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Four s e r i e s  o f  t e s t s  were made on f l a t 3  u n s t i f -  

fened panels under combined shea r  and compression 

loading  %or two th icknesses  and t w o  l eng th  over width 

r a t i o s ,  In each case ,  the  pane l s  vere c a r r i e d  t o  

t h e i r  u l t ima te  l o a d s ,  An empi r i ca l  r e%at  ion was 

developed f o r  t h e  v a r i a t i o n  of shea r  and conzpressive 

s t r e s s e s  of the  form: 

where : 
P ~ o  

= f a i l u r e  s t r e s s ,  pure compression, 

P"o 
= f a i l u r e  stress, pure shear .  

The above equat ion was found t o  bold f o r  the  e n t i r e  

range of  t h i ~ ~ e s s e s  end length  over width r a t i o s  

inves t ige ted .  



I n  the s t r e s s e d  s k i n  cons t ruc t ion  of modern a i r -  

planes,  it becomes necessary,  i n  many czses ,  t o  analyze 

c e r t a i n  panels tvhiciz may a c t  unden t h e  combined loadings 

of shear  and compression. T h i s  s i t u a t i o n  is encountered, 

f o r  ins tance ,  i n  the wings of such a i r p l a n e s  which a r e  

s t r e s s e a  by t o r s i o n a l  moments while c a r r y i n g  l i f t  loads.  

Again, rudder loads ,  eccerltr ic t o  t h e  fuse lage ,  may 

introduce i n t o  %hat  s t r u c t u r e  a combination of  shear  

and compression. 

X i t h  these proble~ns i n  mind, t h e  present  inves t iga-  

t i o n  xTas begun. Throughout these  t e s t s  243T durzlunin 

shee t  was used, s ince  i t  was considered most r ep resen ta t ive  

o f  cur ren t  s t r u c t u r z l  m a t e r i a l s  i n  the  aeronaut ics  f i e l d .  

T h i s  sI1ee"c~as c u t  i n t o  f l a t ,  uns t  ifferled panels ,  wi th  

the gra in  of' t h e  ma te r i a l  a long the  same, a x i s  f o r  each 

test ; ,  l e a v i n g  the  curved and s t i f fe r led  oases  l o r  f u t u r e  

inves t iga t ioa .  Two d i f f e r e n t  th icknesses  were  t e s t e d ,  

namely, 0.022" and 0.032", nozninaL s i z e ;  l ikewise ,  two 

s i z e s  of shee t  were usad f o r  each th ickness ,  giving 

l e n g t h  o-ver b read th  r a t i o s  of 2 and 3, 

Severa l  specimens were t e s t e d  in shea r  a lone ,  and 

i n  compression alone i n  order t o  deterrr~ine the  u l t ima te  

loads c a r r i e d  by a given panel  under these  s i n g l e  l o a d s .  

The remainder o f  t h e  t e s t s  were conducted by loading  t h e  



pane% first wi th  an appropr ia te  aori*pression load t o  be 

held conssant,  and then apglyilig a shear load o f  incresrs- 

i n g  magnitude until the ul t inlate  load of' t h i s  cornbination 

was reached, i 'or several t e s t s ,  t h e  order  of appliea'cion 

of' load was reversed from the above t o  determine whether 

t h e  sequerice of Loading had any not  i ceab le  e f f e c t .  In 

each case s p l i t  tubes were used f o r  edge support  of the 

sheet ,  



( a )  ~ p p s r a t x  

The ~ a n e l s  were mounted i n  a corryess ion  t e s t i n g -  

machine as shomn i n  Fig,  1. The upper head, ( a ) ,  of 

t h i s  machine is s tee-inch I-beam, and is bol ted r i g i d l y  

t o  the upr ight  ten-inch channel see t ions .  The lower 

head, ( b f  , i s  a l s o  a  ten-inch I-beam., pivoted on b z l l  

bear ings a t  a seven-foot r a d i u s ,  wi th  a d j u s t i n g  screws 

provided t o  a l i g n  the  lovies head p a r a l l e l  t o  the upper. 

The hor izon ta l  motion of' t h e  lotver head perpendicular  t o  

t h e  plane of the sheet  is  l e s s  than l$ of the v e r t i c a l  

disp1acenien.t measured, hence was neglected.  

