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NACk ARR No. L5J02a R E S T R I C T E D  

NATIONAL ADVISORY COMMITTn FOR AECRONAUTICS 

DT AGONAL-TT?TSICN I?ZA?!S 'NITIi S 1:LTGLE U P R I G H T S  

By James P .  Pe te rson  

A n  i n v e s t i g a t i o n  :vas made of a series o f  dfagonal- 
t ens ion  beams t o  de te rn ine  the accuracy of yrev ious ly  
9ubl ished design cb-arts i n  p red ic t ing  the s t r e s s e s  i n  
s i n g l e  u p r i g h t s .  S t r a i n  measurements were made on the  
up r igh t s  and webs of the  t e s t  beam t o  o b t a h  the  s t r e s s  
d i s t r i b u t i o n  i n  the beams and the  u l t ima te  s t r e s s e s  t h a t  
could be develoned i n  the beams. F a i l u r e s  o f  the beams 
occurred i n  both the upr ights  and the  webs. The measured 
s t r e s s e s  were genera l ly  i n  agrc9rnent with the pred ic t ed  
s t r e s s e s ,  

INTRODUCTION 

A semiempirical theory for use i n  the design of  
beams with shear webs i n  incomplete diagonal tens ion  I s  
given i n  re ference  1 with a design c h a r t  t o  f a c i l i t z t e  
the use of the theory.  !Lore r e f i n e d  design c h a r t s  a r e  
given i n  r e fe rence  2 .  The empirical  c o e f f i c i e n t s  t h a t  
a r e  incorporzted w i t h  t he  theory I n  t h e  deslgn c h a r t s  
were derfved f r o z  t e s t s  o f  beams with up r igh t s  on both 
s i d e s  of t he  web. The design c h a r t s  have been used f o r  
g r e d i c t i n g  the s t r e s s e s  i n  s ing le  ~ m r i g k t s  without experi-  
mental  confirmation o f  tke  accuracy o f  the c h a r t s .  Ample 
t e s t  da t a  f r o m  var ious manufacturers o n  t he  u l t i y a t e  
s t r e n g t h  of such diagonal-tension beam were analyzed i n  
r p f e r e m e  2 ,  but these 6 a t a  give no clu6.s as t o  the  
s t r e s s e s  e x i s t i n g  in the  upr iphts  a t  any given load. It  
was t he re fo re  des i r ab le  t o  t e s t  5ezms w i t h  s i n z l e  up r igh t s  
i n  order  t o  com?are the experiments1 s t r e s s  d i s t r i b u t i o n  
with the s t r e s s e s  given by the theory of r e fe rences  1 a n d 2 .  
Such, t e s t s  were made i n  t h e  1,sngley s t r u c t u r e s  r e sea rch  
l a b c r a t o r y  and the r e s u l t s  are presented he re in .  A t  the  
same time, the opportuni ty  ivas taken t o  ob ta in  more 
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information on the u l t i m a t e  s t ref lgth o f  d iagonal - tens ion  
beans with s i n g l e  uDriEhts and on t h e  u l t i m a t e  s t r e s s e s  
developed i n  such Seams, 

SYMBOLS 

a c t u a l  c r o s s - s e c t i o n a l  area of u p r i g h t ,  square 
inches AU 

C1, C2 s t r e s s  f a c t o r s  

P appl ied load, k i p s  

a spacing o f  l.?prights, inches 

h depth of beam, back of 'ton f l ange  t c  back of 
bottom f l a n g e ,  inches  

he 2epth of  beam between c e n t r o i d s  of f l a n g e s ,  inches  

k diagons l - tens ion  f a c t o r  

t th ickness  o f  web, inches 

U angle  between s x i s  o f  beam and d i r e c t i o n  of 
d iagons l  t ens lon ,  degrees 

P r a d i u s  of  g y r a t i o n  of c ros s  s e c t i o n  of u p r i g h t  
w i t h  r e s p e c t  t o  c e n t r o i d a l  a x i s  p a r a l l e l  t o  
web, inches 

0 normal s t r e s s  i n  web, k s i  . 

% compressive . s t r e s s  i n  u p r i g h t  caused by diagonal  
t ens ion ,  k s i  

7 nominal shear  s t r e s s  i n  web, k s i  

TV shear  s t r e s s  i n  web pe rpend icu la r  t o  beam a x i s ,  ksi 

W d  parameter of  f l ange  f l e x i b f l i t y  

Subscr ip t  2 : 

e e f f e c t i v e  

a l l  a l lowable 
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I *  

c r  c r i t i c a l  

c om2r e s s Ive y i e 1 d C Y  

t Y  t ens i - l e  y i e l d  

u l  t u l t ima te  

msx naximurn 

min r n i c i r m m  

T e s t  SFeciney1s 

3 

:Tine beams were cons t ruc ted  of t he  genera: dimensions 
shown i n  f l g u r e  ] . ( a ) .  Nore d .$tai led ijnensions of  the  
beams a r e  shown i n  t a b l e  I an2 dirnexsicns o f  the c r o s s  
s e c t l o r x  of  t h e  u p r i g h t s  o f  each bearn a r e  sl-.own i n  
f i g u r e  l ( 5 ) .  On all bea.ms, the web xas f2s t ened  t o  the  
f l a n g e  angles  as dizzranmed i n  figure l ( a )  vrlth the  
except ion  of b e m s  6 a-nd. 9 .  On-these  beams, t h e  vieb was 
p laced  between the fl.ange a n g l e s ,  and the  u ; J r i & t s  were 
jcggled a t  each f l a r q e .  

