6 described in reference 1. 

The cross-sectional area o f the shee t material in the 
box was estimatod as 

As = 2 . 12 sQuare inches 

that of the t en stringers, as 

As t ~ 1.33 square inches 

and that of tho four corner p ost s as 

Ac = 5 . 01 sQuare inches 
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givin~ a total area 

A = .As + Ast + Ac = 8.46 square inche s 

The ratio of area of reinforcement to total area was 

Ast + Ac ------- = 0.750 
A . 
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Particular care was taken in reinforcin~ the ends of 
the bo~ to avoid concentratio~ of the compressive and the 
flexural loads on particular portions of the box. The re
inforcements, consistin~ of steel angles and plates. are 
shown in fi~~ris 1, 2, and 3. Fi~ure 3 also shows the con
struction of the bulkheads. 

Tensii~ and compressive stress-strain curves of mate
rial from the corner posts, the stringers, and the sheet 
used in aisembl~ng the monocoque bo~ are shown in fi~ures 
4 and 5. The compressive properties of th~ corner posts 
and the strin~ors were obtained from compressive tests on 
4-inch lengths of these oembers . The compressive proper
ties of the shoet were obtained from pack tests (reference 
2). Young's modulus and the yield stren~th obtained from 
the stress~strain curves are listed in table , I. The prop
erties of the material appear to be typical of 24ST alumi
num alloy. 

TEST PROCEDURE 

Fi~ure 6 shows the monocoque box specimen mounted for 
a compressive test between the heads of a hydraulic test
ing machine of 2,300,000-pound capacity. The following' 
procedure was used in mounting the specimen. .A sealing 
strip of I-inch sponge rubber was · ~lued on the end piates 
A of the box to provide the necessary space for a layer 
of plaster of paris. The heads of the testing machine 
were g reased and covered with a layer of aluminum foil to 
prevent corrosive action of : the plaster of paris on the 
heads. The specimen was centered relative to the heads and 
a sufficient load (about 200 pounds) was applied to reduce 
the thickness of the sponge-rubber seal to one-half inch. 
Plaster of paris mixed with a retarding a~e nt was poured 
in at one end and was allowed to hardon under load for 1 
day. Tho sealing strips were removed and the procedure was 
repeated to cast a 1!2-inch layer of plaster of paris on' 
the other end of the specimen. 
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The uniformity of ~oad distribution over the section 
of the specimen was checked by 16 Tuckerman optical strain 
ga~es, wh ich were atta ched to the strin~ers and the corner 
p osts of the specimen as shown in fi~ures 6 and 7. The 
strains in the four corner posts were measured over 10-
inch gage lengths w1th 2-inch Tuckerman strain gages hav
in~ an 8-inch extension. The average strain in each one 
of th e five st rinl?;ers on the "bottom" face of the specimen 
was measured with a pair of 2-inch Tuckerman strain gages . 
One gage of each pair was mounted directly on the outer 
flange of the st ri nger; the other gage had its gage points 
c onnected to the i nner flange of the stringer by a spe
c i al t r ansfer of the lever type to be described later. 
The ga l?;es on the outer flange we re held in place by 0-
springs actihg o n the top of the gage and the under side 
of t h e st ringer flange . The lever transfers were held 
aga in st the st ri ngers by leaf springs of aluminum-alloy 
s he e t wh ich were , in turn, connect e d to the supporting 
channe l C (fig . 7 ). The lever-and-gage co mbination was 
s uspended at its center of gravity by a thread attached to 
channel C. Channel 0 was c onnected to the corner post~ of 
the spe cimen by a f l e~ible mounting to prevent any a p pre
ciable stiffen in g of the specimen by the channel. One 
pa ir of Tuckerman strain gages was attached in the same 
manner to the middle stringer on the "toptl face of the box. 

