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The Strength of Large Bolts Subjected to Cyclic Loading
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T h e  streng th  o f a bolted assembly w hich carries a fluctuating  load is determ ined 
by tw o d is tinc t fac to rs: (a) the m agnitude of the cyclic load th a t can safely be carried 
by the bolts, and  (b) the design of bo th  the bolts an d  bolted parts, w hich determines 
the p roportion  of the externally applied load transm itted  to  the bolts. A ccordingly, the 
paper is divided in to  tw o sections.

In  the first section various problem s of design as well as the effect of pre-stressing 
of the bolts are considered, while the second p a rt is devoted to  fatigue tests w hich have 
been carried o u t on  3-inch  and  1-inch bolts o f m aterial, m ethod o f m anufacture  and 
design sim ilar to  those com m only used in  heavy m arine oil engines.

These tests indicate th a t the fatigue strength  of large bolts having la the-cu t threads 
is liable to  vary over a wide range and  the strength  u nder cyclic loading m ay be reduced 
to only 16 per cent of the load required to  cause com plete failure under static loading. 
T h is  variation  is a ttribu ted  largely to  slight inaccuracies in  th read  production . I t  is 
concluded th a t a  sm all reduction  in  diam eter o f the shank of the bo lt has several advantages 
bu t such a practice does n o t affect the fatigue strength  of the bolt.

O n the w hole the 1-inch bolts were found  to  be capable of carry ing a slightly higher 
fluctuating  stress th an  those of 3-inch  diam eter, bu t insufficient data are yet available to 
draw  any definite conclusions on  the effect o f size or p itch  of the threads.

IN T R O D U C T IO N
T he failure of m arine engine parts in  service can alm ost 

invariably be a ttribu ted  to  fatigue of the m etal due to  repeated 
application  of stress, the effect of w hich is greatly intensified 
where corrosive conditions are present. Bolts, particularly  
those used in  the ru n n in g  gear of m ain  and  auxiliary recipro
cating  m achinery, are no  exception and  when a fracture occurs 
in a large bolt, such as those used in  direct coupled oil engines, 
evidence of a spreading crack com m encing a t some poin t of 
stress concentration— w hether in  the screwed section, a t a 
surface tool m ark, at a fillet, o r a t some fau lt in  the m aterial—  
is invariably revealed. F ortunately  such failures are rare in 
m odern  engines b u t nevertheless they are n o t unknow n, as 
members of th is In s titu te  w ill be aware.

In  recent years some a tten tion  has been given to the investi
gation  of th e  strength  of bolts of the type used in  the aircraft 
engineering and  autom obile industries b u t knowledge of the 
strength  of large bolts u nder cyclic loading has been entirely 
lacking. T h e  B ritish  Sh ipbuild ing  Research A ssociation there
fore decided to  in s titu te  a  system atic series of fatigue tests on 
bolts of the type used in  m arine engines to  investigate the 
factors influencing the strength  w hen subjected to  repeated 
stresses. Such an  investigation is necessarily a long term  p ro 
ject bu t some data have been obtained on the fatigue strength 
of bo th  3-inch and  1-inch bolts w hich also th row  some light

on the causes of failure. T he  results o f these experim ents are 
discussed in  the second p art of this paper.

T he  strength  of bolts used to  secure the parts  of a  dynam i
cally loaded assembly depend to a large extent on  factors o ther 
th an  the design of the bolts them selves; accordingly it  was 
considered desirable to  devote the first section of the paper to

F i g .  1— Effect o f notch on stress distribution  
across tension m ember
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a general discussion of the problem. I t  was also though t tha t 
some in troducto ry  rem arks on the fatigue of metals w ould not 
be ou t of place in  a paper o f th is nature  since the conventional 
text-book m ethods of stress com putation , w ith  w hich all 
engineers are fam iliar, takes no account o f the effect o f fluctua
ting  stresses o r the inherent stress raisers caused by m inute 
defects in  the m aterial o r discontinuities in troduced by necessity 
in  the design. Fig. 1 is included by way of an example to 
illustrate the great increase in  stress set up  a t the base of a 
notch* in  a m em ber loaded in  tension. T he ratio between the 
theoretical m axim um  stress at the no tch  and  the nom inal stress 
across the section, obtained by conventional m ethods, is know n 
as the stress-concentration factor, w hich m ay be derived in 
m any cases by theoretical stress analysis or experimental 
m ethods such as the use of photo-elastic models. T h is  stress- 
concentration factor increases w ith  the sharpness of the notch.

I t  is very seldom th a t m achine parts fail by being stressed 
beyond the u ltim ate strength  yet it  is on  this basis, w ith  the 
use of a suitable factor of safety, th a t m ost design is carried 
out, m ainly because of the lack of fatigue data relating to  full 
size com ponents. W hen a p art is tested to  destruction under 
static load an appreciable volum e of the metal yields before 
fracture occurs bu t one of the notable features o f a fatigue 
fracture is th a t cracking takes place w ith very little deform a
tion , even though  the m aterial m ay exhibit a high degree of 
ductility  under static loading. Such a crack m ay form  after 
relatively few load applications if the stress is sufficiently high 
bu t, on the other hand, cracking m ay be delayed un til m any 
thousands or even m illions of loading cycles have been applied. 
T he  reason fo r this is th a t a t a po in t where there is some 
localized weakness in  the m aterial o r a localized increase in  
stress, plastic slipping occurs w ith in  the crystalline grains; 
th is m ay develop in to  a spreading crack after m any repetitions 
of stress if the capacity of the m aterial for fu rther strain  
hardening, w hich arises from  such plastic deform ation, is 
locally exhausted.

T he  rate o f propagation  of the crack depends on  the 
stress gradient in the v icin ity  of the no tch  and  the m agnitude 
o f the peak stress o f the cycle. I t  was though t un til recently 
th a t once a crack started  it  w ould spread across the section, 
progressively weakening it, un til fracture occurred suddenly 
b u t the results of investigations! carried o u t on m ild  steel 
suggest th a t it m ay be possible fo r large com ponents to con
tinue to  operate satisfactorily under controlled stress condi
tions even w ith  a fatigue crack present. In  service, however, 
particularly  in the case of m arine propelling m achinery, load 
variations do no t occur in an orderly  and  predictable m anner 
and  it m ay happen th a t stresses sufficiently high to  extend the 
crack occur infrequently  w hen for some reason the p art is 
subjected to  higher loads th an  usual. T he cum ulative effect 
of such overloads m ay therefore only  lead to  ultim ate failure 
of a large com ponent after years in  service.

In  studies o f the fatigue of metals the usual m ethod of 
investigation is by determ ining the life of a num ber of carefully 
prepared identical specimens under reversed stresses of different 
m agnitudes. T he  first specimen is usually tested a t a relatively 
high stress range and  subsequent test pieces are subjected to 
successively low er stresses un til a stress range is reached at 
w hich a specimen rem ains unbroken after an  arbitrary  num ber 
o f stress cycles w hich fo r steel is usually ten millions. W hen 
stress range is plotted against the num ber of cycles to  fracture 
on sem i-logarithm ic co-ordinates, S -N  curves of the type shown 
later in  th is paper are obtained. T he range of stress a t w hich 
the curve flattens ou t is know n as the fatigue lim it, below w7hich 
it is assum ed th a t a test piece w ould have an indefinite life. 
In  some cases the S -N  curve m ay no t become absolutely hori

* The term “notched” is used to denote a specimen or component 
containing a stress concentration of any type, such as a screw 
thread, groove, hole, etc.
f-Phillips, C. E. and Heywood, R. B. 1951. Proc.I.Mech.E., Vol. 
165, p. 113. “The Size Effect in Fatigue of Plain and Notched 
Steel Specimens Loaded Under Reversed Direct Stress” .

zontal, particularly  when testing steel com ponents contain ing  
stress raisers, b u t after about 10 m illion cycles the slope becomes 
so small tha t the range o f stress fo r th is endurance is likely to 
be only very little m ore than  the safe range of stress for an 
infinite num ber of stress cycles.

T he value of the fatigue lim it obtained from  a laboratory 
test also depends on the type of loading. A testing  m achine 
m ay be designed to  apply direct axial, flexural o r torsional 
stresses so th a t any value for the fatigue lim it m ust be quali
fied by the type o f loading applied.

T he type of stress induced m ay be fu rther classified as one 
of the fo llow ing: —

(a) A “fluctuating” stress w hich varies between a m axi
m um  and  m in im um  of the same sign (as in  axially 
loaded bolts).

(b) A “repeated” stress where the m in im um  value of the 
loading cycle is zero.

(c) A n “alternating” stress varying between a m axim um  
and  a m inim um  of opposite sign, o r

(d) As a special case of (c) a “reversed” stress varying 
between a m axim um  and  m in im um  of equal m agni
tude and  opposite sign.

I t  will be seen th a t for a constan t stress range the only 
difference between the various loading systems given above is 
the m ean value of the cyclic stress applied. T he w'ork o f early 
investigators indicated tha t the lim iting  stress ran g e t decreased 
as the value of the mean stress of the cycle increased. Conse
quently, in  order to  allow the safe range of stress to  be estim ated 
for any m ean stress different from  th a t for w hich test data 
m ay be available, various relations between m ean stress an d  the 
the lim iting  stress range have been p u t forw ard from  tim e to  
time. I t  is now  well established, however, th a t the relation 
between m ean stress and  lim iting  stress range varies bo th  w ith 
the m aterial under test and  the type of applied stressing and, 
as far as engineering steels are concerned, the effect o f mean 
stress is m uch less th an  is often assumed.

T h is  po in t is illustrated by the curve show n in Fig. 2 
in w hich the lim iting  stress ranges fo r a num ber o f m ean stress 
values are p lo tted  for the steel used in  the investigation o f the 
strength of bolts reported in  this paper. These results were

F ig . 2— Effect o f mean stress o f loading cycle on 
lim iting  stress range o f unno tched  specimens 
(m ild  steel, 28-32 tons per sq. in. U .T .S ., as used 

fo r test bolts)

obtained from  i- in c h  diam eter unnotched  specimens tested 
under direct axial loading. I t  w ill be noted tha t the drop in 
fatigue streng th  w ith  increase of m ean stress, although quite 
definite, is surprisingly  small even though  a t the high mean 
stress values the m axim um  stress of the loading cycle approaches

$ The term “ limiting stress range”  is used throughout this paper to 
denote the maximum stress range that can be applied for an indefi
nite number of cycles without failure, where the mean stress of the 
loading cycle is not zero.
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the u ltim ate streng th  of the m aterial. I t  m ay therefore be 
taken th a t over the norm al range of w orking stresses the effect 
of m ean stress o f the loading cycle is no t of very great signi
ficance in  the case o f m ild  steel.

I t  has been found  from  laboratory tests th a t the fatigue 
lim it o f polished unnotched steel specimens is roughly p ro 
portional to  the ultim ate tensile streng th  of the m aterial but 
the safe range of stress is considerably reduced if the specimen 
is notched. U nfortunately , the degree to  w hich the strength  is 
reduced by a given no tch  varies considerably for different quali
ties of steel and  therefore the effect of in troducing  a stress raiser 
cannot be predicted for a particu lar steel unless actual tests are 
carried ou t. T he  higher strength  alloy steels in  general are 
more no tch  sensitive th an  low carbon steels, i.e. they suffer a 
greater reduction  in  strength  for a given no tch , and  therefore 
in  m any applications there m ay be no advantage in  the use of 
high tensile steels. Indeed, there are cases on record where 
the substitu tion  of such a steel in  place of an ord inary  m ild  
steel has resulted in  a reduction  in  strength  under cyclic loading.

In  general the reduction  in streng th  resulting  from  the 
presence of a  no tch  has been found  to  be less than  w ould be 
expected from  application  of the theoretical stress concentra
tion  factor m entioned above. T he ratio  between the actual 
fatigue lim its o f an  unnotched specimen and  one w ith  a notch  
is therefore term ed the effective stress concentration  factor or 
strength  reduction  factor, the difference between th is and  the 
theoretical stress concentration  factor being m ore m arked in  
the case o f ductile materials.

In  add ition  to  the variation  of the streng th  reduction  factor 
of a given no tch  for different m aterials it is found  to depend 
also on  the size of the specimen, a t least in  test pieces of rela
tively small size. T here is a tendency for the fatigue strength 
of geometrically sim ilar notched specimens to  be reduced as 
the size is increased b u t there are indications th a t above a 
certain  size the streng th  reduction  due to  a given no tch  rem ains 
constan t fo r com ponents m ade from  sim ilar material. T he 
problem  is fu rther com plicated by the fact th a t the properties 
of a given steel m ay differ for forgings of different sizes even 
though  the ingots m ay be from  the same cast; as yet, however, 
little  experim ental data are available regarding the eff-ct of 
size on  the fatigue strength  of parts greater than  abou . tw o 
inches in  diameter.