The webs of  t he  t e s t  Searns were f a s t ened  t o  the 
-inch .U?S-T aluminum-alloy Sraz ie r -he  ad 

1 
Uprights  by g 
r i v e t s  spaced 518 inch. The r i v e t s  were counteysunk and 
f l u s h  on the  side of the  i iDr ight  s o  t h a t  s t r a i n  gages 
could. be ? laced  a.t m y  s t a t i o n .  
t e s t  wes mac'e wi th  a 1.25-inch p i t c h  of t h e  unright-to-web 
r i v e t s ;  the  f i n a l  t e s t  t o  u l t imate  l o a d  was made a f t e r  
gdding in te rmedia te  r i v e t s  t o  reduce the  p i t c h  t o  5/8 inch .  
The web was f a s t ened  t o  t h e  f lange Sg No. 10 socket-head 
capscrews of s t t ? e l  alloy spaced  1 inch i n  two rows.  The 
u p r i g h t s  were faz tened  t o  each f l e n g e  by two g o .  10 socket-  
head cagscrews of s t e e l  alloy. 

On beam 1, a pre l iminary  

P r o o e r t i e s  of IilateriaYs 

The h e a m  were made from 2!;.S-T 3luminu1~ alloy. St re s s -  
s t r a i n  curves  f o r  the  up r i ch t  m a t e r i a l  o f  sone o f  the beams 
a r e  shown i n  f i g u r e  2 .  The s t r e s s - s t r a i n  curves  f o r  
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extruded u n r i g h t s  (beams 1 and 6 )  d i f f e r  agprec iab ly  from 
the  s t r e s s - s t r a i n  curves f o r  the fcrmed u p r i g h t s  (beams 2 
and a) ,  t he  y i e l d  stress be:':ng aSou t  41 k s i  for extruded 
and 45 k s i  f o r  f o r r e d  uFriThts .  The s t r e s s - s t r a i n  ciirves 
f o r  besms 2 and 8 a r e  considered t y p i c a l  f o r  a l l  t h e  Seams 
except beams 1 and 6 because a l l  the b e a m  exceyt 1 and 6 
had formed u p i s h t s .  

S t r e s s - s t r s i n  curves  for the web m a t e r i a l  o f  beams 5 
and 9 a r e  shcvn i n  f i g u r e  3 .  These cu rves  were obtaincd 
f r o m  s t r z i n  measurements orl s tandard  t e n s i l e  specimens 
t e s t e d  i n  t h e  with-grain and c ross -g ra in  d i r e c t i o n s .  The 
averzge  o f  the  i r l t imste  s t r e s s  i n  t h e  wi th-gra in  and 
c ross -g ra in  d i r e c t i o n s  i s  about 7 1  k s i  for each beam and 
i s  taken a s  t h e  u l t i n a t e  s t r e s s  t h e t  might be expected i n  
a d i r e c t i o n  45 degrees t o  t h e  g r a i n ,  because the  d i f fe rence  
between the u l t i m a t e  s t r e s s  i n  the with-grain d i r e c t i o n  
and t h e  ult irnote s t r e s s  i n  the  c ros s -g ra in  d i r e c t i o n  i s  
s r n n l l  , 

# 

Ultimate s t r e n g t h  t e s t s  twre made on s p e c i a l  t e n s i l e  
s2ecimens from t h e  web mater ia l  of bcarns 5 and 9 t o  d e t e r -  
mine the e f f e c t  of hcles cn t h e  s t r e n g t h  of the  weS. 
These snecirnens had p a r a l l e l  s i d e s  an2 a w i d t h  equa l  t o  
the r i v e t  p i t c h  (5/8 inch)  of t h e  upright- to-web r i v e t s .  
A h o l e  equal i n  diameter  t o  t he  diarneter of  the u m i g h t -  
to-web r i v e t s  (1/3 irlch) was 6 r i l l e d  i n  t h e  c e n t e r  of  sach 
sFecimen. The specimens were t e s t e d  i n  the  wi th-gra in  and 
cross-Spain d i r e c t i o n  and the s t r e s s - c o n c e n t r a t i o n  f a c t c r  
was founc! t o  be 1 .13  based on  t h e  n e t  s e c t i o n  ( s e e  t a b l e  I T ) .  

I 

Test  Procedurg 

The syecimens were t e s t e d  as cant i levef -  beams with 
the  l o a d  ap?l?ed t o  the f r e e  end of the beam, I n  o rde r  
t o  prevent l a t e r a l  d e f l e c t i o n  o r  t w i s t i n g  o f  the  beams 
when load was app l i ed ,  t he  beams wr.e f a s t e n e d  wi th  
p a r a l l e l - n o t i o n  guides t o  an a u x i l i a r y  t r u s s  work.  A 
t yp ica l  t e s t  beam a f t e r  f a i l u r e  w i t h  wires  removed i s  
shown i n  f i g u r e  IC, and p a r t  of t he  l a t e r a l  bracing is 
shown a1 so. 