The lever- type transfer, which was desi~ned for these 
tests , is shovn in fi~ure 8 t ogether with a 2-inch Tucker
n~n strain ga~e . Th e transfer was made from a 2 3/8- by 
I 1/ 4 - by 5/1 6 - in ch block of tool st ee l by drilling two 
3 . 1 - millimeter holes at Band 0, with a thickness of metal 
of 0 . 00 8 inch between the hol e s , and then cutting diagonal 
s lots , as sho~n , fr o m the iong sides of the block to the 
h ol e s . Sixty-degree gage point~ were in so rt e d at D and F, 
2 inches apart . The weight of the transfG~ was reduc e d by 
d rilling ligh t enin g holes A . 

Seven transfer s of this construc t ion were built and 
each one of t h em wascali~rated by app lying a known rela
ti ve displacement up t o 0 . 010 inch to the points D and F 
and measuring the relative displacement between E and G 
indicated by a 2 -i nch Tuckerman strain gage mounted on the 
transfer . Th e ratio of the two disp lacements ranged from 
o • 942 toO . 9·9 L 

The tran s f e r just described shoul~ not be confu se d 
wit h the parallel - motion transfer of the Me isse typ e (ref
e re n ce 3 ), of wh ich several have also been construct e d at 
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the National Bureau of Standards. Unfortunately, only 
three Meisse transfers were 'available. ' and time di,d not 
permit the construction of a sufficient number of addi
tional transfers for these tests. The Meisse transfer has 
a wider field of application than the Ie ver-type tr,ansfer , 
and the only reason for using the lever-type one was that 
it could be constructed much more quickly and cheaply and 
that it was satisfactory for the ap~~~c~tion at hand. 

The uniformity of load distribution near one end of 
the box and the operation of the strain-gage equipment 
were checked oy mounting 12 gages on the bottom side and 
four on the top side at a section about 27 inches from 
thnt end of the box (fig. 6) and observin~ the chan~es in 
strain corresponding to changes in load from 0 to 8,800 
pounds. The measurements were repeated with 12 ga~es on 
the top side and 4 on the bottom side for a section about 
27 inches from the o t her end of the box. The strains indi
cated by the ~ages were equal within the error of measure
ment to the average strain computed from the load, the 
cross-sectional area , and Young's modulus in compression 
of the material (E = 10.8 X 10 8 pounds per square inch). 
It was concluded tha t ' the method of mounting strain gages 
and of applying the l oad was satisfactory and the compres
sive tests were proceeded with. 

The compressive tests were made with all 16 strain ' 
gages mounted near the midsection of the specimen (fig. 9). 
Strains were read for load increme~ts of about 5,000 
pounds, and the load was brou~ht back repeatedly to a low 
value for reading of permanent set. 

The bowing normal to the sheet of the center stringer 
between two bulkheads on both the top and the bottom faces 
of the box was measured with a dial gage mounted on a port~ 
able frame. Such measurements s e emed desirable to detect 
any noticeable distortion of the section as a whole. The 
buckling of the she et between stringers and of the shear 
web was observed visually by suitable illumination. (See , 
for instance, fig. 10, showing buckling of the sheet between 
stringers.) 

RESULTS 

The measured stringer strains and the strains in the 
fou~ corner posts are plotted for each load in fi~ure 11. 
Deviations from a uniform strairr distribution became notice-
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able at a load of 20,000 pounds and they increased with 
load until a ma'ximum deviation of about 10 percent was 
reached at the 'highest load applied, 115,200 pounds. The 
difference between extreme fiber strains and the average 
strain i n any stringer attained 4 percent of th~ average 
strain in the stringer . The sign of the difference is seen 
to altern~te from stringer to stringer. This result sug
gests a connection with the buckles in the sheet between 
stringe rs. The bucklos had a symmetrical pattern (figs. 9 
and 10) continuing across the stringers so that a crest 
in one sheet bay corresp onded t o a trough in the adjacent 
bay and vi ce versa . The twistin g moments acting on the 
s tringe rs due to these buckles ~ay · set up secondary bend
ing $trains w' th alternating sign on adjacent stringers 
because of the restraint of the stringers by the rivet 
line . 