The compressive loads were appl ied  t h o u g h  a heavy 

s t e e l  r i n g  of l a r g e  d i a n ~ e t e r ,  p a r t  ( c ) ,  Fig. 1. This  

r i n g  gage was placed under t h e  lower head o f  t h e  machine, 

r e s t i n g  on 8. s t e e l  b a l l ,  and loaded through another  s t e e l  

b a l l  by the a d j u s t i n g  b o l t ,  ( d ) ,  between the  gage and 

the base of t h e  m c h i n e ,  An lanes d i a l  gags was arranged 

t o  measure t h e  con t rac t ion  of the  r i n g  under load,  Two 

sf such gages mere enployed, each  being c a l i b r a t e d  i n  a 

stnndard compress ion testing-mac hine s e v e r e l  times. The 

c a l i b r a t i o n  curves are  shown i n  the Appendix. 

The shea r  Loadimg device ,  ( e  ) , c o n s i s t s  of two s t e e l  

s t r a p s ,  clamped together  a t  t h e  ends and i n i t i a l l y  bent 

away from each o t h e r  in the e e ~ t e r .  Trunnierns are  provided 



on eaoh end of the  i n s t m - e n %  t o  e l imina te  bending 

about each of two axes;  and it was found necessary t o  

support  the  f r e e  end of t h e  gage between r o l l e r s  t o  

e l iminate  the  torque introduced by loading,  'Tightening 

the  lead-screw nut  against; t he  upr igh t s  of t h e  machine 

provided the  shear  load. L a t e r a l  con t rac t ion  of the  

two s t r a p s  a t  t h e  c e n t e r  Eras measured by means of a 

s e n s i t i v e  Ames d i a l  gage. The instrument was c a l i b r a t e d  

s e v e r a l  times i n  a s tandard t e n s i l e - t e s t i n g  ,machine, and 

the r e s u l t i n g  c a l i b r a t i o n  curve is shown i n  t h e  P ~ ~ p e n d i x .  

To e l iminate  t h e  bending moment i n  the shee t  in t ro -  

duced by applying t h e  shea r  load t o  one end of t he  panel ,  

a s h a f t  ca r ry ing  two r o l l e r  bearings was i n s t a l l e d  d i r e c t l y  

above the  lower angles  between which the  shee t  was clamped. 

This  s h a f t  a a s  fas teaed  t o  the l o v e r  head o f  t h e  machine, 

so  that t h e  r o l l e r  bearings furn ished  a reac t ion  moment 

t o  balance the appl ied moment due t o  shear  l o ~ d s .  

The panels were clamped f o r  t e s t i n g  between a Fir 

of two-inch angles  a t  each end, The upper s e t  of angles  

was bol ted  t o  the  upper head of the  machine; while t h e  

lower s e t  was bol ted  t o  a f l a t  b a r ,  separa ted  from t he  

lower head by s t e e l  r o l l e r s  - t o  allow shear  de f l ec t ion .  

Guides were provided t o  confine the  motion of the  lower 

angles  t o  t h e  plarie o f  the  panel. The edges of the  shee t  

were supported by means of tubes ,  s p l i t  a long an element, 

wi th  b o l t s  f o r  clamping the s p l i t  together .  



( b ]  - T e s t i n g  Trocadure 

Af te r  accura te ly  a l i g n i n g  t h e  heads of t h e  machine 

p a r a l l e l  t o  each o the r ,  the s h e e t  was bol ted  between the 

angles  a t  each end, tak ing  care  t o  l o c a t e  the  a x i s  of 

the  sheet a long the compression a x i s .  It was found 

necessary t o  f a s t e n  the  shee t  from t h e  c e n t e r  outward 

a t  each end t o  avoid d i s t o r t i o n  of t h e  shee t .  Through- 

out  a l l  of these  t e s t s ,  the l s n g t h  of t h e  panels  was 

kept cons tant  a t  18 inches ,  measured from upper t o  lower 

angles.  