S t r a i n  meesurements were taken  on the  web and the 
ug r igh t s  o f  the t e s t  beams a t  l c c a t i o n s  ind ica t ed  by s t r a i n  
gages on  t h e  specimen i n  f i g u r e  4. 
On three u p r i g h t s  on t'ne t e s t  beams wi th  a lO-inch up r igh t  e 
spacing and on two u p r i g h t s  on t h e  beams w i t h  a 20-inch 

. 
Measurements were made 
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u p r i g h t  spacing.  S t r a i n  measurepents on th.e web were made 
i n  tvlo bags on the beans v i t h  a 10-inch u o r i g h t  spacing 
and i n  t h r e e  bays 3n t h e  !jeans w i t h  8 20-inch u p r i g h t  
spacjng a t  simZlar l o c a t i o n s  with r e s p e c t  t o  t h e  bag. 'The 
s t r a i n  gages were ?:.aced i n  p a i r s  on oppos i te  s i d e s  o f  the 
web an6 t he  s t r a i n s  were a v e r i g e d  t o  cance l  local-bending 
e f f e c t s .  Secsuse t h i s  ?rocedure was  no t  p o s s i b l e  I n  meas- 
u r i n g  s t r a i n s  ir, the  u? r igh t s ,  s t r a i n  nie%zureinents were made 
a t  a f a i r l y  large number of s t a t i o n s  along the  u p r i g h t  i n  
an a t t e a p t  t o  o b t a i n  an average  s t r a i n  t h a t  was ressonably  
f r e e  of  local-bending e f f e c t s .  

Thicknesses of t he  webs and u p r i c h t s  were ob t s lned  
by micrometer measurement and are zcc ,c rs te  t o  a h o u t  
@ ,3301 inch.  Cross-sec t i sna l  a r e a s  were obtained. b7 
weiGfi3inZ and. a r e  be l ieved  to be  accy.1rat.e to 1 z c r z s n t .  
The 1oad.s viere aY?liec! w i t h  8 hydrzu l i c  j ack  and 81":: 
accura t e  t o  about 1 pe rcen t .  S t r a i n  mzsurements  \*)ore 
made !?rith Bald-uFn Soutkwark SH-li e l e c t r i c r 2  
t y p e s  A - 1  and H - 1 ,  and sr2 believeci t c  kne a c c u r s t e  t G  
tv i  t h i n  2 ne rcen t  . 

s t r ? i P  gages,  

Vpright S t r e s s e s  below F a i l u r e  T.oads 

Single u p r i g h t s  a r e  i n  e c c e n t r l c  canyress lon  because 
the  load i s  appl ied  t o  then? i n  t h e  plane of  the  web. The 
maxfrrium s t r e s s  i n  the  u y r j e h t  0cClli-s i n  t h e  f i b e r s  ac?.jacent 
t o  t h e  imeb, t h a t  i s ,  on t h e  outs ide  f a c e  of  the  l e g  
a t t ached  t o  t h e  web. T3is stress i s  given by the design 
c h a r t s  of r e f e r e n c e  2 when appl ied t o  b e a m  tvit'n s i n g l e  
u:.)rights. For ccmTarisoc with the t e s t  r e s u l t s ,  the  
s t r e s ses  g ivan  by the design charts were corrected tc the 
3 l sne  i n  which the  s t r e s s e s  were rnessured - t h a t  i s ,  t o  
t h e  i n s i d e  f a c e  of t h e  l e &  attsched t c  t h e  we5 - with 
l i n e a r  stress d i s t r i b u t i o n  assuned i n  the u??right..  I n  
o r d c r  t o  o b t a i n  a s t r ;ess  that could  be com-paareii with t h e  
stress obtainec! f r o m  the  design c h a r t s ,  all the  u ~ ~ ~ i ~ h t  
stresses t h a t  were meazured 0:i the  l e g  of t he  up r igh t  
ad jacen t  t o  the  web a t  a given l o a d  were averaged. 
F igure  4. shoyvs a f ew s t r a i n  ga;,es on t h e  ou t s t and ing  l e g  
of  t,he u? r igh t s ,  bu t  the s t r e s s e s  obta ined  ?roE: these 
gages were n o t  considered s u f f i c i e n t l y  i n f o r n a t i v e  t o  
warrant  t h e i r  i n c l u s i o n  ir, t h i s  report. The s t r e s s - s t r a i n  
curves  shown i n  f i g u r e  2 were use4 t o  conver t  t he  neasured 
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s t r l i ~ s  t o  s t r e F F c s .  
curves fQr  l x m s  2 a n d  3 was use2 f 1 2 r  t h e  5ea:ns f o r  which 
a strcss-strsin c u r v e  i s  ,ict shown. 

fiAn average of t b e  s t r e s s - s t r s i n  

Toad-stress  p l o t s  fJr  ths i ip r iqhts  of each t e s t  beam 
a r e  given i n  f i e u r s  S, 
gene rc l ly  i n  good sgreeae:-.t wi'lli t n e  e x p s r i n e 3 t e l  s t r e s s e s  
o r  are s l i g h t l p  ccasc rva t lve  st l o s d s  t h a t  do n c t  aacse  
s t r e s ses  abcve ~ b 3  P i a s t l c  liait zf' tk,e matericii i n  t h e  
u y y i g h t ,  
measlrred s t r s s s e s  % r e  h ighcr  khcn tne c a l c u l a t r d  s t r e s s e s .  
The low c ~ l c u l a t e d  stresses on t h i s  besun Eire a t t r i b u t e d  
t o  the degree of rsfinenent of t h e  d e s i g 9  chart;:: of r e f -  
e reace  2.  AccorZiaK t o  t h e  theo r7  o f  inzoc?' lst ,e d i agans l  
tens ion ,  t h e  s t r e s s  L n  t\c uLJrickits i s  givcn bg the  formula 