In  add ition  to  the po in ts m entioned above on  the aspects 
of fatigue th a t have a direct bearing on  the strength  of dynam i
cally loaded bolts, various o ther factors includ ing  the forging, 
heat treatm ent and  finishing processes used m ay influence the 
problem. O nly a very brief outline has been attem pted and  
for detailed inform ation  reference should  be made to  a m ost 
comprehensive review* of the m any papers published on the 
fatigue of metals prepared by the staff of the Batelle M em orial 
In s titu te  in  the U n ited  States.

F rom  the foregoing it will be apparen t tha t, although 
there is available a large m ass of data on  the fatigue of metals, 
very little o f it  can  be applied directly by the designer of heavy 
m arine engines because, in the first place, very few tests have 
been carried o u t on the type of m aterial generally used in 
such engines b u t m ainly  because so little inform ation  is avail
able on the streng th  o f large specimens. I t  is evident th a t 
before designs can be m ore w idely based on the resistance of 
m aterials to  fatigue stresses ra ther than  static stresses m uch 
more experim ental w ork on fu ll scale com ponents, such as tha t 
described in  th is paper, will be necessary.

I .  S T R E S S E S  I N  E N G IN E  BO LTS

D esign S tre s s
In  practice the estim ation of the actual w orking stresses 

in  such parts as engine runn ing-gear bolts is very difficult, if no t 
impossible, because o f various indeterm inate factors. T heore ti
cally, fluctuating  stresses in  the connecting rod bolts o f certain 
oil engines such as the four-stroke cycle single-acting type

* 1941. “Prevention of the Failure of Metals Under Repeated 
Stress” . John Wiley and Sons, New York.

should be quite sm all; th a t in  fact this is n o t so is dem onstrated 
by failures th a t have occurred in  such engines. I t  m ay be con
cluded, therefore, th a t in service the ru n n in g  gear of direct- 
coupled engines m ust be subjected to  inertia stresses o f con
siderable m agnitude w hich probably arise from  acceleration of 
the propeller an d  shafting  w hen the vessel is p itch ing  in a sea
way, particularly  w hen in  the ligh t condition.

In  double-acting and  opposed-piston engines the load 
transm itted , excluding such extraneous factors, can be calcu
lated w ith  reasonable accuracy from  the cylinder pressure and  
inertia of the reciprocating  parts. In  such cases it is assum ed 
th a t the whole of the load is carried by the bolts and  they are 
m ade of such a size tha t the corresponding stress, based on the 
cross-sectional area a t the roo t of the threads, does no t exceed 
a nom inal value, usually  of the order of 5,000 to  8,0001b. per 
sq. in., depending on the properties of the m aterial used. Since 
in  m arine propelling m achinery the first essential is reliability 
such low nom inal stresses are fu lly  justified; m oreover long 
experience has show n tha t by the use of such a purely arb itrary  
“design” stress satisfactory results are usually  obtained in 
service.

F rom  fu rth er consideration of the problem , however, it 
m ust be concluded th a t the design stress is a purely  hypotheti
cal figure and  bears little relationship to  the actual stresses 
set-up  in  the bolts securing an assembly subjected to  cyclic 
loading. B oth the tigh ten ing  stress and  the design of the 
com ponents play an  im portan t p art in  determ ining the actual 
operating  stresses, as w ill be show n in  the follow ing section.

F luctua ting  Tensile Stress
If bolts are fitted w hich are initially  unstressed, as soon 

as a tensile load is applied to  the assembly the faces of the 
tw o halves w ill open ow ing to  the elastic extension of the bolts; 
the load in  the bolts w ill then  be equal to  the externally applied 
load. Large bolts of the type under consideration are norm ally 
hardened-up using a spanner and  heavy ham m er, however, 
stressing the bolts in tension and the bolted parts in  com pres
sion. A ssum ing fo r the m om ent th a t the bolted parts  are 
absolutely rig id , the bolts being the only elastic com ponents 
of the assembly, i t  follows th a t the stress in  the bolts could

NUT, EXTERNAL LOAD
Wr =  W; Wr =  Wt -  W

F ig . 3— Forces acting on bearing assembly
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only be increased by opening o f the jo in t faces, between which 
there is a force IV„  equal to  the initial tightening load in the 
bolt (see Fig. 3). U nder such conditions the stress in the bolt 
w ould rem ain constan t upon  the application of an external 
load XV unless this load was of sufficient m agnitude to  separate 
the bolted parts, i.e. greater than  the pre-load W s set up  on 
tightening. In  these circum stances (the pre-load being greater 
than  the applied load) the fluctuating  w orking load w ould 
cause no variation in  stress in  the bolts. Consequently, there 
w ould be no  tendency to failure by fatigue, since the fatigue 
endurance of the metal depends on the stress fluctuation.

In  practice, of course, the bolted parts cannot be made 
perfectly rig id  and  the bolts are subjected to  the initial tigh ten
ing stress plus a fluctuating  com ponent, the value of w hich 
depends upon  the relative stiffness of the bolts and the bolted 
parts.

I t  can  be show n th a t when the w orking load is less th an  
tha t required to  cause parting-line separation the total load 
in the bolt a t any po in t in the loading cycle can be expressed 
approxim ately in  the form

W t = W { +  CIV, ................................... (1)
where XVt = to tal load in  bolt,

W i = initial tightening load, 
and  W  = instantaneous value of applied 

w orking load.
k

T he value of the coefficient C  is given by t,  2  u >

where ka and  k b represent the elastic constants, or the defor
m ation per u n it load, of the bolted parts and the bolt res- 

k
pectively. If  the ratio  is represented by K  the above expres-

1
1 +  K and the total

•(2)

sion for C  m ay be rew ritten in the form

load in the bolt is therefore given by
W

W t = XV H------—* 1 1 + K ‘
I t  will be noted th a t the second p art of the expression repre
sents the fluctuating  com ponent of load w hich is superim posed 
on  the steady load XVis th is additional load being only a fraction 
of the externally applied load XV.

U nfortunately  the value o f the fraction  ^—.—s, cannot beI ~r
calculated readily in the m ajority  of cases since the bolted parts 
are of irregular shape. T he elastic constant for the bolt k h 
can 'be estim ated w ith  reasonable accuracy bu t in order to apply 
this analysis to  design it will be necessary to  determine values 
of K  experim entally for typical bearing assemblies and other 
dynam ically loaded parts in  m arine engines. T h is  m atter is 
receiving some attention  by the B ritish Shipbuild ing  Research 
Association and  when sufficient data are available it will be 
possible to  estim ate the actual stresses in  engine bolts more 
precisely. I t  appears probable, however, th a t for forged or 
cast steel bearings of norm al design K  has a value of 4 o r more. 
If this is so the fluctuating  com ponent of stress in the bolt 
is reduced to a t least one-fifth  of the applied load providing 
the bolt is adequately tightened.

F ro m  the foregoing it  is apparent th a t effective pre
stressing of bolts is of the greatest im portance in reducing the 
possibility of failure by fatigue, and  to  provide an adequate 
m argin of safety, by allowing for some loss o f tension by 
bedding together of m ating  surfaces in  service, the initial 
tightening load should be a t least twice the applied working 
load. M easurem ent of th is tightening load in the bolt p re
sents some difficulty, however, and  it appears th a t the only 
reliable m ethod is to  tigh ten  the bolt until the required exten
sion is obtained. Such refinements w ould probably be hardly 
practicable in  the m ajority  o f cases, bu t since there is little 
likelihood of overstressing large engine bolts, hardening-up as 
far as possible should provide an adequate safeguard.

In  this connexion it is o f interest to  note th a t in the

report* of a sub-com m ittee set u p  by the Institu te  in 1945 
it is concluded th a t slackening of the nu ts of the connecting- 
rod bolts of auxiliary Diesel engines is one o f the m ain causes 
of failure. In  this report various details for preventing loss 
of pre-stress are considered.

From  the po in t o f view of design it is evident from  expres
sion (2) th a t the value of K  should be m ade as large as pos
sible to  reduce the cyclic load in the bolt. T h is  m ay be 
accom plished by designing the bolts fo r m axim um  elasticity,
i.e. the length should be as great as possible and  the cross- 
sectional area of the shank should be reduced to  a m inim um . 
T he use of bolts having a reduced shank diam eter also has o ther 
advantages w hich will be discussed later.

A n increase in  stiffness of the bolted parts has a similar 
effect in increasing the value of the ratio  of the elastic constants 
K . T he  bolted members of a dynam ically loaded assembly 
should therefore be made as rig id  as possible.

Bending Stresses
In  the derivation of the expression given in the preceding 

section, one of the assum ptions made is tha t the stress applied 
to the bolt is purely tensile. I t  is doubtful, however, w hether 
th is condition  ever occurs in  practice even in  com ponents 
where the load is supposed to  be axial and it m ay be taken 
tha t all bolts are subjected to  superim posed bending loads o f an 
unknow n m agnitude. S tatic bending stresses m ay be caused 
by slight m isalignm ent of the faces of abu tting  joints o r 
unsym m etrical elastic deform ation of the bolted parts. In  add i
tion  to these factors, the line of application of the external 
load does no t usually pass th rough  the bolt axis and  conse
quently  in  an assembly such as a bottom  end bearing the fluctua
ting  stress a t one side of the bolt will be considerably greater 
th an  the m ean value.

It follows that bending stresses can be m inim ized by su it
able design of the bolted members and accuracy of production. 
T he  effect of bending on  the fatigue strength of a bolt is also 
m itigated by the use of long bolts having a reduced shank 
diam eter bu t it is evident from  the foregoing discussion tha t 
when considering the strength  of bolts subjected to  cyclic 
loading the design of the bolted parts is of great im portance. 
T h is is a case where the strength  of one p art m ay be influenced 
to  a large extent by other parts of the assembly.

Stress Concentrations
I t  has been found  from  tests and actual failures in  service 

tha t three positions in a bolt carrying fluctuating  stresses are 
particularly vulnerable to  fatigue failure. These occur at the 
points of stress concentration indicated in Fig. 4, namely (1) 
the junction  of the shank w ith  the underside of the head; (2) 
the junction  of the screwed section w ith  the shank; and (3) 
a t the first thread engaging w ith  the nut.

A t these points the m ean stress across the section is m agni
fied by an am ount depending upon  the abruptness of the 
change in cross sectional area. T he sm aller the radius a t the 
root of the thread or the smaller the fillet the greater is the 
concentration of stress and  hence the greater the reduction in 
strength  under cyclic loading. I t  is for this reason tha t an 
adequate fillet radius should be provided under the head; this 
question is discussed fu rther in  the consideration o f the results 
of the fatigue tests given in  section II.

* 1945-6. “The Failure of Auxiliary Diesel Engine Connecting 
Rod Bolts, A Survey of Cause and Prevention”. Trans.I.M ar.E., 
Vol. 57, p. 85.
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The d is tribu tion  of stress across the screwed section p rob
ably approxim ates to  the form  show n diagram m atically in 
Fig. 1, b u t th e  stress concentration  produced by a num ber of 
adjacent grooves, as in  a screw thread, is less than  tha t a t the 
root of a single notch  of sim ilar shape and  depth. A t the 
end  of the thread in  a fu ll diam eter bo lt there is no stress 
relieving groove and  consequentiy the  concentration  of stress 
is greater a t th is p o in t th an  a t any o ther position along the 
screwed section outside the n u t. R eduction of the diam eter 
of the bolt below the screwed section to  less th an  th a t a t  the 
roo t o f the threads, w ith  the provision of an  adequate fillet 
radius, reduces the stress concentration  at th is point.

T h e  m ain  po in t o f weakness in  dynam ically loaded bolts, 
however, occurs a t the first one or tw o threads in  the n u t 
(position (3) in  Fig. 4). T h is  is due to  the fact th a t in  bolts 
and nu ts having un ifo rm  pitch , extension of the bolt and  com -

FlG. 5— Diagram to illustrate d istribution  o f load 
along a n u t

pression of the n u t occurs w hen loaded, so transm itting  a large 
p roportion  of the load th rough  the first active tu rn  of the 
th read  as illustrated  diagram m atically  in  Fig. 5. T hus, in 
addition  to  the concentration  of stress at the root of the thread

due to  the no tch  effect, the position  is m ade worse a t  this 
p o in t by the concentration  of load transm itted  th rough  the nut.