The average stra in in each stringer and the strain in 
each of the four corner p o sts are plotte d in figure 12 as 
circles and squares, respectively. The average strain for 
the ent ire secti on was obtained from these strains by mul
tiplying each strain by the ~ross-sectional area of the 
s tructural element on which the strain gages were mounted, 
adding , and divid ing the sum by the total area of the el
ements . This average strai~ is shown by crosses in figure 
12 . The individual stra ins are within 10 percent of the 
average strain in all cases. Figure 12 also ' shows the per
manent set indicated by the strain gages when the load was 
reduced to a l ow val~e. This permanent set was consistent
ly positive at a load of 115,200 pounds. The test was not 
carried beyond this load in order to leave the box undam
aged for the tests under o ther tyues of loading. The aver
age stringer stress at a load ' of i15,200 p6~rid~ ~i~ ab out 
16 , 000 pounds pe r square inch . 

Buckling of the sh~et between stringers was observed 
at a load of about 21 , 000 pounds, at which the average 
stringer stress was about 2 , 500 pounds per square inch. 
This result agrees with the buckling stre~s of 2',500 pounds 
pe r square inch found for the sheet-stringer ' panel of the 
same design tested p reviously at this Bureau (referen ce 1, 
p . 42) . The theoretical buckling stress for rigid clamp
ing at the str in ge r was found to be rrcr = 2 , 880 pounds 

pe r square inch (refer e~c e 4, p . 345). The wave length of 
the buckl es was about 4 . 8 inches, in close agreement with 
the wave length of 4 .7 inches observed in pane l 6 of ref
e rence 1. 

J 
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Eucklin~ of the 0.0?5-inch shear web formin~ the 
sid~s of the box was ·t oo gradual for visual observation 
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of the critical load. Deflection measurements at the cen
ter of the ueb between web stiffeners indicated a rapid 
inorease in deflection be~innin~ at a load of 70,000 pounds. 
This value corresponded to an average stress of about 8,800 
p ounds per square inch in the corner posts to which the web 
was riveted. This result a~rees with the theoretical buck
ling stress of 8,800 pounds per squure inch which was de
rived from Timoshonko ' s thoory (reference 4) for a .plate 
having tho dimensions of tho shear web betwoen bulkheads . 
(length = bulkhead spacing = 8.5 inchos, width = 6 . 6 inches, 
thickness = 0.075 inch) rigidly clamped alon~ the edges 
parallel to the load and simply supported along the loaded 
edge s . 

The bowing of the middle stringer normal to the sheet 
was in every case too small to be measured (less than 0 . 002 
inch between bulkheads) . 

The curves shown in fi~ure 12 give relations botween 
total load and average compressive strain ca lculated as 
follows . The total load was divided into three parts, the 
load Pi carried by .the reinforcements, the load Pa car-
ried by the 0.026-inch sheet between stringers , and the 
load P3 carried by the 0.0?5-inch shear web. The load 
Pi was calculated upon the assumption of simple compres
sion : 

Pi =AiE£ = {Ac+Ast)EE: =· 6.33xl.08 107 
! = 6840 (104 E:) 

The loads Pa and P3 were calculated from 

Pa = AaEt: .!! = 1.11 1 •. Q8 107( l! = 1200 (10 ~€) 1'£ 
b ,~ b b 

; . .. (2 ) 

P3 ::: A3 E( !! = 1 . 01 , ~ .'0 8 107( l! = 1090 (10 4
. () !! 

b b b 

where w/b is the ratio of e ff ective width of sheet to in
itial width . This ratio is·u~ity below the bucklin~ load 
of the sheet. Its value above the buckling load was ~alcu- · 
lated from two formulas, both of which had given good agree
ment with the observed effective width for the panels de
scribed in reference 1 . Curve A of figure 12 was computed 
fr·om Mar~uerre 's formula for a sheet of thickness t with 
simply supported edges (reference 1, p. 45): 
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(3 ) 

and curve ] was calculated fr om Cox's formula for a sheet 
whose buckling stress ~cr is known (reference 1, p. 44): 

( = ~Q1: 
cr E (4 ) 

