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F O R E W O R D  

The purpose of ICAO Circulars is to distribute information 
bearing upon the progress of ICAOrs work more widely than would 
be possible for the ordinary series of documents. 

The present Circular is a republication of a national study 
on a matter of fundamental importance that has also been considered 
at the First and Second Sessions of the Airworthiness Division of 
ICAO, during the discussions on the determination of minimum 
structural load factors for aeroplanes, 

The report reproduced in this Circular was first issued by 
the Aeronautical Researgh Council of the United Kingdom as Reports 
and Piernoranda 130. 1906. Consequent upon recommendations made by 
the Airworthiness Division, the report was submitted to ICAO for 
publication, has been translated by the Secretariat into French 
and Spanish and is being published as an ICAO Circular in English, 
French and Spanish. 
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A PHILOSOPHY OF AEROPLANE STRENGTH FACTORS 

This report attempts, in a preliminary and elementary way, to bring 
aeroplane structural s t rength  and l ~ a d i n g ~ s t a t i s t i c s  together into a logical 
and praetfeal philosophy of s tmngth factors. By correlat ing such s t a t i s t i c s  
with structural accident pates, the influenee o f  various design parameters 
is demonstrated and a new view of some past difficulties obtained. 

1, - INTRODUCTION 
The s p e e i f i c a t i ~ n  o f  s t r e n g t h  f a c t o r s  f o r  the des ign  of 

engineering s t r u c t u r e s  has f o r  long presented t h e o r e t i c a l  d f f f i -  
c u l t f e s ,  and many e f f o r t s  have been made t o  formulat3 clear 
p r i n c i p l e s  f o r  t h e i r  choice,  The aim has always been t o  apply  
new knowledge t o  reduce the element of ignorance and s o  he lp  t o  
avoid having t o  regard s t r e n g t h  f a c t o r s  a s  pure ly  empi r i ca l  o r  
a s  f a c t o r s  of s a f e t y  or  f a c t o r s  of ignorance,  As examples of 
such e f f o r t s  we may note  the  in t roduc t ion  of allowances f o r  
dynamlc loads and f o r  f a t i g u e  e f f ec t s ,  

I n  a e r o n a u t i c a l  work the  genera l  engineering out look 
has been supplemented by an  apprec ia t ion  of the unusual ly  v a r i -  
ab le  n a t u r e  of t h e  loads  coming upon t h e  aeroplane s t r u c t u r e ,  
Accelerometer records  have been taken i n  f l i g h t  and expressed 
and used a s  " l o a d N  f a c t o r s ,  The choice of s t reng th  f a c t o r s  
has indeed been more influenced hy the  l oad  aspect  of t h e  mat ter  
than  by cons ide ra t ion  of the  p r a p e ~ t f e s  of t h e  s t r u c t u r e  used, 
The two ques t ions  have g e n e r a l l y  been t r e a t e d  a s  sepa ra te  ones, 
and S t  i s  only r e c e n t l y  t h a t  e f for t s  192 have been made t o  
b r i n g  them toge the r  by r e l a t i n g  both t o  acc ident  r a t e s ,  In  
doing so  we have on t h e  one hand t o  allow f o r  t h e  frequency of 
occurrence of loads  of d i f f e r e n t  magnitudes and on the  o t h e r  
hand t o  allow f o r  t he  v a r i a t i o n  En s t r e n g t h  among aeroplanes  
produced t o  a given  d e s i g n ,  The purpose of t h i q  r e p o r t  i s  t o  
try, i n  a pre l iminary  and elementary way, t o  weld t h e s e  var ious  
a s p e c t s  of t h e  design of aeroplane s t r u c t u r e s  i n t o  a logical 
and c o n s i s t e n t  whole - a phi losophy of s t r e n g t h  f a c t o r s  - and, 
by so  doing, t o  reduce acc ident  r a t e s ,  t o  b r ing  i n t o  b e t t e r  
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perspect fve  some of our p a s t  problems, t o  poin t  t o  ways of 
f u r t h e r  development, and t o  prepare f o r  making t h e  f u l l e s t  use 
of t h e  speed and a c c e l e r a t i o n  loading s t a t i s t f e s  now accumulat- 
ing,  