V arious m ethods of im proving the d is tribu tion  of load 
along the n u t are possible. O f these the use of threads on  the 
bolt and  in  the n u t of slightly different p itch  or the use of 
tapered threads in  the n u t are hard ly  practicable in  m arine 
engine practice ow ing to  p roduc tion  difficulties. A simple 
m ethod of im proving the load d is tribu tion  is to  use a m ore 
ductile m aterial for the nu t. T h u s , the old practice o f using a 
w rought iron  n u t in  con junction  w ith  a steel bolt had  some
th in g  to  com m end it  a lthough  it was n o t from  the p o in t of 
view of relief o f stress concentration  th a t th is procedure was 
adopted.

In  theory un iform  d is tribu tion  of load along the n u t can 
be obtained by tapering the outside of the n u t and  taper boring 
the end of the bolt to  the dep th  of th read  engagem ent. A 
type of n u t know n as the “tapered-lip  n u t” w hich approxim ates 
to  the theoretical shape has been used in  various form s to  
some extent. A pplications of th is principle are illustrated  in  
Fig. 6. D esign (a) has been used in  aero-engine practice, tha t 
illustrated  in  Fig. 6(b) was used in  G erm an m arine engines fo r 
securing balance w eights to  the crank webs an d  a t  (c) is show n 
the design of n u t finally used to  overcome troubles w hich 
developed in the connexion of the p is ton  rods to  the crossheads 
in  the double-acting oil engines used in  certain  G erm an 
warships.

T he  effect of m odifications in  n u t design has been investi-

CONVENTIONAL NUT NUT WITH TAPERED LIP

„  _  STRESS VALUE AT ROOT OF THREAD 
AVERAGE STRESS IN FULL SECTION OF BOLT

F i g . 7— C omparison o f stress values at the roots o f bolt threads 
w ith  nu ts o f conventional and “tapered lip” types

(a) (b) (c)
Fig, 6— M odified nu t fo rm s for im proving  load distribution  along the threads
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gated by Hetenyi* by m eans of photo-elastic models and  the 
diagram s show n in  Fig. 7 give an  indication  of the stress 
relief th a t m ay be expected by using  a  tapered-lip  nut.

T he d istribu tion  of load along n u ts  is, however, influenced 
to  such a large extent in  practice by the accuracy of thread 
profile and  p itch  th a t extremely small p itch  errors w ould 
entirely m ask the effect o f design m odifications. In  m ild  steel 
bolts and  n u ts  some local yielding generally occurs w hich tends 
to  bring  about an im proved load d istribution . T h is  effect is 
less p ronounced in  steels o f a higher yield p o in t; consequently 
greater accuracy o f p itch  an d  thread form  is desirable in  bolts 
of higher tensile steels and  modified n u t designs w ould p rob
ably be m ore effective in  such cases.

O n looking th rough  the rem arks in  th is section it  m ight 
be inferred th a t the num ber of variables are such th a t the 
difficulties involved in  an  estim ation of the operating stresses 
in  dynam ically loaded bolts are insurm ountable. I t  is hoped, 
however, th a t as m ore actual stress m easurem ents obtained 
under ru n n in g  conditions become available it will be possible 
to  fix average values fo r those quantities w hich are a t present 
unknow n.

I I .  FA T IG U E  T E S T S  
As pointed  o u t in  the in troduction  tbe p rim ary  object of 

these tests was to  determ ine the fatigue streng th  of bolts of a 
type sim ilar to  those norm ally  used in  slow -running  m arine 
Diesel engines. A dditional tests were also carried ou t to  ascer
ta in  w hether the sm all reduction  in  diam eter of the shank of 
the bolt, com m only  adopted in  practice, has any  appreciable 
effect on  the fatigue streng th  o f the bolt itself, as well as 
having the advantages already enum erated. T o  determ ine 
w hether any  great difference in  the lim iting  stress range can 
be expected in  bolts o f different sizes, specimens screwed 3-inch 
and  1-inch diam eter were tested. I t  should be understood, 
however, th a t this was n o t a  true  size effect investigation as 
norm ally understood in  fatigue testing  ow ing to  the lack of 
geometrical sim ilarity  o f the specimens. Supplem entary tests 
on 4-inch diam eter unno tched  specimens had  as the ir objects 
the determ ination  of the fatigue streng th  of the m aterial w ith 
ou t the presence o f stress-raisers and  the investigation of the 
influence of the m agnitude of the m ean stress of the loading 
cycle o n  the lim iting  stress range.

* Hetenyi, M. 1943. “A Photo-Elastic Study of Bolt and N ut 
Fastenings” . Trans.A.S.M .E., Vol., 65, p. A93.

M aterial and M anufacture o f Specim ens
T he steel used fo r the test bolts and  fatigue specimens 

was sim ilar to  th a t norm ally specified fo r th e  running-gear 
bolts of heavy oil engines, namely, an  acid open-hearth  steel 
having an  ultim ate tensile strength  of 28-32 tons per sq. in. 
and  contain ing  no t m ore th an  0 05 per cent su lphu r and  phos
phorus. T o  ensure m axim um  un ifo rm ity  of m aterial all the 
steel used was obtained from  the same cast and  had the fol
low ing analysis: —

C arbon, M anganese, Silicon,
per cent per cent per cent

0 1 6  1 0  0-18
I t  w ill be noted th a t the manganese con ten t is rather higher 

than  in  norm al m ild  steel. T h is is necessary to  give a  high 
im pact value w hich is norm ally required in  m aterial to  be used 
fo r bolts. In  th is connexion it  is o f interest to  note th a t 
there does n o t appear to  be any direct relationship between 
the im pact value, as determ ined by the Izod test, and  the 
notched fatigue strength  of a m aterial.

Steel having a specified tensile strength  of 21-25 tons 
per sq. in . was used fo r the n u ts  of the test bolts. As m aterial 
o f th is  tensile strength  is below the norm al range fo r acid 
steel, basic steel was supplied having the follow ing analysis: —  

C arbon, M anganese, Silicon,
per cen t per cent per cent
0 1 1 5  0-51 0 1 8

D etails of the m echanical properties o f the materials used 
for both  the n u ts  and  bolts are given in  T able I.

T a b l e  I — M e c h a n i c a l  P r o p e r t i e s  o f  M a t e r ia l

Bloom
size,
inch

Used for
Tensile 

strength, 
tons 

per sq. in.

Elonga
tion, 

per cent

Izod 
values, 
ft. lb.

Brinell
Hardness

No.*

6 |x 6 £ 3-inch bolts 31-6 to 32-4 35 66 to 84 137 to 143
6 |  x 6 | 3-inch nuts 25-6 40 —

5 ix 5 J 1-inch bolts 30-8 38 97 to 108 143 to 163
5 x 5 1-inch nuts 27-2 40 — —

* Hardness values were obtained from each forging.

All the steel used for the test pieces was supplied by the 
steelmakers in  the form  of rolled blooms of various sizes from  
w hich forgings were made. T he 3-inch bolts were forged in

SCREWED 3 INCH 
DIAMETER 6 T.P.I. 

WHIT. FORM

4-53 INCH ACROSS 
FLATS

F ig . 8— D etails o f 3-in . and 1-in. test 
bolts (to  same scale)

SCREWED 1 INCH 
WHIT. 8 T.P.I.

1-67 INCH 
ACROSS FLATS

1st SERIES, 0-83 INCH DIAMETER 
2nd SERIES, 0-75 INCH DIAMETER
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pairs, head to  head, as is the norm al practice and  th is p ro 
cedure was also adopted for the 1-inch bolts. T h e  4-inch 
unnotched fatigue specimens were m achined from  lengths of 
l j - in c h  diam eter bar forged dow n from  5 i- in c h  blooms. All 
forgings were given a norm alizing and tem pering heat treat
m ent w hich was varied in  accordance w ith  the size.

W hen testing screwed com ponents in  fatigue it is usual 
to specify g round threads of the greatest accuracy to  reduce 
as far as possible scatter o f the test po in ts bu t, as the object 
of this investigation was to obtain  results w hich can  be applied 
directly to m arine engine design problem s, it was decided no t 
to depart from  norm al p roduction  m ethods. T he bolts were 
given a sm ooth tu rn ed  finish and  care was taken to make the 
fillet under the head as sm ooth as possible; the threads of both 
the bolts and nu ts were la the-cu t, using a single po in t tool, 
and  finished w ith a g round  th read  chaser.

D etails o f the test bolts are given in  Fig. 8, from  w hich 
it w ill be noted th a t the nu ts were sim ilar to  those com m only 
used w hen side-locking set screws are fitted. T he p itch  of the 
threads adopted was in  accordance w ith usual practice.

T est Procedure
T w o  series o f tests were carried o u t on each o f the two 

sizes of bolt specimens. In  the first series the body of the 
bolt was m ade just less than  the th read-roo t diam eter while 
in  the second series the shank was tu rned  dow n to 90 per 
cent of the root diam eter, i.e. 80 per cent o f the th read  core area.

In  all the fatigue tests the m in im um  stress* of the loading 
cycle was m ain tained  constan t a t  3 tons per sq. in. T he choice 
of this value presented some difficulty since it was know n tha t 
the lim iting  stress range w ould decrease w ith  increasing values 
of mean stress. O n the o ther hand, in  practice, a bolt w hich 
has a h igh in itial pre-stress is no t subjected to  great cyclical 
stress fluctuations, as poin ted  o u t in  an earlier section. T o  
sim ulate as fa r as possible the m ost adverse conditions likely 
to  occur in  service, the m in im um  value of the fatigue loading
* The stresses quoted in this paper refer to the mean stress calcu
lated on the area at the root of the threads.

cycle was therefore chosen to  represent the lowest probable pre
stress ob tain ing u nder norm al operating  conditions.

T he m achine used fo r the testing of the 3-inch  bolts was 
a Losenhausen hydraulic pulsator. T h is  m achine was developed 
in  G erm any prim arily  for the fatigue testing  of actual m achine 
com ponents and  has been used to  a large extent in  the testing 
of welded structures. T h e  cyclic load range of the m achine is 
100 tons, w hich m ay be applied w ith in  the lim its o f 105 tons 
in  tension or compression. A diagram m atic arrangem ent of 
the m achine is show n in  Fig. 9 from  w hich it  w ill be seen tha t 
in  construction  it is sim ilar to  th a t of a norm al vertical hydraulic 
tensile-testing m achine, the upper c lam ping head A being the 
loading member. T he  lower end of the test piece is held 
in  an  adjustable crosshead B w hich is a ttached to  the fram e
w ork of the machine. A fluc tuating  tensile load m ay be applied 
to  the test piece th rough  the top  p iston  C  by means of the 
variable stroke pulsator p um p  E , while a constan t compressive 
load m ay be applied by the lower p is ton  D . T h u s , w hen the 
desired loading lies w holly w ith in  the tensile range only the 
top  cylinder is used b u t if p a rt o r all of the load ing  cycle 
is required w ith in  the compressive range the mean stress of 
the loading cycle applied to the specim en is depressed by the 
superim position of a compressive load by the bottom  piston. 
T he  frequency of loading is governed by the speed of the p u l
sator p u m p ; in  these tests the speed of operation was 266 cycles 
per m inute.

T he  fluc tuating  load lim its are indicated by tw o pressure 
gauges G  and H  w hich are connected in  tu rn  to  the cylinder 
of the testing m achine th rough  a ro tary  valve operated by the 
shaft of the pulsator pum p w hen the pressure is a t a m axim um  
or m in im um  respectively. W hen set to  the required value the 
m axim um  value o f the loading cycle is autom atically  controlled 
by pum p J while the function  of pum p L  is to  m ain ta in  a 
constan t pressure in  the accum ulator cylinder K  w hich is 
connected to the low er cylinder o f the machine.

In  assem bling a test bolt in  the m achine the greatest care 
was taken to  ensure axial loading as far as possible. Spherical 
seating plates were used to  hold the specimens in  the grips of

SHAFT Q PULSATOR

F ig . 9— Diagram matic arrangement o f the Losenhausen fatigue testing m achine

ROTARY VALVE DRIVEN 
BY PULSATOR SHAFT Q

ACCUMULATOR
CYLINDER

............ ........TENSILE LOADING PIPING
=  COMPRESSIVE LOADING PIPING
--------- ------PRESSURE GAUGE PIPING
--------- ------PRESSURE GAUGE PIPING FOR STATIC LOAD
--------- ------OIL RETURN PIPING

PENDULUM GAUGE H 
INDICATING TENSILE 
LOAD FOR STATIC 
TESTING AND MINIMUM 
LOAD FOR DYNAMIC 
TESTING

GAUCE C INDICATING 
MAXIMUM LOAD

GAUGE INDICATING 
COMPRESSIVE LOAD
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the m achine and, by careful alignm ent, bending stresses in the 
shanks of the bolts, as show n by strain  gauge tests, were 
reduced to  less than  5 per cent of the m axim um  direct stress.