The s p l i t  tubes were a t t ached  secure ly  t o  the edges 

of t h e  s h e e t ,  a l lowing proper clearance between the  ends 

of the  tubes and t h e  angles.  Jn s e v e r a l  cases ,  p a r t i c u l a r l y  

on the  t h i n n e r  shee ts ,  l o c a l  f a i l u r e  a t  the co rne r s  mhere 

t h e  edges were not  supported was enoountered. Therefore 

i t  became advisable  t o  keep the  l e n g t h  of t h i s  unsupported 

edge as  shor t  a s  a o n s i s t e o t  wi th  reasonable c learance ,  

a d j u s t i n g  during a t e s t  i f  necessary.  These tubes a l s o  

exhib i ted  a tendency t o  s p r i n g  o f f  when the wave p a t t e r n  

of the  shee t  became qui te  deep. Hence, four  turnbuckles 

were a t tached between t h e  tubes t o  e l iminz te  t h i s  con- 

d i t i o n ,  t ak ing  care  not  t o  introduce an edge-moment i n t o  

the sheet  when i n s t a l l i n g  the turnbuckles.  

For the pure oompression t e s t s ,  t h e  shear  loading  

device vfas disconnected cad t he  s h e e t  loaded by the  r i n g  

gage previously described. 7Tert isal  d e f l e c t i o n  of t h e  



sheet  was measured by two Limes d i a l  gages loca ted  on 

e i t h e r  s i d e  of t h e  panel.  It was important t o  arrange 

these gages so t h a t  t h y  indica ted  the  displacement of 

the  lower s e t  of angles  wi th  r e spec t  t o  the upper s e t ,  

and did no t  include the motion of the lower head. 

Compression loads  were appl ied i n  small ,  equal  

increments; and a f t e r  eaeh loading ,  permanent s e t  readings 

were taken. The u l t ima te  load c a r r i e d  by a panel was 

taken a s  the Load beyond which the shee t  continued t o  

aompress w i t h  no increase of force.  I n  order  t o  ob ta in  

uniform d e f l e c t i o n  of" both s i d e s  o f  the panel ,  i t  %as 

found neeessary t o  l o c a t e  the  r i n g  gage accura te ly  a long 

t h e  r e a c t i o n  a x i s  o r  t h e  I-beam, panel systerrr. No 

extensometer readings were attempted. 

The procedure f o r  t h e  shear  t e s t s  and t h e  combined 

loading t e s t s  were the same. Tlith no s h e a r  load ,  the  

appropr ia te  compressive load mas appl ied ,  and then the  

lower head of the machine %as t i g h t l y  clamped i n  p o s i t i o n  

by means of set-screws between the upr igh t s  and the head. 

I n  the case of shea r  a lone ,  the  head was clamped as 

s t a t e d ,  w i t h  no compressive load. This  was dons so t h a t  

tkne bead could no t  t w i s t  about a  hor i zon ta l  a x i s  perpan- 

d i c u l a r  t o  i ts  length  when t h e  shear  load was appl ied ,  

Thus no bending moment gas introaueed i n t o  the shee t  by 

the shea r  loads. 



The shear  load was then appl ied  by the  s t r a p  gage 

described he re to fo re ,  and la teral .  de f l ec t ion  of the lower 

se-6 of angles  aeasured by another  h e s  d i a l  gage. I t  was 

qu i t e  e s s e n t i a l  t o  l o c a t e  t h i s  d i a l  gage so t h a t  it indi -  

ca ted  the d e f l e c t i o n  between the  upper and lower ends of 

the s h e e t ,  and was i n  no way connected t o  t h e  lower head 

of the  machine. The shear  load. was appl ied  so t h a t  the re  

were no unreasonably l a r g e  i n t e r v a l s  be tween successive 

readings of e i t h e r  load o r  d e f l e c t i o n .  Care had t o  be 

taken t o  e l imina 'b  f r i c t i o n  i n  the  shea r  device before 

each reading,  and t o  Load the  gage always in  the  s arm 

d i r e c t i o n  t o  obvia te  hys te res i s  e f f e c t s .  

Since it was n e c e s s a r j  t o  clamp the  l o v e r  head of 

the  rnzchine t o  the u p r i g h t s ,  t h e  l a t e r a l  shear  d e f l e c t i o n  

would tend t o  induce a t ens ion  force  i n t o  the  sheet  unless  

the  panel were allotved v e r t i c a l  displacement. To com- 

pensate f o r  t h i s  induced t ens ion ,  t h e  lower head was moved 

upward a  pre-determine8 mfow,t dependent upon the l a t e r a l  

de f l ec t ion .  The b ~ s i s  f o r   his compensating d e f l e c t i o n  

is  given i n  Sec t ion  V. A t  a l l  t h ies  the  l o v e r  end of t h e  

shee t  was kept  p a r a l l e l  %o the upper. 