2, - THE BASIC A I M  

Let us  s t a r t  wi th  t h e  simple assumption t h a t ,  i n  decid- 
ing upon the  s t r e n g t h  of an aeroplane s t ruc%ure ,  we a r e  aiming 
p r imar i ly  t o  ensure t h a t  t h e  aeroplane s h a l l  be able t o  perform 
i t s  d u t i e s  e f f i c i e n t l y  without breaking, I n  p r a c t i c e ,  because 
of" the  importance of mfnimfsing s t r ~ l c t u r e  weight,  an aeroplane 
cannot be made so s t rong  a s  t o  be unbreakable, and s t r s c t u r a l  
f a i l u r e s  occasionally occur under .ex t~eme conditions, such a s  
may a r i s e  if a  p i l o t  a%%empts t o  manoeuvre a  l a r g e  bomber too  
v i o l e n t l y  o r  i f  he makes a  very bad landing,  S t r u c t u r a l  acc i -  
den t s  may a l s o  sometimes occu'r due. t o  e r r o r s  of des ign  o r  work- 
manship o r  t o  t h e  use of f a u l t y  ma te r i a l ,  It i s  n a t u r a l  t o  
consider  a l l  such acc iden t s  i n  r e l a t i o n  t o  the  hours flown, and 
t o  express  t h e  h i s t o r y  of s % r a e t u s a l  f a i l u r e  among aeroplanes 
by t h e  number of s t r u c t u r a l  acc idents  a r i s i n g  i n  a  given number 
of f l y i n g  hours,  l e e ,  by a  s t r u c t u r a l  aceiden% %atew,  Expressed 
fn more p r e c i s e  terms, then, our bas ic  aim is t o  l e a r n  how t o  
choose aeroplane s t reng%h f a c t o r s  so t h a t  s t r u c t u r a l  acc iden t  
r a t e s  s h a l l  be a s  small  a s  poss ib le  cons i s t en t  wi th  e f f i c i e n t  
production and operat ion.  To he lp  t o  do t h i s ,  we stlldy i n  t h e  
succeeding paragraphs t h e  acc ident  r a t e  t h a t  may be expected t o  
a r i s e  when aeroplanes  made t o  a  spec i f i ed  s t r e n g t h  f a c t o r  a re  
used f o r  d u t i e s  involving a given range of loads ,  concent ra t ing  
a t t e n t t o n  upon wing s t r e n g t h s  and f l i g h t  loads  a s  most important 
and t y p i c a l ,  We then see  how the  acc ident  r a t e  would probably 
change were t h e  s p e c i f i e d  f a c t o r  a l t e r e d  o r  t h e  wings cons t ruc ted  
more accura te ly  t o  t h e  s t r e n g t h  des i red ,  

1 ,  - PRIMARY LOAD AND STRENGTH S T A T I S T I C S  

To s tudy the  l i a b i l i t y  of a  wing t o  f a i l  i n  f l i g h t  we 
have on the  one hand t o  es t imate  the  load h i s t o r y  t o  be 
expected, having regard t o  i t s  d u t i e s ,  and on t h e  o the r  hand 
t o  es t imate  the  probable e f f e c t i v e  l i f e  of any aeroplane s t r u c -  
t u r e  designed t o  meet such a load h i s t o r y .  In  our p resen t  s t a te  
of knowledge th2s  i s  obviously a  mat ter  f o r  su@cess ive  approxima- 
t i o n ,  bu t  t h a t  does no t  mean t h a t  i t  cannot be placed on a 
l o g i c a l  b a s i s ,  