A fter assembly of the specimen in the m achine and  setting 
of the loading cycle the m achine was operated continuously 
un til fracture of the bolt occurred. T he m ethod of testing 
adopted was the norm al “loading-dow n” procedure in  w hich 
a num ber of sim ilar specimens are tested, the first one being 
subjected to  a relatively high fluctuating  stress range and sub
sequent test pieces being tested a t successively lower stresses. 
A total of tw enty-four bolts were tested, fourteen in the first 
and ten in  the second series.

I t will be appreciated th a t to  run  a test to 10 million 
cycles w ould mean continuous operation of the m achine for 
nearly a m on th ; it  was therefore decided no t to  a ttem pt to  
obtain  such an  endurance after results had been obtained 
for a life of 3 m illion cycles, in  view o f the variation in  results 
indicated by the tests completed.

T he m achine used fo r the testing of the 1-inch bolts 
was an A very-Schenck horizontal fatigue testing machine 
having a load range of 20 tons, w ith in  the lim its o f 20 tons 
in  tension o r compression. T h is  m achine is of the dual mass 
resonance type, one mass being form ed by the oscillating system 
and  the other by the m achine base. Fig. 10 shows a general 
arrangem ent of the machine. O ne end of the specimen A 
is attached to  the frame of the m achine by m eans of an  adjust
ing screw B, an  elastic loop dynam om eter C being interposed 
to m easure the loads. T he  o ther end of the test piece is attached

to the oscillator beam D w hich is excited by an out-of-balance 
ro tating  mass driven by a variable speed D .C . m otor. V aria
tion of the m otor speed alters the am plitude of vibration and 
consequently the m agnitude of the cyclic stress applied to the 
test piece, the frequency of loading norm ally being between 
2,600 and  2,900 per m inute. A n in itial static load can be 
imposed by springs E  w hich are anchored to  the m ain frame 
and  adjustable by means of a strain ing screw F.

Fifteen 1-inch bolts were tested in  all, five of these having 
a reduced shank diameter. O wing to  the relatively high speed 
of the m achine used it  was convenient to  carry  ou t extended 
endurance tests w ithout unduly  prolonging the runn ing  tim e 
T w o specimens were subjected to  50 m illion loading cycles 
w ithout failure.

In  addition  to the fatigue tests on bolt specimens, u n 
notched fatigue specimens were tested, as already m entioned, to 
determine the fatigue lim it of the m aterial w ith o u t any  stress 
raising discontinuities and  the effect of m ean stress of the 
loading cycle. Some sixty specimens o f the type show n in 
Fig. 11 were tested in order to  ob tain  a series o f S -N  curves 
for loading cycles having various mean stress values ranging

S crew ed  ty ’ B  S .P
___/

t y
_________ _

10"

Fig. 1 1 — Details o f small scale unnotched specimens

from  2 5 tons per sq. in . in  com pression to  17 5 tons per 
sq. in. in tension. T he m achine used was a H aigh  fatigue- 
testing m achine designed to  apply  a range of load of up to 
6 tons a t  a frequency of 3,000 cycles per m inute. As this 
m achine is fairly widely know n details of construction  and 
operation are n o t considered necessary*.

Results
T he results o f the tests on  3-inch  bolts are show n plotted 

on  sem i-logarithm ic co-ordinates in  Fig. 12 (page 9).
O u t of the tw enty-four bolts tested, tw enty-one fractured  in 

the screwed section of the bolt w ith in  the n u t, the three excep
tions, indicated  by the triangular points in  Fig. 12, broke 
under the head a t the junction  of the fillet w ith  the shank. 
These failures can m ost probably be attribu ted  to  m achining 
m arks a t th is position causing high stress concentrations. T he 
position of the start of the fatigue cracks varied considerably 
b u t in m ost cases was confined to  the first tw o threads in  the 
nu t. In  m ost of these specimens the cracks com m enced w ithin 
the first tu rn  from  the start of the thread in  the n u t b u t in  at 
least three cases the crack originated from  a position about 
l i  tu rn s from  the sta rt; in  one bo lt a  crack w hich had pene
trated  across m ore than  half the diam eter had commenced 
a t a position fou r threads from  the loaded face of the nut. 
A section th rough  this specimen is show n in  Fig. 13, P late 1, 
from  w hich it  w ill be seen that there are three separate cracks 
at different positions along the thread.

Inspection  of the fractured specimens indicated  th a t cracks 
were alm ost invariably initiated at the junction  of the thread- 
root radius w ith  the loaded flank and in  all the  bolts that 
failed in  the threaded section the face of the frac tu re  was 
convex on  the bo lt-shank section.

T he types of fractures were by no means consistent and of 
•the tw en ty -four bolts tested only fourteen appeared to  have 
failed by simple fracture, i.e. those in  w hich the fatigue crack 
appeared to  s ta rt from  a single po in t and  progress across the 
section un til failure in  tension ultim ately occurred. I t is by

* A detailed description of the Haigh machine is given in : — 
Haigh, B. P. and Robertson, T . S. 1931. “A Seven-Ton 50 Cycle 
Fatigue Testing Machine”. ProcAm.Soc.Test.Materials, Vol. 31, 
p. 221.F i g . 1 0 — Avery-Schenck fatigue testing machine

2 4 0



I.M
ar.E

.1952]

F ig . 13 (top  le ft)— Section through 3-in. specimen showing  
com pound fracture ( complete failure after 1,890,000 cycles, 
3 0 to 10 3 tons per sq. in.)

F ig . 14 (top  r igh t)— Exam ple of sim ple fatigue fracture of
3-in. bolt (failure after 196,000 cycles, 3  0  to  12 8 tons 
per sq. in.)

F ig . 15 (bottom  le ft)— Example of com pound fatigue fracture 
of 3-in. bolt (com plete failure after 1225,000 cycles, 3 0  
to 1 1 0  tons per sq. in .)
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F i g s .  16 (a )  (above) and (b) (right)— Compound fatigue 
fracture of 4-in. diameter bottom-end bolt

F i g .  1 9 —Example of fatigue fracture at fillet under head of bolt (failure after 79,000 
cycles, 3 0 to 15  0 tons per sq. in.)

F i g .  2 0 — Threads of 3-in. tensile test specimen after failure. (Arrow indicates 
position of bottom of nut before testing)

The 
Strength 

of 
Large 

Bolts 
Subjected 

to 
Cyclic 

Loading



The Strength o f  Large Bolts Subjected to Cyclic Loading

O SIMPLE FRACTURE. 1st SERIES 

©  COMPOUND FRACTURE. 1st SERIES 
•  SIMPLE FRACTURE. 2nd SERIES 

®  COMPOUND FRACTURE. 2nd SERIES

A -*  FRACTURED UNDER HEAD 
UNBROKEN IN THREAD

1st SERIES— SHANK DIAM ETER 2 77 INCH 
2nd SERIES— SHANK DIAM ETER 2 5 INCH
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F ig . 12— S - N  diagram for 3-in. bolts

no means certain  th a t all these were simple fractures, however, 
since the broken ends of the bolts were n o t rem oved from  the 
nu ts except in  tw o cases where the n u ts  were cu t off for 
exam ination of the threads. A typical example of a simple 
fatigue fracture is show n in Fig. 14, Plate 1.

In  seven of the bolts com pound fractures, i.e. those where 
fatigue cracks had com m enced from  m ore than  one po in t, were 
evident on visual exam ination. Some of these specimens 
revealed the fact th a t where m ultip le cracks occurred the crack 
nearest the top  or unloaded face of the n u t was able to  pene
trate alm ost across the section w ithou t complete failure, thus, 
in  some cases transferring  the whole of the load to  little more 
than  a single tu rn  o f the thread. Even then thread failure did 
n o t occur and  final fracture was delayed un til ano ther crack 
had com m enced nearer the loaded face of the n u t and  had 
penetrated to sufficient depth  to  allow the intervening m aterial 
to  fail in  shear.

T he  m ost ou ts tand ing  example of this phenom enon is 
illustrated by the n u t show n in section in Fig. 13, Plate 1. 
In  this p a rticu la r specimen com plete failure did no t take place 
un til a th ird  crack had spread across m ore than  half the

section. A nother example of a com pound fatigue fracture is 
illustrated in  Fig. 15, P late 1, w hich shows the fracture faces. 
I t is of interest to  note th a t failures of this type have been 
know n to occur in  service. A n example is illustrated  in  Fig. 
16, Plate 2, w hich shows a fractured  bottom  end bolt of
4-inch  diam eter w hich failed after being in service for fifteen 
m onths.

F rom  the results of the 1-inch bolt tests show n in Fig. 17 
it will be noted tha t the m ajority  o f the bolts of th is size failed 
by simple fracture, only tw o specimens exhibiting the type of 
m ultiple cracking w hich occurred in  several of the large bolts. 
As in  the 3-inch bolts the crack generally com m enced w ith in  
the first tu rn  of the thread engaged in the nut.

T he results of the tests on the i- in c h  unnotched  fatigue 
specimens are given in  Fig. 2, from  w hich it will be seen that 
the fatigue lim it o f the m aterial under reversed axial stress is 
± 1 5  4 tons per sq. in. Even w hen the m ean stress of the 
loading cycle is increased to  17 5 tons per sq. in. the lim iting  
stress range is only reduced to  + 1 1 2  tons per sq. in .; under 
these conditions the fluctuating  stress has a m axim um  value 
of 28 7 tons per sq. in.

(.MINIMUM STRESS OF LOADINC C YC LE . 3 TONS PER SO- IN . TH RCUCH OUT)

F i g . 17— S -N  diagram for 1-in. bolls
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Consideration o f Results
In  these series of tests it was anticipated th a t some varia

tion  in  results w ould be obtained ow ing to  the fact tha t 
ord inary  production  m ethods were employed in  the m anu
facture of the test bolts; only by the use o f carefully prepared 
laboratory specimens could the results be expected to  fall on 
o r close to a single line w hen plo tted  in  the form  of an  S -N  
diagram . As will be seen from  Fig. 12 the results from  the 
3-inch bo lt tests exhibit a  great deal of scatter. T he two 
extreme curves in  th is diagram  (shown chain-dotted), being 
the boundary  lines of the zone enclosing all the p lo tted  points, 
m ay be said to  represent the endurance curves for the best and 
poorest specimens in  the tw o batches tested. W hen extended 
to  an  endurance of 10' cycles these curves give some indication 
of the differences th a t m ay be expected in  the fatigue strength 
of large bolts in  practice. I t  should be pointed  out, however, 
tha t this variation  in  the lim iting  stress range, from  approxi
m ately 4 to  7'6 tons per sq. in ., was obtained w ith  bolts having 
a reasonably high standard  of finish fo r this type of w ork; 
any deterioration in  the standard  of w orkm anship w ould prob
ably result in  an  even greater variation in  strength.

Space does n o t perm it detailed consideration of the various 
factors th a t m ay have influenced the scatter of test po in ts bu t 
from  careful consideration of the results and  exam ination of 
the broken test pieces it was concluded th a t the w ide variation 
in  strength  could  be a ttribu ted  largely to  small errors in  p itch  
and  form  of the n u t and  bolt threads. T w o bolts, picked at 
random , were m easured to  obtain some ind ication  of the 
accuracy of th read  cu ttin g  and , a lthough  the cum ulative p itch  
erro r did n o t exceed one thousand th  of a n  inch  over a length  of 
fou r inches, periodic errors in  p itch  am ounting  to  alm ost 
0 0015-inch between adjacent threads were found  in  some cases. 
Considerable variation in  thread-flank angles was also revealed 
as well as irregular profiles. T ypical profiles enlarged to ten 
times actual size are reproduced in  Fig. 18.

O n the whole the in ternal threads in  th e  nu ts were found  
to  be m ore accurate than  the external threads b u t slight errors 
in  p itch  of the order of 0 001-inch per inch were revealed. Even 
such a sm all e rro r is sufficient to  alter the load d istribu tion  
along the threads in engagem ent and  cause differences in  stress 
concentration.