'The c a l c u l a t e d  s t r e s s e s  are 

The only exceDticn i s  besnl 7; O R  t h i r  bear?, the 

In VLfersnce  7 
'cy t h e  f o r m 1 2  

9 

I n  Fre?arir .g the design c h a r t s  of r e f e r e n c e  2 ,  a f i r e t  

assw?ing t h a t  t a n  u was equsl  t o  u n i t y .  
was ca l cu la t ed  f rm  forrmj.lz ( 2 )  by u s ing  the  value f o r  OU 
obtained f r o m  forrni.ile ( l - ) .  Then, a secord spTrcximation 
for "3 v?&s c h t . a i m 6  by c :u l f i . p ly ing  the  f i r s t  'a.g?roxi- 
n a t i o n  of C~TJ  by tke  va lue  obtained for t a n  a. T h i s  
second a y p r o x i m t l o n  i s  the value  f o r  0u t n a t  i s  i nco r -  
p o r L t e d  i n  the d e s i p  c h m t s  of r e f e r e n c e  2. If tar, a 
i s  qu i t e  d i f f e r e n t  fro171 u n i t y ,  t h e  secox-rd sp?roximatioa 
for O?J v , ; i l l  be s o m w h a t  o;>tirnist , ic;  hefice,  a t h i r C  
approxiixation shosld be used. Tpn u . i s  q u i t e  d i f l ' e r en t  
f r o p  anLt.3 i: t k e  vzl-xe of i s  snail 8.s In  besm 7 
( s e e  tab1.e I!. If use6 cn 3eam 7,  t h e r e f c r e ,  a t h i r d  
agprcxir!at.ion foi-  UU w o u l d  c;b?:qs t h e  c a l c u l a t e d  stress 
t o  g i v s  p o d  n g r o e n e c t  '-jet,.:ie-c.n c a l c u l a t e d  and e x p r i m e n t a l  
stresses. 

t , i o n  t c  CYTT was foi-ind fFon formula (1) b7 
A vs ive  of t a n  U 

.ATTe/dt 
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For some o f  the beams, the measured s t r e s s  i n  the  
u p r i e h t s  at. h i g h  l o a d s  i s  considerably mare thar, t h e  c a l -  
c u l a t e d  s t r e s s .  Th3.s e f f e c t  i s  proninent  f o r  beams l ~ ,  5 ,  
and 6 ( s e e  f i g .  5 ) .  A t  these hlgn loads ,  t h e  r,axirnuni 
s t r e s s  in t h e  u-Frights  i s  sbo-re t h e  p r o p o r t i o n a l  l i r r i t  ~f 
t Y i s  u p r i g h t  m a t e r i a l ;  and s i n c e  the  elementary theory of  
e c c e n t r i c  loading  i s  no t  v a l i d  a t  s t a t i o n s  where the  p r o -  
p o r t i o n a l  l i m i t  of t he  mafer ia l  i.n t h e  u p r i g h t  h a s  been 
exceeded, e q u a n t i t a t i v e  con?sr i son  between c a l c u l a t e d  and 
experimental  s t r e s s e s  i s  ha.rdl-y warranted. A q u a l i t a t i v e  
c m y a r i s o n  i s  of some in te res t , ,  however, becauce i t  i n d i -  
c a t e s  t h a t  t h e  d i f f e rence  bet:veen c a l c u l a t e d  and eupe r i -  
m e 3 t a l  s t r e s s e s  might be removed bg applying the  theory  
of F l a s t i c  bending to  the  up r igh t s .  The stress a t  the  
p1ar-x of nizxirnum stress m s  n o t  much above the  propor t iona l  
l i m i t  o f  t,he rng.terls1 f o r  aost.  of t h e  s t s t i o n s  s l o n c  the  
lengtb.  of t h e  i:pright, and the z t r c s s  was nie9sured a . t  a 
plane smewhat  removed frcn the p lane  of  n8ximurn s t r e s s .  
Thus, wher; the  ’ I l a s t i c  r a c g e  W P S  reached. i:i t he  f i b e r s  ~f 
msx?’.nium s t r e s s ,  an i n c r e s s e  i n  1 ~ a d  or?_ t he  upriC;ht fo rced  
rnore l o a d  upon the f i b e r s  i n  t h e  > lane  of measured s t r e s s  
t h a z  5 s  i nd ica t ed  by t h e  aesumption of l i n e a r  distribution 
o f  stress. A s  a r e s u l t ,  the  experiments1 stresses a r e  
g r e a t e r  than  the  c a l c u l a t e d  s t r e s s e s .  

g iven  l o s d  i s  g lven  i n  f i g u r e  5. The mezsured s t r e s s e s  
a t  d i f f e r e n t  s t a t i o n s  along the  up r igh t  vary ccns iderablg ,  
which i n d i c a t e s  t h a t  the  up r igh t  tended t o  wsve with the  
buckles i n  t h e  web. This  e f f e c t  can be seen by inspection 
of  t h e  q r i g h t s  on the  t e s t  beam i n  f i g u r e  4. 
has b e m  renoved frorx t he  beam shown i n  figure b ;  t he  
e fPec t  WES cons iderably  more no t i ceab le  when t h e  beam was 
under l o a d .  