The buckling stress ~cr in (4) was taken as the theoret

ical value for rigid clamping on the edges parallel to the 
load, which , as already mentione d, agreed satisfactorily 
with the observed buckling stress, i.e.: 

rrc r = 2,880 pounds per square inch f or the sheet be
tween stringers 

Gcr = 8,800 pounds p er square inch for the shear web 

Sub s titut ion .of these values in (4) and the ratios 

t / b = 0.026/4 = 0 . 0965 for the sheet between stringer s 

t/b = 0 . 075 /6.6 = 0 .0114 for the shear web 

in (3) ~ave the sheet loads ( 2 ) according to Marguerrets 
and Cox ' s formulas. The total load P was then obtained 
by adding this value t o the load carried by the reinforce
ments 

(5 ) 

The resulting load-compression curves A and ] (fig. 12) 
a~reed with each ot he r within 2 percent. Further, it is 
seen that all the me asured strains at the stringer cen
troids were within 1 3 percent of the calculated strains up 
to the max i mum load of 115,200 p ounds, and that the aver
age me~sured st rain at the midse c tion was within 2 percent 
of the calcula t e d strains u p to a maximum load of 115,200 
pounds. 
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CONCLUSIONS 

The following conclusions were drawn from the compres
s ive tests of the mon oco que box specimen supplied for this 
investigation . 

1. The loadin~ f i xtures were adequate in produc in~ 
un iform co mpress ive. s train over the secti on of the spec i men . 

, 2 . The spe cial equipmen t f or mea suring str in ger 
strains on a specimen of this type gave consistent and r e
producibl e results . 

3 . The 0 . 026-inch shee t between strin~ers buckled a t 
a stress of about 2 , 509 pounds per squa r e inch and the 
0 . 075 - inch shear web buckl e d at a st r ess of about 8 , 800 
poun d s per square inch. These values we re in a~reement 
with the theoreti cal buckling stresses f or ri~id clamp in~ 
o f the sheet at the edges parallel to the load . Permanent 
se t became noticeable at a load of 115,200 p ounds; this 
value cor res90nded to an avera~e st ress in the stringers 
of about 16,000 p oun ds pe r square inch. 

4 . The measured strain at the stringer centroids 
near the midsect ion of the box were with i n 10 percent of 
the measured ave r age strains up to t he maximum load of 
115,200 pounds . The measured average st rain at the mid
se c tion was with in 2 pe rcent of cal culated strain at all 
loads up to the maximum load of 115 , 200 pounds . The calcu
lated strain was obtained by dividing the load by the prod~ 
uct o f Young's modulus an d effective cross-sectional area , 
the effective area of the sheet being obtain e d from Mar 
guerre 1s f ormula for a sheet with s i mply support ed ed~es 
and from Cox's formula for a sheet with k n own buckling 
strain . These formulas had given effective width s in agree
ment with measured values for the panels describ e d in Tech
n ica l Not e No . 684 . 

National Bureau of Standar ds, 
Wa s hington, D. C" July 10, 19 39 . 
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TABLE I. Mechanical Properties of Material 

Yield strength Tensile Elongation 
Young's modulus (lb./sq. in.) strength in 

Sample (lb./sq. in.) (offset=0 .2 percent) (lb./sq.in.) 2 inches 

Tension Compression Tension Compression 
(percent) 

Corner a ngle 10.4X106 10.8XI06 48,000 42,000 61,600 21 

Stringer 2 10.4 10.8 48,300 40,700 63,110 25 

Stringer 1 10.4 10.8 48,700 40,500 63.100 25 

0.075-inch 
shear web 10.5 10.7 53,700 44.000 70,020 20 

0.026-inch 
top and 
bottom 
plating 10.5 10.8 57,100 46,800 73,500 18 
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.l'1sure 8.- Over-aU vle. of IIOnocoque boa (end plate removed). 
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Figure 7.- Mounting of strain gages on etrlngers and corner })c)d •• 
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19ure 9. - Monocoque box under load. of 90,000 pounds 
showing buokles in sheet. 
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Figure 10.- Close-up of buckles at a load of 90,000 pounds. 
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