I t  w ill be noted  th a t fo r the m ost p a rt the p lo tted  points 
from  the second series of tests in Fig. 12 lie tow ards the lower 
endurance curve b u t the opposite tendency is apparen t in  the 
results from  th e  1-inch tests show n in  Fig. 17. As m en
tioned earlier, the  only w ay in  w hich a reduction  in  shank 
diam eter can  affect th e  fatigue streng th  of the bolt is by relieving

F ig . 18— Typical thread profiles from  3-in. bolts and nu ts  
( external thread above, internal thread below; magnification  

x lO ) . Variations from  true profile show n in black

the stress concentration  a t the first thread on  the bolt (position 
(2) in  Fig. 4). Since it is evident from  the results th a t the 
concentration  of stress is m uch  greater a t the first thread 
engaging w ith  the n u t such a reduction  in  diam eter is unlikely 
to be effective w hen there are a num ber of free threads below 
the n u t, as in  the specimens tested. I t  m ay be concluded, 
therefore, th a t the d is tribu tion  o f results from  each of the two 
series of tests was entirely  fo rtu itous and  th a t a reduction  in 
area o f the bolt shank to  80 per cent o f the thread roo t area 
is ineffective in  increasing the fatigue strength. T h is  does not 
m ean to  say th a t the diam eter of the bo lt should no t be reduced, 
indeed, as pointed ou t in  the first section such a procedure 
has several advantages. I t  is possible, however, tha t a greater 
reduction  in  shank area, particu larly  if the tu rned  down por
tion  is extended in to  the n u t, m ay have some strengthening 
effect on  the bolt itself.

O n closer exam ination of the results o f the 3-inch bolt 
tests it became evident th a t the scatter band could  be narrow ed 
dow n considerably. I t  w ill be noted th a t all the specimens 
w hich had a greater endurance th an  the average failed by com 
pound fracture, while the short life o f those test bolts ind i
cated by the points nearest the lower endurance curve was 
a ttribu ted , on  exam ination of the fracture  faces, to  excessive 
bending loads on  the th read  projections. B oth these effects 
arise from  inaccuracies in  thread cu ttin g  and  therefore, by 
d isregarding the points m entioned, a  narrow er band (enclosed 
by the dotted curves in  Fig. 12) was obtained w hich m ay be 
said to  represent an  endurance band for bolts having reason
ably well form ed threads. I t  will be seen th a t th is band 
encloses m ost o f the results where simple fracture occurred 
and  the difference in  lim iting  stress range between the upper 
and  lower curves is reduced to  1 to n  per sq. in. (from  approxi
m ately 5 4 to  6 4 tons per sq. in.).

T he fact th a t three of the 3-inch bolts failed a t the fillet 
under the head indicated  th a t the stress concentration  a t this 
po in t is alm ost as great as th a t a t the first th read  in  the nu t. 
T w o  of these specimens were from  the second series of bolts 
where the fillet radius to  shank diam eter ra tio  was 6 /4 0 ; this 
suggests th a t even a fillet rad ius of |  o f the shank diam eter 
is ra ther sm all w hen allowance is m ade fo r the irregularities 
in  surface finish th a t invariably occur, especially when the 
bolt diam eter is reduced, so increasing the stress a t this section. 
T he fractured  faces of one o f these bolts are show n in Fig. 
19, P late 2, in  w hich the tw o zones of the fracture can  be 
seen particularly  clearly; th a t p a r t to  the left, w hen looking on 
the bo lt head, is the relatively sm ooth surface of the fatigue 
crack, w hich has evidently spread from  left to  righ t, while the 
rem aining section, w hich failed suddenly, has a rough  texture 
typical of a tensile break.

Fig. 20, P late 2, has been included to  illustrate the entirely 
different form  of failure u nder static  load. T h is  specimen, 
sim ilar to  the 3-inch  bolts tested under cyclic loading, was 
subjected to  a steadily increasing axial load. Plastic deform a
tion  of the threads com m enced a t a stress o f 15 tons per sq. 
in., a  value closely approach ing  the yield strength  of the bolt. 
O n increasing the load above the yield po in t, rap id  failure of 
the threads occurred, the n u t finally being stripped from  the 
bo lt a t  a load of 152 tons, equivalent to  a stress of approxi
m ately 25 tons per sq. in. on  the thread roo t area. I t  will be 
seen, therefore, th a t under fluctuating  load conditions the bolt 
could  break under a stress range of only 16 per cent o f th a t 
w hich w ould cause complete failure, o r 25 per cent of tha t 
sufficient to  cause yielding, if steadily applied.

T u rn in g  now  to  the results o f the tests on 1-inch bolts it 
will be noted  from  Fig. 17 th a t there is m uch less scatter 
of the p lo tted  points. I t  cannot be said w ith  any certainty 
th a t th is is entirely due to  greater accuracy of thread cu tting  
as some factor w hich depends on the size of the specimen m ight 
possibly influence the relative variation  in  life. One po in t that 
comes to  m ind  in  th is connexion is th a t once a crack forms 
in  a sm all specimen com plete failure is likely to  follow fairly 
rapidly  and  thus varying rates o f crack propagation  have little 
influence on  the results.
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I t  will be noted  from  the endurance band show n shaded 
in Fig. 17 tha t, on the whole, the 1-inch bolts had  a slightly 
greater lim iting  stress range than  the 3-inch specimens. T h is  
tendency becomes m ore m arked a t higher stress ranges b u t for 
the m ost p a r t the results obtained from  the 1-inch bolts fall 
w ith in  the scatter band of those from  the 3-inch  specimens. 
T he  divergence of the curves w ith  increase in  stress range is of 
im portance because in  service it is unlikely th a t fatigue failures 
arise from  a great num ber of load applications a t a stress slightly 
greater th an  the fatigue lim it b u t ra ther from  relatively few 
applications of very h igh stress w hich m ay occur w hen for 
some reason the com ponent is subjected to  heavy overloading.

N o  definite conclusions can be draw n from  a com parison 
o f th e  results obtained from  the tw o sizes of test bolts ow ing

to the lack of geometrical sim ilarity. Also, it  m ust no t be over
looked th a t a difference in  fatigue strength  could possibly be 
attribu ted  to  the variation in  properties of the m aterial in forg
ings of different sizes. I t  w ould appear from  the lim ited data 
yet available, however, th a t any difference in the safe stress to 
w hich bolts over a considerable range of size could  be sub
jected w ould be likely to  be overshadowed by the variation in 
strength  of large bolts, unless m ore accurate m ethods of th read  
cu ttin g  are employed.
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Discussion
M r. T . W . B u n y a n , B .S c . (M ember), w ho opened the dis

cussion, said it  was an  interesting reflexion th a t several hundred  
years of the a rt o r  practice of engineering had invariably utilized 
the bolted connexion w hich, however, still constitu ted  a  p rob
lem. In  fact, on reading M r. T ay lo r’s paper one found  one 
was left w ith  large gaps in  one’s knowledge of th is apparently  
simple device. Even the m ost up -to -date  statistics on failures 
in ru n n in g  gear, shafting , rudders an d  deck m achinery of 
ships w ould feature the failure of bolted connexions in  a m ajor 
role. If  the problem  was still a real one w ith  ships’ m achinery, 
where stresses were kept dow n to nom inal dim ensions and  where 
a 2-inch  bo lt was invariably used w hen a  J-inch  bolt w ould do 
the job— a concession to  th a t all-em bracing factor know n as 
the personal elem ent— the problem  of the bolted connexion 
w hich faced the designers o f a irc ra ft engines m ust have been 
m uch  m ore acute. T h is, indeed, could  be judged by the am ount 
of experim ental data available on the fatigue streng th  of com 
paratively small high tensile bolts sponsored by the industry  
in ternationally , to  w hich M r. T ay lo r m ade reference in  his 
paper.

H e did no t w ish to  com m ent on  the results of the fatigue 
tests included in  the paper. Reference w ould be m ade to 
these m atters later by his colleague, D r. A ttia, w ho had been 
associated w ith  some of the w ork done fo r the B ritish S hip
bu ild ing  Research Association on the stresses in  large bolts 
m easured u nder ru n n in g  conditions. T here were, however, cer
ta in  points in  the paper to  w hich he w ould like to  refer.

T he  research, as fa r as it had  gone, had  been valuable and  
w orth  while, b u t he was sorry  th a t the au th o r had been unable 
to  include results on bolts w ith  m uch  greater reduction  in  shank 
diameter. In  no  case had failure o f a  specimen occurred in  
the shank. H e had no doub t th a t th is m ost im portan t m atter 
w ould be included in  the program m e.

H e underlined  the au th o r’s com m ents on page 235 of the 
paper regarding the use of high tensile steel, w hich had  been 
responsible fo r some serious failures due to  the fact th a t its 
greater no tch  sensitivity had  n o t been fu lly  appreciated. T here 
were natu rally  m any advantages w hich could  be taken of the 
h igher yield p o in t of h igh  tensile m aterial, and , indeed, it 
w ould be im practicable to  design an  a ircraft engine w ith 
o u t resort to  h igh  tensile steels. B ut it  m ust and  d id  involve 
a greater appreciation  o f stress concentration  effects, and  the 
design of stressed parts m u s t be arranged accordingly. C on
jointly , it  w ould be m ost instructive if the fu tu re  program m e 
cou ld  also include some tests w ith  loose-fitting nuts. T he  fit

of the n u ts  of bottom -end bolts in  an  a ircraft engine was su r
prisingly  slack.

T he  au th o r dealt w ith  fluctuating  tensile stresses on  pages 
235 and  236. T he im portance of adequate tigh ten ing  could 
n o t be overemphasized. M ost of the failures of bolts, p articu 
larly  large bolts, were due to  undertigh ten ing  ra ther than  over- 
tightening.

H e agreed w ith  the au th o r th a t w ith  bolts three inches in  
diam eter and  over there appeared to be no practical means of 
assessing adequate tightening, except, perhaps, by m easuring 
the overall extension of the bolt, w hich was som etimes m ost 
inconvenient. Reliance on the experience an d  in tegrity  of the 
fitters o r engineers on  the job was a m ost uncertain  m ethod, 
particularly  if there were insufficient room  to  get a good swing 
a t the bolts w ith  a heavy ham m er, as appeared to  be the case 
w ith  m ost of the m ore im portan t bolts in  an engine.

T he  im portance of th e  relative elasticity of the bolted 
assembly and  the bolt could  no t be em phasized enough. In  
these days, w ith  welded entablatures an d  seatings an d  higher 
engine revolutions, one heard m ore an d  m ore frequently  of 
transverse and  vertical v ibration  o f engines. T h is  m ade it 
essential satisfactorily to  fit ho ld ing-dow n bolts and  chocks. I t  
w ould  be appreciated th a t the ho lding-dow n bolt, w hich had 
probably the sm allest length-diam eter ratio  o f any  bolt on  a 
ship, w ould have a very small elastic strain  w hen fully tightened 
up. I t  was therefore essential th a t the tank  top , chock and  
bedplate flange should have no spring  in themselves and  should 
be solid w hen bolted up. I t  was assum ed, o f course, th a t the 
bolting  faces of the chocks were solid a round  the bolt and 
th a t the chocks were carefully bedded to  engine bedplate and  
seating. I f  th is were n o t the case, it  was alm ost impossible to 
get the bolted assembly solid.

T he  au th o r had recalled w hat was likely to  happen if the 
elasticity o f the bolted assembly was of the same order as the 
bolt itself; nam ely, th a t the bolt was subjected to dynam ic load. 
W ith  badly fitted ho lding-dow n bolts, therefore, it was prob
lem atical w hether the bolt failed before it slackened off. I t  fre
quently  happened th a t the landings fo r the bolt heads o r nu ts 
were n o t spo t faced. T h is  alm ost invariably ensured th a t the 
bolt started  off w ith  a h igh bending stress a t the head or in  the 
way o f the first th read , w hich was bad enough. B u t it  also 
ensured a condition  in w hich local yielding w ould take place 
under dynam ic load, perm itting  the full dynam ic stress to  be 
applied to  the bolt.

S tuds were a particu lar feature on  the ir own— b u t then
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no  one w ould fit a  stud  where it was a t all possible to  fit a 
bolt. T h is  should  apply in  particu lar to  the bolted assemblies 
of castings, such as brackets, and  so on, on colum ns and  the 
like.

B ottom -end bolts were a m uch  sim pler problem , bu t n a tu r
ally they had been m ore in  prom inence because of the very 
spectacular damage w hich could result on  failure o f one bottom - 
end bolt. N o  doubt it w ould be some tim e before the design 
of large bottom -end bolts was really satisfactory, bu t fu rther 
tests by the B.S.R.A. w ould certainly lead, in  the fu ture, to  this 
knowledge being available.

A nother m ost interesting consideration was the coupling 
bolt. I t  was sometimes m et w ith  th a t the criterion of a good 
fit was th a t the bolt w ould just be driven home, using  the 
heaviest device th a t could be sw ung, slid o r otherwise m an ipu
lated in  the confines o f the shaft tunnel. I t  was surprising  
w hat a little experience could accom plish in  this direction. T he 
n u t was then applied and  slogged up , and  everyone was satis
fied tha t a good job had been done. T he tightening stra in  of 
the bolt under these conditions was probably insignificant, as it 
was problem atical how  m uch penetration was obtainable w ith 
so tig h t a bolt. I t  was no t surprising, therefore, tha t in  the 
presence of transverse v ibration  or m alalignm ent of the line 
shafting, failure of the bolts was a com m on occurrence.