As i n  t h e  case of conpression a lone ,  f o r  combined 

shea r  and compression the  u l t ima te  load c a r r i e d  by a 

p a r t i c u l a r  panel was chosen a s  t h a t  value beyond which 

shear  d e f l e c t i o n  occurred wi th  no increase  of force.  



As w i l l  be shorn From inspec t ion  of t h e  r e s u l t i n g  s t r e s s -  

s t r a i n  curves ,  i t  was necessary  t o  continue loading beyond 

the  point where first the  shear  l o a d  decreased w i t h  an 

increase i n  displacement, ~inci to continue applying load 

u n t i l  the panel  d e f i n i t e l y  would no t  support  an increase 

i n  load. 



f a )  Combined loadi_ng: -- 
From inspect ion  of t h e  s t r e s s - s t r a i n  curves o f  the 

panels  under conbined shear  and compression, Figs. 9-12, 

and a l s o  from observat ion during the  t e s t i n g  of %he 

pane l s ,  it is  apparent  t h a t  f a i l u r e  occurs due t o  wave 

phe~omena; t h a t  is, the shee t  f a i l s  in. compressive s t r e s s  

induced by the  vave pa t t e rns .  Hence t h i s  f a i l i n g  s t r e s s  

should be a eontinuoua funct ion  o f  the i n i t i a l  compressive 

s t r e s s .  Such a  r e l a t i o n  is demonstrated i n  Fig. 2-5. 

I n  these f i g u r e s ,  P , / P ~ ~  i s  the r a t i o  o f  t h e  maximum 

shear  locd a t t a i n e d  by each panel  under combined loading  

t o  t h e  s h e s r  load of t h e  same panel  under shear  alone.  

S imi la r ly ,  P o / ~ c o  is  t h e  r a t i o  o f  the  aspplied compressive 

load under combined loading  -to the  u l t ima te  load i n  

compression alone. Zach of these  loads  i s  the f a i r e d  

value obtained from the  appropr ia te  curve. 

The shape o f  a  curve f a i r e d  through t hese  poin ts  %mgW 

g e s t s  t h a t  such a  r e l a t i o n s h i p  should be e l o s e l y  approximate 

by an equat ion of t h e  f o m :  

where n is a  f a c t o r  t o  be determined a n a l y t i c a l l y  or 

e x p r i m e n t a l l y .  The e x p e r i m n t a l  po in t s  were p l o t t e d  on 



log-log paper; the  s lope  of t h e  r e s u l t i n g  s t r a i g h t  l i n e  

y ie ld ing  values of n f o r  each of t h e  four  Gases in- 
0 f 

ves t iga ted .  Using these values ,, n, Eq. 1 was p l o t t e d  

on these f igures .  1% e m  be seen t h 8 t  t h e  agreement with 
I 

experiment is q u i t e  good s o  t h a t  Eq. does ~ l o s e l y  represent  

t h e  condi t ions encountered i n  t h i s  problem. 

It i s  very i n t e r e s t i n g  t o  note  t h a t  i n  a l l  four  cases  

the  value of' n ,  determined as Ind ica ted ,  was ap-proximately 

the same, the  range of s lopes  being from 3,90 t o  4.10. 

Taking the  average value of n ,  t h a t  Is,  4 ,0 ,  the  r e s u l t -  

ing q u a r t i c  parabola is p l o t t e d  on Fig. 6 ,  together  with 

the  experimental  po in t s  f o r  a l l  the  t e s t s .  Again t h e r e  

is  good agresl-nent with e x ~ e r i m e n t a .  Thus it can Be s a i d  

t h a t  fo r  the thicknesses  and l e n g t h  over width r a t i o s  

t e s t e d  the  v a r i a t i o n  of shear  and compressive loads may 

be represented by the  eguation: 

Although i n s u f f i c i e n t  da ta  a r e  a t  hand t o  j u s t i f y  extens ion  

of Bq. 2 beyond t = 0.02Zn t o  0.032tt and a/b = 2 t o  3, 

wi th in  t h a t  range Eq, 2 should hold e l o s e l y  f o r  t h i n ,  

f l a t ,  uns t i f fened panels. 