The range of  measured s t r e s s e s  ir, the u p r i g h t s  a t  a 

The load  

F a i l u r e s  of t he  uq r igh t s  were caused by t w i s t i n g  
f o r c e 2  u?on the u o r i g h t s  b y  T o l d 3  i n  t h e  web. 
c a l  formulas ( f o r n u l a s  (14) and (14a )  ) are given  i n  
r e f e r e n c e  2. These formiilas a r e  used t o  dt?terrnine the  
s % r e s s  a t  which u p r i g h t s  mag be expected t o  fsll bj fo rced  
t w i s t i n g .  Formula (i4), whic’n i s  r e p r e s c n t s t t v e  of 
average t e s t  r e s u l t s ,  vias used t o  F r e d i c t  u p r i g h t  f a i l u r e s  
f o r  t h e  p re sen t  bssms. Tns?cction of  t a b l e  I11 s h o ~ s  t h a t  
t he  p re sen t  t e a t  r e s u l t s  a p e e  with c a l c u l a t i o n s  SaEed on 
formula (lk), t he  r a t i o  c f  t e s t  l o a d  t o  ? rod ic t ed  load  

TWO empir i -  
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rangjng from 0.92 ( h e m s  2 a id  4 )  t o  1.10 (beam 8 ) .  
Forniula (148) was ir-tended t o  be s u f f i c i e n t l y  conserva t ive  
t o  serve as a desigr! f3r;lliila 2nd i s  zbout 19 percent  more 
coxservat ive tkLan formdlr (111); c o n s e q u e n t l y ,  use o f  
formula (14a) would havs res:i l ted i n  conserva t ive  pre- 
d i c t i o n s  i n  all cases .  

1 

Z n q i r i c a l  fo rmi l a s  f o r  c a l c u l a t i n g  the  loads a t  which 
berillls w i t h  s i n g l e  u p r i g h t s  w i l l  f a i l  a r e  given i n  rkfei*- 
m c e s  3 and 4. %e r a t i o s  cf t e s t  u l t i m a t e  l o s d  t o  t h e  
u l t ima te  load. as c a l c u l a t e d  with these lor inulav  arc Given 
111 t a b l e  I V .  The r a t i o s  cz lcu lz t3d  wi th  f ' o r m l s  (1h.J or' 
r e fe rence  2 a r e  a l s o  g iven ,  

The moment o f  i n e r t i a  gf' t he  u p r i g h t  about t he  axis 
of i t s  c ross  s e c t i o n  parallel t o  the  web i s  a parm-:eter 
o f  up.r:i@t Cosign i.n t h e  formula o f  r e f e r e n c e  3 ,  but  t he  
use of  t h i s  p r r a n o t e r  1.3 q u e E t h n a b l e  because observa t ion  
of upri,r,.ht f a i l u r e a  i n d i c a t e s  t h a t  sing!.e u p r i g h t s  c?o uot 
usiihll-y fail as c o 1 ~ 1 - m ~ .  *The t e s t s  of beams 2 and 7 a m  
o f  i n t e r c s t  because tne rxonents o f  i n e r t i a  o f  t h e  u p r i g h t s  
of t h e  two beam ere approximi te ly  equal ,  and the  nominnl 
clii;,ensior?.s of the two beans a re  the  same; consequent ly ,  
th6 fonmnulz c J f  r e f e rence  3 p r e c i c t s  a fo . i l i ng  load of  . 
12 kips  f3r both b617.n3. 'The u p r i g h t s  of beam 2 f a i l $ d ,  
however, a t  a load of I1.b k i p s  and the  u p r i g h t s  o f  b e m  7 
f a i l e d  a t  a l o a s  o f  6.7 k i p s ,  

The toras fona l  s .r ; iffhess o f  t h e  u p r i & h t  is t h o  
main f s c t o r  used iri p r e d i c t i n g  u p r i g h t  f a i l u r e s  by 
the  formula cJf rcfc:rence 4. 
f a i l u r e s  cn s i n s l e  up r fgh t s  having Z c r o s s  s e c t i o n s  
i n d i c a t e s ,  i-lowever, t ha t  such s e c t i o n s  do n o t  f a i l  by purc 
tw j . s t i n& v J i t ! m E t  < i s t o r t i o n  o f  t h e  c r o s s  s e c t i o n .  "ne 
3dge bCjtWee5 the  web of' tne  Z-sec t ion  end. i2:e free l e g  
o f  t h s  Z-sect ion tGi?dS t o  re imin s t r a i g h t  becauss the  f r e e  
].e& i s  i n  t e n s i o n ,  m d  tins c r o s s  se .c t ion dj.stc;rt,: instead 
of tw i s t ing .  T"ne s a m  phenorxnon i s  present  i n  anglss 
when used 2s s i n g l e  u;nri&hts but  i s  probably n o t  so pro-  
riou;rlc.;d as i n  Z-sect ions.  Tilo use o f  tho t o r s i o m 1  
s t i f f n e s s  as the  main f a c t o r  for p e d i c t i n c  +,he f a l l i n g  
loads f3r u p r i g h t s  ccnsequent ly  appears t o  Se somewhat 
o b j e c t i o n a b l e  and l e a &  t o  r a t h e r  unconservat ive ?re- 
d i c t i o n s  . 