D r. H . H . A t t ia , B .Eng., M .Sc. (M ember) said he w ould 
like to  com plim ent the au th o r o n  presenting a  difficult p rob
lem in  such a sim ple way.

In  the sum m ary it was stated th a t the streng th  of a  bolted 
assembly w hich carried a  fluctuating  load was determ ined by 
the m agnitude of the cyclic load th a t could safely be carried 
by the bolts.

T here m ust be innum erable m agnitudes of cyclic loads th a t 
could safely be carried by a  bolt, provided it received the appro 
priate tightening in each case and  the num ber o f cycles d id  
no t exceed certain  lim its. I t  was suggested th a t the num ber 
of applications o f a cyclic load was a t best as im p o rtan t as its 
m agnitude in  determ ining the “safety line” and , w ithou t refer
ence to it, th is statem ent was meaningless.

I t  was know n th a t even dynam ic stresses above the fatigue 
lim it m igh t be harm less and  sometimes beneficial if applied 
less th an  certain  num bers o f cycles. F o r any  m agnitude of 
cyclic stress, there was probably a lim iting  num ber o f cycles 
below w hich th e  fatigue streng th  of a m aterial m ight be 
im proved and  above w hich it m igh t be decreased.

W ith  regard to  “ the theoretical stress concentration  factor” , 
it w ould be appreciated th a t this “elastic” factor depended only 
on  the geom etry of the no tch  and  was independent o f the 
m aterial. Theoretically, it  was applicable fo r the same notch  
in  any  elastic m aterial w hether i t  was plaster o r tungsten—  
regardless of the in trin sic  properties of the m aterial itself. I t  
was, however, generally uneconom ical to  use in  design, as it 
was fo r m etals alm ost always higher th an  “ the actual o r effec
tive stress concentration  factor” w hich represented the ra tio : —  
the fatigue lim it w ithout stress concentration  over the fatigue 
lim it w ith  the stress concentration , fo r a  particu lar m aterial, 
size an d  notch. T h is  latter factor depended on  the properties 
o f the m aterial am ong o ther factors an d  generally differed from  
the theoretical factor according to  the “ notch  sensitivity” of 
the m aterial, w hich was som ehow related to its ductility.

T h e  au th o r m entioned in  the second paragraph  on  page
002 th a t “ fatigue cracking takes place w ith very little  deform a
tion, even though  the m aterial m ay exhibit a  high degree of 
ductility  u nder sta tic  loading” .

H e could  assure the au th o r th a t considerable plastic defor
m ation d id  actually  take place by slip in the crystalline struc
tu re  of the m etal— depending on  its ductility— before fatigue 
cracking occurred. T he  stra in  harden ing  of the metal under 
cyclic loading was a  result of th is plastic deform ation w hich 
eventually led to  the  in itia tion  o f a fatigue crack. I t  m ust no t 
be  assum ed th a t  because there was no appreciable change in  the 
external dim ensions of a  fatigued com ponent there was no 
deform ation. A good example of how deceptive external defor

m ations of metals could be, was given by the results of the 
w ork of Sm ith  and  W ood (published by the Royal Society) 
who had show n that, a lthough  a residual external elongation 
was usually observed after yield o f a  specimen under tension, 
residual contraction  actually  occurred in  the lattices of the 
grains of the metal. Such contraction  was know n to contribute 
to  the increased hardness and  tensile strength  usually resulting 
from  the plastic deform ation an d  yield of a  metal.

I t  was only when the “subm icroscopic cracks”— form ed by 
the process o f slip w ith in  the grains— crossed crystal boun
daries and  joined one another th a t the conventional fatigue 
crack was actually  initiated. T h is  usually happened when the 
capacity for fu rther deform ation by slip of the h ighly  stressed 
grains of the metal was locally exhausted. D u rin g  th is strain  
hardening process the strength  of the m etal was locally increased 
and a t  the same tim e its “notch  sensitivity” , and  it  was due to  
the ascendancy of one over the o ther th a t local w eakening or 
strengthening of the m aterial resulted u n d er fatigue loading 
w hich m ight or m ight n o t arrest the propagation  of an  in itiated  
crack.

In  the th ird  paragraph  on page 234, the au tho r stated th a t 
“ it m ay be possible for large com ponents to  continue to operate 
satisfactorily under controlled stress conditions, even w ith  a 
fatigue crack present” . T h is  was rather a dangerous general 
conclusion to  be draw n from  the lim ited evidence available. 
H e suggested th a t the possibility of this happening in  practice 
w ith a visible crack was rather rare under m arine service con
ditions and  th a t in  any  such rare case there m ust have existed 
some special com bination  of factors peculiar to  the case w hich 
were m ainly responsible for the lack of crack propagation . I t  
was probable th a t crack propagation  m igh t depend on  m any 
o ther factors relating  to  the crack itself, in  add ition  to 
the properties of the m aterial achieved a t the end of the 
crack, stress g radient and  m agnitude of the peak stress of 
the cycle, w hich were m entioned by the author.

I t  was also m ost probable th a t fatigue cracking was 
generally in itia ted  by a few cycles of excessive cyclic stresses 
ra ther th an  by m illions of cycles of m oderate ones— in w hich 
case it  w ould appear th a t the usefulness of the value o f “ the 
fatigue lim it” by itself was ra ther lim ited. T h e  results of 
fatigue tests, com plete w ith  S -N  curves, could  only be made 
full use of, w hen statistical analyses o f investigations o f service 
loadings— including cyclic overstressing of loaded com ponents 
— could be m ade to  indicate possible stress ranges under ser
vice conditions and  the num bers of cycles for each stress range 
occurring  w ith in  a given period. W hen such inform ation  was 
available, it was possible th a t the life of each com ponent m ight 
be accurately predicted from  the S -N  curves a n d  the designers 
m ight then  be able to  decide the appropriate  scantlings of a 
com ponent by the use of a “reed factor o f safety” an d  no t a 
fictitious m isnom er as a t  present used.

T h is  b rough t to  his m ind  the story of N evil Shute and  
his aeronautical fatigue scientist who righ tly  refused to fly in  
an a irc ra ft in  w hich some com ponent or ano ther had already 
passed its safe operational fatigue life. T he  day m igh t come 
when this becomes a reality in  m arine engineering.

T h is  m ethod of statistical investigation m igh t also be the 
answ er to  the au th o r’s conclusion on  page 235 th a t “From  
fu rther consideration of the problem, however, it m u s t be con
cluded tha t the design stress is a purely hypothetical figure and 
bears little relationship to  the actual stresses set up  in  the bolts 
securing an  assembly subjected to  cyclic loading” .

H e did  no t agree, however, w ith  the au th o r’s statem ent in 
the last paragraph  of page 236 th a t “there is little likelihood 
of overstressing large engine bolts” and  his recom m endations 
fo r hardening up  as far as possible to  provide an  adequate 
safeguard. Results of tigh ten ing  tests a t w hich he was present 
had  indicated th a t unnecessarily high initial stresses m ig h t be 
inadvertently  induced in  bolts by the norm al m ethod of ham 
m ering up  the spanner. D u rin g  two consecutive tightening 
operations by the same m ethod and  gang, the same degrees of 
n u t ro tation  produced initial stresses in the bolts varying by 
as m uch  as 600 per cent. I t  was therefore evident th a t no
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reliance could be placed on the m ethod of assessing tightening 
stresses in a bolt by m easuring the angu lar ro tation  of the nut. 
These stresses could  only be accurately assessed by m easuring 
the extension of the bolt and  once a predeterm ined tightening 
stress— depending on the external load and  the properties of 
the assembly— had been induced, the m ain  issue and  necessary 
precaution then became the m aintenance of th is tightness.

Referring now  to Fig. 12, an d  ad m itting  the considerable 
scatter in  the fatigue test results of the 3-inch diam eter bolts, 
it seemed to  him  th a t the S -N  curves in  th is figure had been 
draw n rather too  optim istically . T hey  d id  no t appear to  
pass th rough  the m ajority  o f the relative points in each series 
as norm ally accepted. T o  do so, these curves w ould become 
m uch steeper th a n  those draw n in  th a t figure, and, bearing 
in m ind  the fact th a t the m axim um  num ber of cycles ru n  in 
these tests was only three m illion, it  w ould appear th a t the 
fatigue lim it— on a ten m illion cycle basis— should be m uch 
lower than  th a t suggested by these curves. H e did no t see 
how the chain  dotted curves in  Fig. 12 could  be assumed to 
represent the endurance curves for the best and  poorest series 
of specimens, and  it was suggested th a t any  conclusions draw n 
from  such an  assum ption could  only be m isleading. I t w ould 
appear from  redraw ing these curves (Fig. 21) th a t the fatigue

(MINIMUM STRESS OF LOADING CYCLE. 3 TONS PER SO IN. THROUCHOUT.

F ig . 21

lim it fo r the 3-inch diam eter bolts— on a ten m illion cycle 
basis— could only be between 3 an d  4 tons per sq. in. rather 
than  between 4 and  7 6 tons per sq. in. as the au th o r claims.

In  connexion w ith  the fracture o f the three 3-inch diam eter 
bolts w hich failed a t the fillets under the head, he suggested 
th a t this fracture was due to  some o ther defect a t the nucleus 
of the fracture  such as an  undercu t, a m aterial defect, o r a 
crack already in itia ted  a t th a t po in t, rather than  due to  the

( R 6 \
w ith  a ratio  of ) .

T here  was no doub t th a t the m ost severe stress raisers in  a 
bolt were the deep sharp  notches form ed by the threads and  
he could no t see how the stress concentration  of such a com 
paratively m oderate fillet could exceed th a t a t the sharp  notch  
of the bottom  of the threads, particularly  the first tw o threads 
engaging in  the nut.

W ith  regard to the m echanical properties of the material 
of the bolts m entioned in  Table I, it was noted th a t the tensile 
strength  for the 1-inch diam eter bolts was lower th an  th a t for 
the 3-inch  diam eter bolts, yet the hardness of the form er was 
higher th an  th a t of the latter. In  his experience, he had found  
tha t sm aller forgings produced under identical m anufacturing  
conditions (reduction  and  heat treatm ent, etc.) from  the same 
cast of steel as large ones, alm ost invariably gave higher tensile 
strengths than  the larger ones. Furtherm ore, it was generally 
found  th a t the tensile streng th  and  hardness of steels were 
usually  related, viz., the higher the tensile streng th  of the steel 
the higher its hardness, yet in this case the opposite was

reported. C ould  the au th o r shed some ligh t on  th is in ter
esting m atter?

Finally , from  consideration of the results of these tests, 
he could no t help reaching the conclusion th a t the strength  of 
dynam ically loaded bolts was determ ined n o t only by the m an  
w ith  the w rench, the designer, the tigh ten ing  a n d  external 
loads and  the m aterial of the bolts, etc., b u t largely by the 
accuracy and  care of the thread cu tting , m achin ing  and  finish
ing operations.

M r . A. F . C. Brow n  described photo-elastic tests on  screw 
threads w hich had  been carried ou t by the N ational Physical 
Laboratory. H e explained th a t the results had been embodied 
in a paper by M r. V. M . H ickson an d  him self w hich had been 
offered to  the In s titu tio n  of M echanical Engineers, and  it  was 
w ith the agreem ent o f the In s titu tio n  th a t he com m unicated 
some of these results.

T he  w ork was concerned w ith  stresses a t the roo t rad ii in 
screw threads, m easured by the “frozen stress” photo-elastic 
m ethod. T he  m ain  object of the w ork was to  check some 
theoretical results arrived a t by D r. S opw ith  and  given in 
ano ther paper to  th e  In s titu tio n  o f M echanical Engineers.* 
In  th is paper, D r. Sopw ith  described a special form  of tension 
n u t w hich was m entioned in  M r. T ay lo r’s paper. D r. Sop- 
w ith ’s n u t was peculiar in  th a t n o t only  was i t  tapered, bu t 
the bolt was hollowed o u t as well in  sym pathy. A t the same 
tim e as th e  test on  the tension n u t, the opp o rtu n ity  was taken 
of exam ining the stresses in  an  o rd inary  bo lt an d  n u t w hich 
had  already been done by H etenyi, as quoted by M r. Taylor.