Eq. 1 has been appl ied t o  o t h e r  s i m i l a r  oases by 

var ious  inves t iga to r s .  ffagner gives t h i s  exgression with 

n = 2 f o r  b u ~ k l i n g  of f l a t  s t r i p s  under eoabined shear  and 



compression (Ref. 4).  Bridget ,  e t  a l ,  a l s o  usedth is  

formula with n = 3 f o r  c r i t i c a l  s t r e s s e s  i n  uns t i f fened 

c i r c u l a r  cy l inder s  under t h i s  type of load ing  (Ref. 5 ) .  

The shape of the  r e s u l t i n g  curve i n  each case is  %hat 

would be expected i n t u i t i v e l y ;  s inoe  of n e c e s s i t y  the  

curve muat be continuous and have a zero  s lope  a t  

P o / ~ o , =  1, P,/P,~ = 0,  and should have z f i n i t e  negat ive 

s lope a t  Pc/Po = 0, P,/P,~ = 1 due t o  the  s t a b i l i z i n g  
0 

e f f e o t  o f  negat ive eonpression ( i . e . ,  t e n s i o n )  i n  

buakling problenas . 
( b )  Yfave forms 

Upon first buckling i n  compression alone the panels 

assumed a square wave form; t h a t  is ,  with the  ha l f  wave- 

l eng th  equal  t o  the width, wf t h  one exception shown i n  

Photo, 1. I n  t h i s  case of  t = O.Q215", a/b = 3, f i v e  

half -vaves were formed i n i t i a l l y ,  Upon increas ing  the  

compressive load beyond t h e  c r i t i c a l .  va lue ,  i n  each 

ins tance  a d d i t i o n a l  waves appeared along the  edges, a s  

many as nine o r  eleven waves on each s i d e  being evident  

before f a i l u r e .  Fai l u r e  genera l ly  occurred along t h s  

edge a f t e r  the l o c a l  wave form had become excess ive ly  

deep. 

I n  t h e  cases  o f  shear  and combined loading  the  a x i s  

o f  the  i n i t i a l  shear  Rave was approximately a t  45' wi th  

the shear  d i r e c t i o n  running from each tevision corner.  

S l i g h t l y  g r e a t e r  loads  changed t h a t  a x i s  t o  one between 



tens ion  corners  for both a/b r a t i o s .  This s h i f t  

becomes most obvious i n  Fig. LO f o r  t h e  panels  under 

l a r g e  compressive loads.  \Then apgroaching t he u l t ima te  

loads ,  the  continuous a l t e r a t i o n  of wave pa t t e rn  can 

be seen most c l e o r l y  i n  %ig. 10  f o r  panels  under small  

compressive loads.  Photos, 2 a ~ d  3 a l s o  demonstrate 

t h i s  phenomenon. 

( a )  Conpression Correcttion 

As has been mentioned previous ly ,  it became neces- 

s a r y  to  e o r r e c t  the  compression d e f l e c t i o n  02 t h e  pans1 

under combined loads  fo r  t h e  t e n s i l e  force  induced i n  

t h e  shee t  by l a t e r a l  shear  displacement of the lower 

elad of the sheet .  The curve used f o r  t h i s  purpose was 

ca lcula ted  as follonis: a p a r t i c u l a r  shea r  d e f l e c t i o n  

c o r r e s ~ o n d s  t o  an elongat ion of each element of the 

shee t  i f  the  d i s t ance  between the  ends of t h e  sheet  were 

constrained t o  remain constant .  T h i s  ex tens ion  w 8 s  

converted t o  a s t r e s s ,  and then  t o  a load ,  by the  usua l  

s t r e s s - s t r a i n  r e l a t i o n s ,  and the  observed compressive 

d e f l e c t  ion of  the panel corresponding t o  t h a t  ca loula ted  

load was imposed upon t h e  shee t  t o  b r i n g  the  ends c lose r .  

Curves or" t h i s  co r rec t ion  f o r  each  s e r i e s  of panels a r e  

given iz t l  the Appendix, page 3 6. 