To at tempt  t h i s  i n  a  prel iminary way, l e t  us  d i s rega rd  a s  
secondary such mat t e r s  a s  t h e  inf luence  of wing e l a s t i c i t y ,  of 
v a r i a t i o n  of load d i s t r i b u t i o n  and o f  f a t i g u e  e f f e c t s ,  and con- 
c e n t r a t e  upon t o t a l  loads  on t h e  one hand and wing strengthson 
t h e  o ther .  Let u s  assume we have continuous accelerometer 
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records  for a s e t  of aeroplanes of comparable type and d u t i e s ,  
From t h e s e  we can prepare a t a b l e  of  t h e  number of t imes (g) 
t h e  t o t a l  wing load passes  upwards through a given v a l u e  (s) 
i n  a given f l y i n g  t i m e  ( l a r g e ) ,  An imaginary t a b l a  of va lues  
c o l l e c t e d  i n  t h i s  way f o r  a f i g h t e r  i s  given below: 

TABLE 1 

tiring load (g) 
Frequency (g) i n  
lo4 f l y i n g  hours 

0 
0 
0 
O Average strength = 13 
2 Standard deviation = 1.26 
12 
72 
2.2 
2 

Suppose now we design a wing s t r u c t u r e  with z, s t r e n g t h  
corresponding t o  a breaking load of about 13 (on t h e  s c a l e  of 
Table I ) ,  If we make a number of aeroplanes t o  t h i s  design,  
t h e  a c t u a l  s t r e n g t h  of t h e  wfngs w f l l  vary somewhat on account 
of s i z e  t o l e r a n c e s  and m a t e r i a l  v a r i a t i o n s ,  I f  we t e s t e d  t h e  
wings of 100 such aeroplanes,  we might f i n d  t h e i r  s t r e n g t h s  t o  
be a s  t abu la ted  below: 

TABLE I1 

- 
roo 

l i n g  s t r e n g t h  ( i n  
i n % e r v a l s  o f  

2 u n i t s  of load)  

No, of wfngs with 
s t r e n g t h s  in each 

i n t e r v a l  
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'fhus, al though t h e  average s t reng%h of the wings i s  13, of a 
hundred such wings two would have a s t r e n g t h  of only about 9 
( f o e ,  i n  8 t o  10 i n t e r v a l )  and two would have a s t r e n g t h  of a s  
much as  17 ( i , e ,  in 16 t o  18 i n t e r v a l ) ,  

4, - CORRELATION OF LOAD, STRENGTH AND ACCIDENT STATISTICS 

Consider now the  100 aeroplanes of Table 11, and concen- 
t r a t e  on those f a l l i n g  i n  a  p a r t i c u l a r  s t r e n g t h  group, say the  
two aeroplanes with wing s t r e n g t h s  between 8 and PO - f e e .  of 
mean s t r e n g t h  9 ,  Now these  two aeroplanes will, from Table I ,  
on t h e  average only meet a load su f f fc fen% t o  break them ( i , e ,  
a  load gass ing  upward through 9 )  t e n  t imes i n  lo4 f l y i n g  hours,  
so  t h a t  i f  t h e  100 aeroplanes of Table I1 s t a r t e d  f l y i n g  toge the r ,  
and each flew f o r  lo4 hours, then the two aeroplanes concerned 
would probably have f a i l e d  i n  t h e  e a r l y  s t a g e s  of t h e  f l i g h t ,  
Before we can es t imate  the  accident  r a t e  t o  be expected under 
the  condi t fons  of Tables I and 11, vie have t o  decide over what 
times t h e  aeroplanes do t h e i r  flying, and when and why new aero- 
planes a r e  brought i n t o  se rv ice ,  Thus a l l  t h e  aeroplanes could 
be produced toge the r  and s t a r t  f l y i n g  a t  the  same time; or  some 
could s t a r t  together  and o t h e r s  join them l a t e r ,  To make the  
problem a t  once amenable t o  simple p r o b a b i l i t y  theory and a l s o  
approximate t o  p r a c t i c a l  se rv ice  condft ions,  l e t  u s  assume t h a t  
t h e  o r i g i n a l  100 aeroplanes a r e  cont inuously replenished a s  
s t r u c t u r a l  nd o the r  f a i l u r e s *  occur, so  t h a t  a t  any moment i n  8 t h e ' l o n g  10 hours f l y i n g  time the  c o n s t i t u t i o n  of t h e  100 i s  
according t o  Table 11, Then we can say t h a t  t h e  chance of an 
aeroplane having a  s t r e n g t h  i n  t h e  c l a s s  8 t o  10  i s  2 i n  ioo 3 
and t h e  chance of t h a t  aeroplane being broken i s  1 0  i n  10  hours. 
Trea t ing  t h e s e  two chances a s  q u i t e  independent, the chance of a 
f a i l u r e - o f  an aeroplane of t h e  -specif ied-  c l a s s  i s  x 1 0  - i k e e  