A d istinction  had already been clearly draw n th a t evening 
between stress concentration  an d  load concentration . Stress 
concentration  was a geom etrical effect b rough t about by the 
shape o f the no tch , whereas load concentration  was a  different 
effect w hich was illustrated  in  Fig. 5 o f M r. T ay lo r’s paper. 
T he  results he was about to  show were influenced by bo th  
these factors and  referred to  purely  elastic conditions.

T h e  first slide showed the form  o f test specimen used, the 
m aterial being Fosterite. I t  consisted o f a  l |- in c h  W hitw orth  
stud  w ith  a tension n u t a t one end  and  an  o rd inary  n u t a t 
the other.

T he  frozen stress technique was as follows. A com para
tively small load was applied to  the specimen w hich was then 
heated in  an a ir oven to  about 90 deg. C. A fter tim e had 
been allowed for the heat to  penetrate, the m odel was cooled 
slowly w ith  the load still on. A fter the load was removed, 
the m odel retained the strains w hich had been im posed w hen 
it was ho t and  it could  in  fact be cu t in to  slices fo r exam ina
tion  in  a photoelastic polariscope. F ro m  m easurem ents on 
longitud inal slices th rough  the roots o f the threads, i t  had 
been possible to  determ ine the stresses in  the various threads.

T he  next slide showed the results for the o rd inary  stud  and 
nut. T he  tensile stress in  the stud  rose to  a high value in 
the thread nearest to  the bearing face of the n u t, the m axim um  
value being twelve times the stress in  the fu ll body o f the 
stud. Such a  high value w ould n o t occur in  a steel stud  
ow ing to  the stress peak being relieved by local yielding. T he  
tensile stress on  the n u t, on  the o ther hand, was qu ite  low. 
T h is  was because the tensile stress set up  as a result o f the 
bending of the threads was counteracted by the general com 
pression in  the nu t. In  th e  stud , on  the o ther hand , the 
tensile stresses were augm ented by general tension in  the stud.

A nother slide showed the corresponding pair of curves for 
the tension stud  and  nut. T he  peak in the curve for the stud 
stresses had been largely removed, show ing that- the load had 
been m ore uniform ly d istributed  along the engaged portion  of 
the thread. I t  was also of interest th a t the stress in  the n u t 
became com parable w ith  th a t in  the stud.

As M r. T ay lo r im plied in  his paper, a s tud  and  n u t of 
this k ind  were no t very practical. T he  design was com plex 
and required very accurate m achining. M r. Brow n, however, 
considered the results to  be valuable, no t only  because they

* Sopwith, D. G. 1948. “The Distribution of Load in Screw 
Threads” . Proc.I.Mech.E., Vol. 159, p. 373.
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proved the correctness of D r. Sopw ith’s theory bu t because they 
dem onstrated a means of greatly im proving the load d istribu
tion in  a screwed joint.

M r . E. W. C r a n s t o n , W h.Sc. (M em ber of Council) said 
the au tho r was to  be congratu lated  on investigating a subject 
of great im portance to  designers and  users of all types of 
reciprocating m achinery, especially as there was very little 
inform ation  published in  th is country. However, certain 
engine-builders had m ade large-scale investigations sim ilar to 
those described in  the paper, and  some o f the results obtained 
had been published on  the C ontinent.

These investigations showed th a t the designer of m achinery, 
besides using certain  rules derived from  past experience, m ust 
pay particu lar a tten tion  to bolts, studs and  nu ts subject to  
fluctuating  stresses and  also to  those subject to  shock loading. 
By this he m eant bolts holding p iston  closing covers, w hich 
were subject to  hydraulic shock loading from  the p iston  cool
ing of Diesel engines. In  m odern  designs it was usual for 
im portan t bolts used under these conditions, to  find th a t the 
diam eter of the body had been reduced wherever possible to 
approxim ately the diam eter a t the bottom  of the threads, and 
also th a t a radius had been form ed between the body and  the 
head. F o r cases of shock loading, it was usual to make the 
bolts as long and  as elastic as possible, increasing their length 
if necessary by inserting distance collars beneath the nuts. T w o 
of the m ost im portan t considerations were the choice of m aterial 
and  the type of thread to  be used. T he  form er was determ ined 
from  the size of the bolt and  the resulting stresses, w hilst the 
latter was very often  determ ined from  other considerations apart 
from  fatigue strength.

A certain am oun t o f w ork had been carried ou t on the 
fatigue strength of bolts o f different m aterial and  w ith  different 
types o f thread. I t  was evident from  the paper th a t in form a
tion  of this sort was n o t generally know n, and  the follow ing 
examples m igh t be of interest.

T he  bolts tested were generally sim ilar to  those described 
in  the au th o r’s tests, show n in Fig. 8, bu t w ith  a body diam eter 
of 31 m m . (1 2 2  inches), threaded portion  50 mm . (1 9 7  inches) 
long an d  un threaded portion  280 mm . (1 1 0 2  inches) long. 
One set o f bolts was tu rned  from  forged steel very sim ilar to  
th a t used by the au thor, i.e. w ith  analysis of carbon O'18 per 
cent, m anganese 0 91 per cent, silicon 0 1 9  per cent, phos
phorous 0-017 per cent an d  su lphu r 0 028 per cent, and  u lti
m ate tensile strength  of 29 2 tons per sq. in.

T he  types of thread  tested were W hitw orth  H -in ch , Acme 
K  N o. 38 (38 m m . = 1'496-inch diam eter), S tandard  In te r
national 39 m m . diam eter by 4 m m . p itch , B ritish  S tandard  
Pipe 1 l- in ch  an d  S tandard  In ternational F ine 36 mm . diam eter 
by 2 m m . p itch . T h e  lowest stress in  the fatigue tests was 
always m aintained a t 15 kg. per sq. m m . (9 5  tons per sq. in.), 
a m uch  higher figure th an  th a t given by the author. T he 
load ing  cycles were 350 per m inute. T he  fatigue lim its for 
the various threaded bolts were in  the order set ou t above; i.e. 
the W hitw orth  th read  was the best a t 4 8 tons per sq. in .; then 
Acme K  N o. 38 a t 4 3 tons per sq. in .; S .I. 39 by 4 a t 3 8 
tons per sq. in .; H -in c h  B.S.P. an d  S .I.F . 36 by 2 a t 3 2 
tons per sq. in. T h u s  the original W hitw orth  thread showed 
u p  better th an  m ost o ther threads w hich could  be used.

F o r sim ilar bolts o f chrom e-nickel steel w ith  a com position 
of carbon 0 28 per cent, silicon O'15 per cent, m anganese 0-50 
per cent, chrom e 0 80 per cent an d  nickel 3-40 per cent and  
u ltim ate  tensile streng th  of 52 tons per sq. in., three types of 
thread were tested, w ith  the result th a t the m erits of W hitw orth  
and  Acme K  threads were reversed. T he  fatigue lim its were 
Acme K  N o. 38— 6'9 tons per sq. in .; 1 J-inch  W hitw orth— 5'7 
tons per sq. in .; and  S.I. 39 by 4 m m .— 5 4 tons per sq. in.

In  studying  the above results, it  w ould  be found— especially 
for the first-m entioned tests— th a t there was some relation 
between the fatigue lim it an d  the radius a t the roo t of the 
thread. T he  ratios of radius a t roo t of thread to the core 
diam eter of the th read  w ere : —

li- in c h  W hitw orth  thread 
Acme K  N o. 38 
l  j- in ch  B .S .P .........................
5.1. 39 x 4 .............................
5.1.F. 36 x 2 ...............

0-0178
00161
000907
0-00694
0-00349

T he paper pointed ou t tha t it  was im portan t to  design the 
parts to be held together in  such a  way th a t there was no bend
ing of the bolts, o r at least th a t th is was a t a m inim um . It 
was also im portan t to  choose a sym m etrical arrangem ent of 
bolting, i.e. no t one short and  one long bolt for holding down 
a p a rt such as a fuel injector body on a Diesel engine.

N o t only m ust bolts be carefully designed b u t also studs 
and  set -bolts, w hich were often subject to  dynam ic loading—  
for example, cylinder cover studs. I t  had  been found  th a t the 
best arrangem ent was to have collar studs, each w ith  a portion 
below the collar tu rned  to  a diam eter equal to  o r a little below 
the core diam eter of the thread. W here collar studs cou ld  no t 
be used, the next best arrangem ent was to  fit studs w hich 
“ bottom ed” in  the tapped holes. S ho rt studs should no t be 
used, and  if necessary spacing collars should be placed under 
the nuts.

T he  design of the n u t to  go w ith  dynam ically loaded bolt 
or stud  needed careful consideration, especially where the 
latter was highly stressed. Figs. 5, 6 and  7 gave guidance, bu t 
there appeared to be little  full-scale testing of bolts w ith  nuts 
designed to  im prove the d istribution  of load along the threads 
in contact. Perhaps the au tho r could extend his investigations 
in th is direction.

A part from  design, there was scope fo r great im provem ent 
in  the m anufacture  of threaded com ponents, as the au th o r had 
found  in  his investigations. T h e  body of a bo lt, especially 
the radius under the head, should be free from  tool m arks or 
scratches. T he  thread should *be accurately form ed, and  one 
m ethod used for large bolts and  studs m ight be of interest. T he 
thread was tu rned  o r m illed alm ost to  size and  finished by 
thread-rolling. T h is  im proved the surface finish on  the flanks 
of the threads, i.e. the surface irregularity  was reduced to  about 
one-seventh to  one-eighth of th a t of o rd inary  tu rn ed  threads. 
Fatigue tests had  show n th a t the stress range could  be raised 
from  8 2 to  10 5 tons per sq. in. w ith  breakage of the test 
pieces after about 10 m illion cycles, i.e. an  im provem ent of 
about 28 per cent in  fatigue strength , w ith  threads w hich had 
been rolled.

D u rin g  erection of an engine during  m anufacture and 
after overhauling, it  was im portan t tha t bolts and  studs should 
be fitted and  tightened u p  correctly. T he faces under the heads 
of bolts and  n u ts  should be square w ith the axis in  every case, 
no t only fo r ru nn ing  gear bolts b u t also for foundation  bolts, 
w hich were also subject to  dynam ic loading and  were often 
no t treated w ith  the care they deserved. T h is  po in t had been 
covered by M r. Bunyan.

T h e  best w ay of tigh ten ing  im portan t bolts, including 
tie-rods, was to  use a hydraulic stretching device w hich loaded 
the bolts and  the structu re  to  be held together by am ounts 
previously determ ined. O ther m ethods in c lu d ed : —

(a) th e  use of spanners w ith torque m easuring a ttach 
m ents;

(b) tigh ten ing  by tu rn in g  the n u t th rough  a  certain  angle 
from  the hand tigh t position;

(c) heating the bo lt to  a certain  tem perature and  tighten
ing  the n u t by hand ; and

(d) m easuring the extension of the bolt w hilst tightening. 
Some of these m ethods had definite disadvantages, bu t all 
should give im proved results over the m ore usual tightening 
procedure w hich depended on  the strength, tra in ing  and  experi
ence of the fitter o r erector.

M r . R. C ook, M .S c. (M em ber of Council) said th a t as 
a colleague of the au th o r he m ight, perhaps, be perm itted  to  
make a few rem arks as an  addendum  to the paper.

H e w ould like first of all to  refer to  the fatigue tests on 
the 3-inch bolts. I t  was clear from  the test described by the 
au th o r th a t the fatigue strength was dependent to  a very large
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extent on the accuracy of the screw -cutting  and  th a t large 
variations in  streng th  could occur w ith  the norm al m ethod of 
cu ttin g  threads in  a lathe w ith  a  single-point tool. L ittle  is 
know n regarding the relative m erits of alternative form s of 
screw cu tting , such as m illing, g rind ing  and  rolling in  these 
large sizes. A  fresh series o f tests had  therefore been p u t in 
hand in  w hich these factors were being investigated. Inciden
tally, it  was obviously desirable th a t in the new series of tests 
the threads in  the nu ts should be of the highest possible degree 
o f accuracy so as to  elim inate one variable factor. As a pre
lim inary, therefore, a num ber of specimen nu ts were prepared, 
using various alternative m ethods of th read-cu tting . W hen 
they were exam ined fo r accuracy, it  was found  th a t the nu ts 
varied very considerably, according to  the m ethod employed.

A nother direction in  w hich there was a m arked lack of 
authoritative data was connected w ith  studs. A previous speaker 
had  m ade claims regarding a certain  type of stud , an d  other 
claim s had  been m ade from  tim e to  tim e fo r various other 
designs. As far as he was aware, however, there were no really 
reliable data in  the form  of results of fatigue tests as to  their 
relative perform ance under dynam ic loading. T h is  was another 
m atter w hich was now  being actively investigated.