( d )  Biscussion of Curves 

I n  Fig. 7 the  load-s t r a in  curves f o r  each of the  

panels t e s t e d  i n  pure compression a r e  drawn, using 

appl ied  load a s  o r d i n a t e s  and u n i t  e longat ion  as  absc i s sa ,  

Obtaining the f a i r e d  va lues  of the  f a i l u r e  loads ,  and 

comparing with values derived from D r .  3. X. S e e h l e r t s  

experimental  work on e f f e c t i v e  width (Ref. 2 ) ,  t h e  f o l -  

lowing t a b l e  is obtained: 

Table 2 

I n  cdl-culating A (=$ 7) the y i e l d  s t r e s s  i n  
g i e  l a  

oompression was assumed t o  be 38,000#/sq.im. and E was 
6 taken a s  10.4 x 10 #/sq. in. 

I n  D r .  Sechler  % t e s t s  t h e  panels  were simply sup- 

ported by V-grooves on a l l  four  s ides .  I n  t h i s  work, the  

panels  were b u i l t  i n  a t  aach end, and given a l i n e  support  

a long t h e  o the r  two edges by the  s p l i t  tubes a s  s t a t e d .  

Ind ica t ions  a r e  t h a t  these tubes f u r n i s h  an edge-f ix i ty  

c o e f f i c i e n t  g r e a t e r  t h a n  t h a t  of V-grooves; i,@., g r e a t e r  



than  1. This  would be expected s ince  tube r e s t r a i n t  

supp l i e s  an edge-monent along the  shee t  when the  wave 

p a t t e r n  is such t h a t  bending d e f l e c t i o n  i n  the  plane of 

the  sheet  is not  uniform along the  edge. 

I n  D r .  S e c h l e r T s  work t h e  s t r i p s  adjacent  t o  the  

edge supports  c a r r i e d  the  g r e a t e r  por t ion  of load a f t e r  

buckling, and t h e  cen te r  elements of the shee t  carried 

l i t t l e  more "can t h e  c r i t i c a l  load. However, is the  

present  experiments the  sheet  c lose  t o  a l l  four  s i d e s  

c a r r i e d  load ,  and only a small  c e n t e r  por t ion  of t h e  

shee t  could n o t  sus ta in  appreciable  loads above the  

c r i t i c a l .  Thus wi th  the edge condi t ions  used, the 

q te f fec t ive  width," and thereby t h e  u l t ima te  load ,  of the  

panel i s  increased by the  r a t i o  . For t h e  range of 

shee t  s i z e s  and th icknesses  t e s t e d ,  may be taken a s  

1.63, t he  mode of t h e  values i n  Table I preceding. 

'The load-s t r a in  curves f o r  s h e a r  alone a re  given 

i n  Fig. 8. I n  t h i s  case aga in ,  She o rd ina tes  a r e  appl ied  

load ,  and the a b s c i s s a  a re  l a t e r a l  disg1acer;ents per  u n i t  

l e n g t h  of  panel. Obtaining the  maximum loads ,  f o r  t h i s  

aase t h e  r a t i o  of u l t imate  loads  f o r  t h e  two thicknesses  

is 1 .91  f o r  a/b = 3, and 1.99 f o r  a/b = 2. The v a r i a t i o n  

of maximum shear  loads  wi th  a/b is  1.62 f o r  t = 0.022y1 

and 1 , 6 3  f o r  t = 0.032tt, the  lower a/b r a t i o  r e s u l t i n g  i n  

the  higher u l t ima te  load. I n s u f f i c i e n t  da ta  a r e  ave i l ab le  



froril these  t e s t s  t o  determine the  v a r i a t i o n  of u l t ima te  

shear load with bo th  t and a/b r a t i o ,  

References,  g r a ~ h i c a l  r e s u l t s ,  index of t e s t s ,  and 

c a l i b r a t i o n  curves are given i n  the follow%ng sec t ions ,  
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Fig. l a  - C a l i b r a t i o n  Curves f o r  Ring Gages 

Fig. 2a - C a l i b r a t i o n  Curves for 3 t r a p  gage 

Fig ,  3a - Compression Correction Curves 
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Pig, % - I n i t i a l  

Compression \'Javes 

Fig, 2 - I n i t i a l  
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Fig, 1 - Xni t iaP  
Conpress ion Svavee 

a/b = 3 ,  t = O e  0315s9 
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a/b = 2, t = 0,0215*" 