100 "Ilfo"t' 
20 i n  106 f l y i n g  hours,  We may r ega rd  t h i s  a s  meaning t h a t ,  if 
a  l a r g e  number of aeroplanes of the  des ign  and d u t i e s  represented 
by Tables I and I1 were f l y i n g  i n  se rv ice ,  s t r u c t u r a l  f a i l u r e s  
would occur t o  those  i n  the  8 t o  10 s t r e n g t h  group a t  t h e  r a t e  
of 20 i n  106 hours,  Applying the  same argument t o  each s t r e n g t h  
group, we o b t a i n  Table 111, 

- - -- - - - - - - - - - - 

* In practice few structural failures occur and replen%shment is  largely 
necessary for quite othep reasons, This replenishment pmb em has interest- 
fng common features with other such problems i n  statfstfes ,  % 
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TABLE I11 

Thus t h e r e  would be 32 s t r u c t u r a l  . f a i l u r e s  every 106 
f l y i n g  hours ,  of which f a i l u r e s  20 would be found t o  have occur- 
red  t o  aeroplanes  wi th  wing s t r eng ths  of 8 t o  1 0  and 12  t o  those 
with s t r e n g t h s  of 10-12, This s t r u c t u r a l  acc ident  r a t e  i s  
a c t u a l l y  a l i t t l e  above t h e  average f o r  modern aeroplanes - 
t he  f i g u r e s  i n  Tables I and I1 have been chosen t o  produce such 
a r a t e ,  We have thus  a r r i v e d ,  upon c e r t a i n  s implffying assump- 
t i o n s ,  a t  an easy  way - - of roughly es t ima t ing  
s t r u c t u r a l  acc iden t  r a t e s ,  

With t h e  a i d  of Tables such a s  I ,  I1 and 111, we can 
examine t h e  inf luence  upon the  acc ident  r a t e  of var ious  broad 
design parameters and so  understand be%ter  t h e  p a r t  played by 
them i n  prevent ing acc iden t s ,  Suppose, for example, t h e  s t r u c -  
%ure was such t h a t  t h e  mean s t r e n g t h  of t h e  wings was 11 ins tead  
of 139 t h e  d i s t r i b u t i o n  about t h e  mean being kept  much t h e  same, 
and t h e  d u t i e s  being una l t e red ,  Then ins tead  of Table 111 we 
might have Table I V ,  %bus: 

S t reng th  
group 

0-2 
2 -4 
4-6 
6-8 
8-10 

10-12 
12-14 
14-16 
16-18 

Load frequency 
from Table I 

-- 
30,000 

5 ,  OQQ 
$00 
10 
1 
0 
O 
O 

No, of wings 
from Table I1 

0 
0 
O 
O 
2 

1 2  
72 
12 
2 

- 
100 

- 
Acci e n t s  g i n  10 hours 

(=, product)  

0 
0 
O 
O 

20 
12  

0 
O 
0 

- 
32 
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Thus the broad r e s u l t  of a decrease of mean strength from 13 to 
11 would e a serious Increase of the accident  r a t e  from 32 to g 392 in 10 f l y i n g  hours, 

Alternatively, we might leave the mean strength of the 
wings unaltered, but choose the materials and size tolerances 
to reduce the scatter of strengths Pn Table 11, Asrming we 
can thus roughly halve this s c a t t e r  ( a s  measured by. standard 
deviatton), we would then have Table V in p lace  of Table 111, 