O b s e r v a t i o n  of u p r i g h t  
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‘I’eb S t r e s s e s  be!.ow F a i l u r e  Loads 

The s t r s i n  measurezents obtained from t h e  r o s e t t e s  
on the  Yve’Ds ve re  used  t o  c c r l y t e  the  shea r  stresses i n  t h e  
web on f a c e s  p e r a l l e l  and nzr2endiculs r  t o  t he  longi tudina l  
axis of  the  Seam and t o  CornJiJte t he  n r i n c i p s l  s t r e s s e s  i n  
the  web. Eecauee the  s t r a i n ?  rwasured a t  stmilar !ocs t ions  
i n  d i f f e r e n t  bags iver2 nea r ly  equal ,  t h e  s t r e s s e s  obta ined  
fron! t hese  s t p a i n s  w r e  a v e r y c d .  The average s t r e s s e s  
a r e  show1 I n  f i g u r e  6.  

TJnder the  assurxptions underlying the theory of  incom- 
p l e t e  diagonal t enc icn  as prssenteci i n  re feyence  2 ,  the  
m-zximum p r i n c i p a l  s t r e s s  a t  s t a t i c n z  remcved f ron  r i v e t  
h o l e s  i s  c a l c u l a t e d  b.; t h e  formula 

stress m e a s u r e d  a t  t ha  c e n t e r  o f  ttie ?an.el  agrees  well 
with  the  c a l c u l s t e d  UGYI~UIT s t r e s s  i n  Lhe i,?!eb. For t h e  
beams wJith a 20-inch u;7ri.%ht spacing ( b e a m  1, 2 ,  6 ,  and.), 
t h e  cs lc i . i la ted stress is c o n s e r v a t > l v e .  The s t r e s s -  
concen t r a t ion  faq-!tor due t o  the f l e x i b i l i t y  of t he  f l a n g e s  
i s  large f o r  these  beams. A s  s u g ~ e s t e . 3  i n  r’eferance 2 ,  
the  t h e o r e t i c z l  v a l u e  of t h i s  factor i s  p r o b a b l y  too hj..gh, 
s o  t h a t  t h e  ca l cu la tgd  s t r e z s e s  a r e  conserva t ive .  

The maxilrum 3rCnciFal strxesses meesurad by the gages 
i n  t h e  co rne r s  of t he  bzys a re  solriev’3at grer l ter  than  the 
maximum s t r e s s e s  meas-ired at the  cen te r  of t h e  bays ( s e e  
flF. 6 ) .  4 s  a r e s u l t ,  %;he stresses me?sured i n  the  
co rne r s  of the bays a r e  p e s t e r  t h s n  the c t i lcu la ted  
s t r e s s e s  f o r  t h e  beams with a 10-inch up r igh t  z2acirLg and 
a re  i n  f a i r  agree-qlent w i t h  t h e  c23culated s t r e s s e s  f o r  
t he  b e a m  with a 2G-inch upr lght  spacing. 

7 r i n c i p a l  s t r e E s )  i n  t h e  web cont inues  i n  most c a ~ e s  t o  
inc rease  a f t e r  buckl inz  cf the web and does n o t  rcmain con- 
s t a t  arid equa l  t o  the  c r i t i c a l  shear s t r e s s ,  as  i s  assumed 
i n  some diagonal - tens ion  t h e o r i e s .  F o r  each beam, t h e  cal- 
c u l s t e d  c r i t i c a l  shear  s t r 2 s s  i s  l e s s  t han  0.5 k s i  ( s e e  
t a b l e  111). C o ~ ~ r s s s i v e  s t r e s s e s  were measured as h igh  a s  

F i g m e  6 S I X Y N ~  t h a t  the  compressive s t r e s s  (minimum 
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7 k s i  P t  the  c e n t e r  page (l.lesm 5) snd a s  high as 14 ksi 
a t  tile g - ~ e z  f n  t h g  co rne r s  of t h e  ?&gels  (besm e ) .  

The s k e w  s t resses .  T~ -oara l le l  and perpendicular  
t o  thc Searr! axiz comriiit9Ci f r o m  tk,e r o s e t t e  r ead icgs  a r e  
compc.reZ i n  f i g u r e  6 v r i t h  c a l cu la t ed  s h e a r  s t r e s s e s  based 
on tY-e fornu13 

The c c e f f i c i e n t  c2 i s  a t h e o r e t i c a l  f a c t o r  of s t r e s s  
concen t r a t ioz  caused by f l e x i b i l i t y  of t he  fl .anges and i s  
v a l i 6  f o r  pume diagonel  t ens ion .  The f a c t o r  (.1 + kC2) 
w a s  ~ u g g e s t e d  i n  r e fe rence  2 3.5 a neens of adapt ing  t h e  
coeff ' ic ier i t  c2 t o  webs i n  inccmplete dingonal t ens ion .  
For ths beams with s n  u n r i k h t  spacing o f  10 inches (beams 3,  
4, 5, E,, and 91, t.he ca1ci:lated shear  s t r e s s  agrees  w e l l  
wtth t h e  s k e w  s t r e s s  r n e s s u r e d  a t  the  c a n t e r  of  t h e  ?ane l .  
For t k ; ~ !  b e r n s  w i t h  a 20-inch  right spac ing  (Seams 1, 2 ,  
6 ,  ar_c 7 ) ,  the  ca l cu l s t e s .  sh5a.r s t , rese  i s  some.j+iat rmre 
than  the i:er,surec? s h e w  s t r e s s ,  pres,i;mablg becciuse of the 
p r  e v i ous Iy rrient i c n e  ci i n a  c cur  :3 c;? i' f the  s t, r e s s - c o nc e r ; t  r a t  i on 
f z c t c r .  Tk? rs'hesr stress xeasured i~n tile coi-ners of t he  
panc1.s i s  i n  ~ o s t  inrtsnceic g r e z t e r  t kan  t h e  c a l c u l a t e d  
shear s t r e z s .  