TABLE V 

Strength 
group 

No, of 
wings 

Load f requeney Aeei ents 8 in 10 hours 
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Thus by halv ing  t h e  v a r i a t i o n  of s t r e n g t h  about %he ean of 13 

hours ,  
z we have reduced t h e  acc ident  r a t e  from 32 t o  5 i n  10  f l y i n g  

The foregoing examples of %he use of a  @ o r r e l a t i o n  t a b l e  
of t h e  form of Tables 111, I V  and V could be extended i n  vapious 
ways, We might,  f o r  example, examine t h e  e f f e c t  of v a r i a t i o n s  
of t h e  load  frequency %able.  Such v a r i a t i o n s  might r e s u l t  from 
a  change of d u t i e s ,  an a l t e r a t i o n  of the  f l y i n g  c o n t r o l s  - a s  
by an  i n e r t i a  device -, or  from a  change of p i l o t s ,  

6 ,  - SOBE PAST AIRWORTHINESS DIFFICULTIES - 
When speci fy ing  s%rength  f a c t o r s  f a r  a  p a r t i c u l a r  design 

it has  been customary t o  allow f o r  v a r i a t i o n  of t h e  s t r e n g t h  of 
%he f i n i s h e d  s t r a z c t u ~ e  i n  production by saying t h a t  a  c e r t a i n  
f a c t o r  must be achieved by a standard t e s t  specimen; and t h i s  
s tandard specimen has been defined a s  one cons t ruc ted  of mem- 
b e r s  having t h e  s p e c i f i e d  lower l % m % t s  bf both s i z e  and m a t e r i a l  
p r o p e r t i e s ,  Unfortunately,  while  such l i m i t s  could be embodied 
i n  s t r e n g t h  c a l c u l a t i o n s ,  f t  was never p r a c t i c a b l e  t o  make such 
a  s tandard specimen f o r  t e s t ,  S t rength  t e s t s  have t h e r e f o r e  
been made on specimens se lec ted  a% random and t h e  s p e c i f i e d  
s tandard specimens have then been assumed t o  have s t r e n g t h s  
20 per cen t .  l e s s  than t h e  t e s t  values,  

If we approach t h i s  problem i n  t h e  l i g h t  of rhe fo re -  
going paragraphs,  we may decide f i rs t  t h a t  f o r  convenience we 
wish t o  r ep resen t  the  s t r e n g t h s  of t h e  wings of Table I1 by a 
s i n g l e  s t r e n g t h  value;  and may then  proceed t o  choose t h i s  value 
s o  t h a t ,  coupled w f t h  t h e  load f requencies  of Table I, we d e r i v e  
t h e  same acc iden t  r a t e  a s  the  @ r e a l n  one given by Table 111. 
I n  o the r  words, l e t  us  aim a% a s t r e n g t h  value such t h a t ,  i f  
app l i ed  t o  a l l  t h e  aeroplanes concerned, 1% would lead  t o  t h e  
r e a l  s t r u c t u r a l  acc ident  r a t e ,  To do tkls, we have t o  cons ider  
t h e  numbers i n  the  second column of Table PI1 replaced by a  
s i n g l e  number of 100 and f i n d  i t s  l e v e l  i n  r e l a t i o n  t o  t h e  
s t r e n g t h  groups so  t h a t ,  when muPtiplieCS by t h e  number (or 
i n t e r p o l a t e d  number) in t h e  load frequency c Pumn an t h e  same 
l e v e l ,  i t  g ives  an acc ident  r a t e  of 32 i n  108 f l y i n g  hours. 
I% i s  c l e a r  from Table IHI t h a t  t h l s  equiva lent  s t r e n g t h  l e v e l  
is between EO and 14 ,  and by rough g raph ica l  i n t e r p o l a t i o n  it 
i s  found t o  be about 12, That is, if aPP t h e  a e ~ o p l a n e s  con- 
cerned had a  s t r e n g t h  of $2 and underwen t h e  loads  of Table I., S then  t h e  acc iden t  r a t e  would be 32 i n  18 f l y i n g  hours. This  
equiva lent  s t r e n g t h  i s  about 73 per cen t ,  below %he mean s t r e n g t h  
s f  13, and c s ~ r e s p s n d s  t o  %he mean l e s s  0,8 t imes t h e  s tandard 
d e v i a t i o n  of Table XI, I t  w i l l  be noted t h a t ,  a s  i n  a  random 
t e s t  t h e r e  i s  a  good chance t h a t  t h e  specfmen w i l l  ap roxfmate 
t o  t h e  mean, these  f i g u r e s  of 1 2 ,  7+ per cen t .  and.0,g may 
roughly be compared with t h e  f f g u r e s  t h a t  would r e s u l t  from 
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t h e  present  20 per c e n t ,  r u l e ,  i , e ,  10.4, 20 per  c e n t ,  and 2.1 
r e spec t ive ly .  It should a l s o  be noted t h a t  t h e  former s e t  of  
f i g u r e s  a r e  s t r i c t l y  a  func t ion  of the  loading f requencies  a s  
well a s  of t h e  degree of s t r e n g t h  v a r i a t i o n ,  