F a i l u r e  of tbe ':;ebs 

The rnaximm skresses d e v e l o J e d  i n  the webs of t h e  
t e s t  besms were est 'ilrster3 by 1 ine  IF e x t r s r o l q t i c n  t o  
u l t i r s t c  l o a d  of t he  msxirruv strssses p5vc-n i n  f i g u r e  6. 
I n  t 3 i s  e j : t r2nolatIon,  only t e s t  d a t a  r e q r e s e n t i n g  s t r e s s e s  
l e s s  thsn  :O k z i  wqre i i sec !  b"cquse str-l.i,ns S r e a t e r  t han  
the  s t r a i r ,  a t  t h e  .a rcyor t icna l  linlit $:?re used  i n  c a l c u -  
1 3 t i n g  higher s t r n e E e s  and the  f o r F E l a s  u s e d  t o  c 2 l c u l a t e  
s t r e s s e s  fror?  s t r a i n s  d o  n o t  a y p l y  s t r i c t l y  i n  t h e  p l a s t i c  
ranqe. L ines r  e x t r a p o l a t i o n  ;>roSsblg gives va lues  o f  
develo?ecl s t r F s s e s  t h s t  a r e  l o w ,  but t he  e r r o r  i s  expected 
t o  be small, esDec ia l lg  f o r  t h e  b e a m  wi th  a 10-inch 
u?ri,cht syasing.  The develo?ed s t r e s s  st the c e n t e r  gage 
W N ~ S  fqunci t o  be  about $9 c r  50 k s i  for a l l  t he  beams t h a t  
had v-e5 f 2 i l ; i r e s  v i i t k i  t h e  except ion  of beam 1, f o r  which 
the  c?evelc?ed s t r ? s a  1 ~ 9 s  founci t o  be about b7 k s i .  
10-f: value f o r  beam 1 i s  due t o  darnqe su f fe red  i n  t h e  p r e -  
1 h L m r y  t e s t  w i t h  t b e  1.?5-inch , i t c h  of u?ri&t-to-web 
r i v e t s  ( s e e  s e c t i o n  '":est ~ ~ " c j r r i e n s ~ ' ) .  This large r i v e t  

The 
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p i t c h  proved inadequate;  severe  c iagcnal- ter?sion folds 
developed and, a.s a re su l t ,  one of t he  r i v e t s  p u l l e d  through 
the  shee t .  The t e s t  V;ES d lsccnt inued and in t e rmed ia t e  
r i v e t s  were added, b u t  no at,telnpt w a s  xsde t o  r e i n f o r c e  
t h e  ho le  i n  t h e  shee t  for t h e  f i n a l  t e s t .  

T x t r a p o l a t i o n  f n  f i g u r e  6 of t h e  d a t a  i n  t h e  corn4rs  
of t h e  pane ls  g i v e s  maximum s t r e s s e s  a t  f a i l u r e  of about 
70 k s i  i n  some ins t ances .  These s t r e s s e s  a r e  l o c a l  and 
??ohably n o t  r e s t r i c t e d  aypreciably by t h e  r i v e t  f a c t o r  
end t h e  s t r e s s  concen t r a t ion  due t o  h o l e s  because t h c  
s t r e s s e s  a r e  n o t  much below the u l t i m a t e  t e n s i l e  s t r e s s  
of t he  r a t e r i a l .  

The loads a . t  which web f a i l u r e s  would occur IrJere 
esti.nrikitod by t h e  m e t h c l  used i n  r e f e r e n c e  2.  
of r e fe rence  2 w a s  used t o  c s l c u l a t e  an ! fequiva len t"  shear 
s t r e s s  .in t h e  web, and formuls ( 1 2 )  of r e fe rence  2 was 
used t o  c a l c u l a t e  t he  a1lov:able "equivalent.! '  s h e ~ r  s t r e s s .  
Miniiturn guaranteed p r o p e r t i e s  taken  from r e f e r e n c e  5 were 
used. i n  f o r n u l a  ( 1 2 )  of reference 2 ,  and the r e s i i l t i n g  
al lowable s t r e s s  wxs  cor rec ted  t o  actu-a1 n s t e r i a l  ?roperties 
by mu.lti:31yinE the  s t r e s s  by t h e  r s t i o  of the ac,t!ial 
t e n s i l e  s t r e n g t h  of the web wi th  h o l e s  I-- 71 ksi)  t o  t he  

va lue  of a,lt taken f r o m  re ference  5. The val-ues cf 
71 k s i  fcr the  u l temate  tens l . l e  s t r e n g t h  m d  o f  1.13 f o r  
the s t r e s s - c o n c e n t r a t i o n  f s c t o r  due t o  h o l e s  were oStained 
from t e s t e  o n  t h e  web mater ia l  of S e c m  5 and 9 ( s e e  
s e c t i o n  " P r o p e r t i e s  of lVaterials! ') but  were a l s o  considered 
t o  be r e p r e s e n t a t i v e  o f  t h e  o t h e r  beans t h a t  had web 
f a i l u r e  s . 

Fornula  (,8) 

\.1 .13 

The p r e d i c t i o n s  of t he  1 o e . d ~  r t  whi.ch web f c 2 i l u r e s  
would occur were wi th in  6 percent  of t h e  f a i l i n g  l o a d  f o r  
t he  beams with a IO-inch upr ight  spacing (beams 3 ,  5 ,  and 9; 
See t a b l e  111). On the  beams with 20-inch up r igh t  spacing, 
t h e  p r e d i c t i o n  was much l e s s  a c c u r s t e ,  presurmbly because - 
a s  mentioned before - the  f a c t o r  of s t r e s s  concen t r a t ion  
C2 32 pe rcen t  t o c  1 0 1 ~  and t h a t  of beain 1 WF:~.S p r e d i c t e d  21  ?er- 
c s n t  t oo  low. 2ezrn 1, however, f sP led  a t  a low l oad  
because of f s u l t y  r i v e t  spacing. A c o m ~ s r i s o n  of  t h e  
msx~murn s t r e s s e s  develoFer! i n  beam 1 with those  develo?ed 
i n  S e e m  6 ,  whLch T N ~ S  of s i n i l s r  c o n s t r u c t i o n ,  l ed  t o  t h e  
conclus ion  t h a t  the  predicted f a i l i n g  load  of S e m  1 would 
have been about 29 pe rcen t  t o o  low i f  a s u i t s S l e  r i v e t  
spacing kzad been used tlilroughout t h e  t e s t .  

i s  too  h igh .  The f a i l i n g  l o a d  of Seam 6 was n r e d i c t e d  
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X f e c t  of Joggling 3 p r i g h t s  

The ugr ig j i t s  on  beams 6 and 9 were j o ~ z g l e d  a t  che 
f langes  and the  webs of t hese  Seams were p lacgd  between 
the  flarlge ang le s .  Y i th  the  exce?t ior ,  cf t h i s  chsnge, 
besms 6 and 9 x e r e  9f t he  sane nomifisl  dimensioris as  
b e m s  1 and 3, r e s ? s c t i v e l y .  No s i g n i f i c s p t ,  c1iffere:ic.e 
a?pe::rs i n  t h e  s t rsss  d i s t r i b u t i o n  ir, t he  uFrigb.ts o f  t h e  
s i r i i l z r  beanis. The s t r e s s e s  i n  t h e  webs o f  si inj-lar Seams 
a t  g iven  l o a d s  cannot be compared d i r e c t l y ,  s i n c e  the  
thicknesses of t he  webs were somewhat d i f f e r e n t  even 
tkcugh the  nominal t h i cknesses  ifirere the  s-?me. A compari- 
son of t he  s t r e n g t h  of t he  s i m i l a r  Scams can be me6e by 
ccxparing the  nominal shea r  s t r e s z e s  developed i n  the webs 
of  the b e m a  a t  f a i l u r e .  The norningil shear s t r e s s  
developed the  simZ1.s.r hesms 3 and 9 was about 25.5 k s i  
f c r  eack: beam. The developed  nominal shear  s t r e s s  i n  
beam 1 was 20.5 k s i  a e  com?$rec? with 22.6 Lrai 51-i beam 6.  
The low develo?ec? s t r e s s  i n  bearr. 1, 2 s  nent ioned  before ,  
was due t o  prev io i - i s  damage c?used by a. r i v e t  heat1 g u l l i n g  
throuch the web a t  a l o a d  less t h m  t.he u l t i n a t e  l o a d .  

For the t e s t s  o n  n i n e  b e s m  d . e s c r i b d  h e r e i n ,  the 
s t r e s s e s  i n  the  upri@--ts  tkrou,zhout the load range were 
p r e d i c t e d  xi t h  f a i r  accuracy unless t he  s t r e s s e s  exceedec! 
the  e l a s t i c  l i r r l i t  of t h e  rnatci-ial u s e 6  i n  t h e  u p r i g h t s .  
The l o s d s  at whlch the u 2 r i g h t s  f a i l e d  were ? rcd ic t ed  w i t h  
a rnsximum e r r c r  o f  10 Fsrcent .  

The t k e c r e t i c s l  st;.zcs concen t r a t ion  i n  t h e  webs 
csused by t h e  f l e x i b i b i t v  o f  t h e  fl .anges was t o o  high for 
the  b e a m  witl: 8 29-inch upj-izht sGacing snd the  s t r e r g t h  
YredLctiors f o r  t hese  be3ms were t h e r e f o r e  up t o  32 nercent ,  
conserva t ive .  The s t r e n g t h  of  t h e  webs of beams w i t h  a 
10-inch up r igh t  spacing were p r e d i c t e d  w i t h  a maxirnum 
e r r o r  o f  6 pe rcen t .  

Langley hlemorial Aeronaut ica l  Laboratory 
National Advisory Cornflittee f o r  Aeronaut ics  

Langley F i e l d ,  Va. 
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'-3 thicknesses af sbeet 
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Figure I.- Dimensions of  test beams and upriqhis. 
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