Another ppoblem of t h e  p a s t ,  though worked on more i n  
Germany than elsewhere, i s  how t o  %$Pow f o r  t h e  e f f e c t s  of load 
r e p e t i t i o n  on t h e  behaviour of complete aeroplane s t r u c t u ~ e s .  
Even i f  such e f f e c t s  were l a r g e  and su f f i@fen% d a t a  were a v a i l -  
a b l e ,  1% was always d i f f i c u l t  t o  see how any allowance could be 
brought i n t o  a  l o g i c a l  system of s t r e n g t h  f a c t o r s ;  but  wi th  
Table 111 before  u s  t h e r e  seems more hope of t h i s .  It  may be 
p r a c t i c a b l e  t o  scheme an enlarged version of Table I11 t o  make 
f u l l  provis ion  f o r  r e p e t i t i o n  e f f e c t s ,  o r  a l t e r n a t i v e l y  t o  
devise  an approximate process  by s u i t a b l y  tlweightingw o r  a d j u s t -  
ing  t h e  f i g u r e s  i n  the  second o r  thipd columns, 

No at tempt  has  been made i n  t h i s  exp lo ra to ry  r e p o r t  t o  
s t a t e  t h e  f requencies  and p r o b a b i l i t i e s  concerned On t h e  mathe- 
m a t i c a l  terms of s t a t i s t i c a l  theory,  Bu% 2% is e l e a r  t h a t  t h e  
simple examples discussed i n  t h e  Tables could a l l  be c a s t  i n t o  
a l g e b r a i c  form, using appropr ia te  general ized f  requency laws, 
and the  r e l a t i v e  importance of design parameters discussed i n  
genera l  terms, Such an a n a l y s i s ,  whether g raph ica l  -r a l g e b r a i c ,  
would have complicated t h i s  f irs% simple d i scuss ion  of t h e  
m a t t e r  but  might form the  b a s i s  fop  a u s e f u l  s e r i e s  of wing 
s t r sng$h , ' l oad  frequency and accident  r a t e  curves f o r  use i n  
t h e  review of design f a c t o r s ,  The e f f e c t s o f d f f f e r e n t  systems 
of replenishment t o  t h e  simple one adopted i n  #4 f o r  Table 111 
a r e  a l r eady  being examined. 

Another po in t ,  t o  which t h i s  a t tempt  t o  s t a t e  a poss ib le  
p r a c t i c a l  philosophy of s t r e n g t h  fac%ors  draws s p e c i a l  a t t e n -  
t i o n ,  i s  t h e  fundamental i rn~or tanee  of c o P l e e t i n ~ ,  load and 
9 t r e n ~ t h  s t a t i s t i c q o  
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