T he  au th o r had  referred in  his paper to  the report of a 
com m ittee of the In s titu te  in  1945 on  the failure of auxiliary 
Diesel engine connecting  rod  bolts. T h is  subject was no t un re
lated to  the present paper, an d  perhaps a few rem arks w ould 
no t be ou t of place.

T hree practices had  been adopted  a t one tim e or another 
in  an  a ttem pt to  reduce the extent o f such failures; namely, 
periodical heat treatm ent, renewal after a specified period of 
service, and  periodical exam ination. I t  was now  generally 
recognized th a t periodical heat treatm ent was no t advisable, 
because in  the first place it was very doubtfu l w hether it did  
any good in  im proving  resistance to  fatigue o r to  shock load
ing. Secondly, incipient flaws were likely to be intensified. 
T h ird ly , unless there was proper contro l, there was a good deal 
of risk of doing m ore harm  th a n  good. T h e  la tter considera
tion  applied w ith  special force to  alloy steels, where there was 
also a risk of distortion.

T he  second practice was the one w hich was favoured by 
the com m ittee o f the Institu te . I t  w ould appear th a t th is was 
because a num ber of superin tending engineers reported marked 
reductions in  breakages follow ing u p o n  the in troduction  of 
such a policy. T he au th o r and  him self had  had occasion to 
look in to  this m atter some three o r fo u r years ago, and  they 
came to  the conclusion— rather re luctantly— that they could no t 
agree w ith  th is policy. T here seemed to  be strong  g rounds for 
doubting  w hether any particu lar period of replacem ent (four 
years was recom m ended) w ould  be short enough to  reduce the 
incidence of failures. T h e  evidence d id  n o t seem very con 
vincing, because obviously o ther precautions m ight well have 
been taken a t the same tim e, an d  they obscured the issue. 
T hus, fo r example, any  superin tending engineer w ho was faced 
w ith  a c rop  of bo lt failures and  decided upon  a policy of bolt 
renewal w ould a t the same tim e probably take exceptional steps 
to  see th a t the bolts were tho roughly  and  adequately tightened 
up  w hen they were renewed.

A t the tim e, it  had seemed to  the au th o r and  him self th a t 
periodical inspection was the m ost logical o f the three p ro 
cedures. H e was no t quite sure w hether the au th o r w ould still 
agree w ith  that. I t  w ould be in teresting  to  hear his views. 
T here was a proviso— th a t it should be arranged for a t intervals 
of n o t longer than , say, a year; th a t inspection should  be 
thorough, probably involving sending the bolts ashore for the 
purpose; and  also th a t exceptional steps should  be taken to  
see th a t the bolts were adequately tightened. O therw ise, one 
m igh t do m ore harm  th an  good.

W hen one realized tha t, as show n clearly by the au tho r, 
the dynam ic load going on  to  a properly tightened bolt was only 
a fraction  of th a t applied to  the bolted m em ber, it  was difficult 
to  resist the conclusion th a t fau lty  assembly was responsible for 
the m ajority  of bo lt failures. I t  w ould  seem th a t a  policy 
aim ed a t ensuring  p roper assembly was the one w hich in  the 
long ru n  w ould prove m ost effective.

C o m ’r (E ) J. I. T . G r e e n , O .B.E., R .N . (M em ber) quoted 
from  his ow n experience a  case in  w hich a D iesel engine was 
held together by long tie-bolts w hich failed very rap id ly  on 
service. T he  trouble was cured exactly as recom m ended in 
the first p a rt o f th e  paper, by rebedding the m ating  parts of 
the struc tu re  an d  apply ing  a calculated tension to  the bolts.

C oncerning the second p a rt o f the paper, the frequency 
of application  of the load on  the 1-inch bolts was ten  times 
th a t on  the 3-inch  bolts. H e understood  th a t speed of load
ing  had  some effect on results, p articu larly  in  no tch  b rittle
ness tests. C ould  the au th o r confirm  th a t the use of different 
machines in  the tw o cases w ould  have no effect on the relative 
results?

M r. T . S c h u r , B.Sc., A .M .I.M ech.E ., A .M .I.E .E ., said 
th a t various m ethods of p roducing  threads had been m entioned, 
am ong them  grinding, cu ttin g  and  rolling. H e believed it was 
established th a t ro lling  was the best w ay to  produce good 
threads fo r cyclic load ing  and  th a t g round  th read  was actually  
less able to  w ithstand  cyclic loading th an  cu t thread . H e had 
always understood  th a t this was due to  the plastic deform ation 
on the flanks w hich was produced by cu tting  o r by over
rolling and  was n o t p roduced by grinding. H e w ould  be glad 
to  hear the au th o r’s views on  th is question. Perhaps fuller 
inform ation  m igh t be revealed by fu rther tests.

A great deal had been said about the im portance of m aking 
the bolt as elastic as possible. Reduced shank diam eter had been 
m entioned. T h is  was clearly the best m ethod  of achieving the 
desired result. W here it  was too expensive, however, a very 
stiff bo lt could  be m ade m ore elastic by m aking the thread 
portion  longer than  was often done. O ne very often  found  
a bo lt w ith  a  free th read  po rtion  o f tw o or three threads only. 
T he  rem ainder had fu ll shank diam eter. Better results were 
obtained, he believed, if th e  free th read  po rtion  was as long 
and  the shank as short as possible. T ests had show n th a t the 
free th read  po rtion  should  be a t least the length  of one dia
meter, and  this applied equally to  bolts an d  studs.

Correspondence
M r . A. W. D a v i s , B.Sc. (M ember) considered tha t 

the au th o r had p u t fo rw ard  a clear and  concise a rgu 
m ent for better design of bolts subjected to cyclic variations 
of stress, an d  for the need w hich existed in  m any cases fo r a 
higher quality  o f finish. T he  necessity fo r the avoidance of 
sharp  changes in  section, w hich em braced the need for good 
fillets, could never be over-emphasized.

Regarding the expression for the instantaneous load in  
a bo lt un iting  members in  tension as given by equation  (1), 
i t  was suggested th a t in  the particu lar case of side connecting

rods, k b being large in  p ropo rtion  to &a, the q u an tity  C W  was 
so sm all as no t to  be o f serious consequence. O n the o ther 
hand, trouble w ould m ost certainly arise if W i were less than  
W — th a t was w hen separation occurred. S uch a cond ition  
could be readily b rough t about by the explosion of excess oil 
in  a cylinder consequent, say, upon  a  sticking fuel valve, the 
relief valve area being perhaps inadequate to  avoid pressures 
arising to  an extent th a t elongated the bolts in  question. T h is  
could be sim ply verified w ith  a spanner and  a slogging ham m er 
after such an  occurrence and , if care were always taken to
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effect such hardening u p  after a heavy explosion, bolt failures 
in  side rod  members w ould be a rare occurrence.

M r. S. H . D u n l o p  w rote tha t the au th o r’s paper was of a 
factual nature, supplying very interesting results, and  his defi
nite approach to  the num erous problems d id  no t perm it of 
criticism , b u t m erited several observations.

T he  au th o r had gone a long way tow ards reducing this 
difficult problem  to practical perspective; his w ork also afforded 
confirm ation of various accepted principles. H e showed con
clusively the effect o f slight inaccuracies in  p roduction , the 
value of prestressing and  the necessity fo r an  adequate fillet 
radius. I t  was well know n th a t there was no direct relation
ship between im pact strength  and  fatigue strength.

Specimen testing to provide a  suitable m aterial of indefinite 
life was still acceptable apparently , a lthough  the testing of the 
finished article m ight prove the accepted m aterial unsuitable. 
W as the au th o r im plying in  the conclud ing  in troducto ry  sen
tence tha t tests o f the com m ercially produced article should be 
applied before a definite m aterial decision was m ade? T h is  
w ould be a very lengthy process and  it  was doubtful w hether 
the tests w ould elim inate the hum an elem ent factor arising  in 
mass production.

C oncerning the difference in  perform ance between the 1- 
inch and  3-inch bolts, it was know n th a t the fatigue strength 
of steels decreased about 4-16 per cent w ith  increasing size 
of test piece. A lthough fatigue was responsible fo r m ost of the 
failures occurring  in  m achine parts, it was still necessary to 
base design on  the u ltim ate strength  since this was the steel
m aker’s classification, and  it was usually safe to take the fatigue 
strength  as 40-60 per cent o f the ultim ate strength.

T h e  prestressing of bolts was generally applied by Diesel 
engine m anufacturers and the education of w orks’ personnel in  
the use of such apparatus developed appreciation of its im por
tance. T he  apparatus employed was supplied as standard  
equipm ent b u t its fu ture  intelligent application was doubtful 
and the au th o r’s conclusions tha t such refinements were hardly 
practicable led to  consideration o f its im portance or otherwise.

T he  au th o r’s finding th a t prestressing reduced the effective 
fluctuation  stresses to  one-fifth was illum inating , b u t the con
clusion draw n by the au th o r th a t there should be as m uch pre
stressing as possible was scarcely acceptable. H etenyi, while 
show ing th a t flexibility o f structure  resulted in  bending fatigue 
failure, had draw n atten tion  to  the im portance of proper pre- 
loading. In  th is connexion the au th o r adm itted  the necessity 
for ductility  o f the n u t, and  of course, the whole m echanism  of 
fatigue was one of stra in  hardening, the rup tu re  of the atom ic 
bonds leading to  the form ation  of m icro-cracks w hich grew 
in to  m acro-cracks. I t  was im portan t to  bear in  m ind  the effect 
of excessive prestressing on  the life of o ther com ponents.

T he  illustrated  m ethods of im proving the d istribu tion  of 
load along the n u t were in teresting; it appeared th a t thread 
accuracy was essential and  em ploym ent of such m ethods w ould 
be lim ited to  a few accepted problems. Com m ercially p ro 
duced threads apparently  produced a load d istribu tion  to  meet 
norm al requirem ents. C ould  the au th o r give some indication 
as to  w hen th e  use of com m ercial threads became unreliable, 
also w hen the new  n u t theory  should be applied?

A rolled th read  w ould  m ain ta in  the prestress w ith  less 
change than  a cu t thread because of better th read  engagem ent, 
ow ing to  im proved surface finish. W as the au th o r in favour 
of rolled th read ing  despite the loss o f accuracy entailed?

H igher strength  alloy steels were becom ing com m on in 
Diesel m anufacture  and  it w ould be of interest to  have the 
au th o r’s opin ion of the conclusions expected after subm itting  
such m aterials to  sim ilar fatigue tests. W ould  they follow those 
indicated in the present paper, w ith  em phasis on the im por
tance of body an d  thread  finish?

T he  au tho r’s com m ents concerning the lim itations of high 
tensile steels were som ewhat controversial. A lthough the notch 
sensitivity increased w ith  rising tensile strength, the actual 
endurance lim it im proved m arkedly. Accordingly, the state
m ent th a t there m igh t be no advantage in the use of high

tensile steels called for qualification. T h e  cases on record where 
high tensile steels had a lower fatigue strength  th an  m ild steel 
were altogether exceptional. T he  ratio  of the fatigue lim it to  
the ultim ate tensile strength  was usually  0 45 to 0 55 bu t it 
tended to  fall to  0 4 for 100-ton steels.

W. Staedel (M itt, der M ateria l-pruf. D arm stad t, 1933, 14, 
22) had given the d istribu tion  of bolt failures as 65 per cent 
a t the first thread in  the bottom  of the n u t, 20 per cent a t the 
last thread in  the bolt and  15 per cent under the head. T h a t 
a high stress concentration existed at the first thread in the 
nu t had been show n photo-elastically by H etenyi.

Fatigue strength varied w ith  the am oun t of forging, par
ticularly  ow ing to  the elongation of non-m etallic inclusions, 
causing marked directional differences in  all m echanical p ro
perties. N on-m etallic  inclusions had a m arked effect on  the 
endurance lim it, hard  inclusions of silicates and  alum inates 
being particularly  detrim ental, especially w hen near the surface.

I t  was evident from  the au tho r’s results th a t calculations 
based o n  cylinder pressure and inertia of the reciprocating parts 
were unreliable, since provision m ust be m ade fo r cyclic load
ing. T he  variations disclosed by the au th o r were so consider
able as to  indicate the advisability o f generous allowances in 
design. T he au tho r’s test pieces, finished w ith  a g round-thread 
chaser, appeared to  have been of a ra ther higher standard  than 
the average production  finish. H is standard  was particularly  
high in  respect of p itch  and  form  of threads, the p itch  error 
being less than  one thousandth  in 4 inches, a  small p itch  error 
evidently having a great effect on  stress concentration. Even 
w ith  so high a  standard  of finish the great variation in the 
results was impressive, since the ordinary production  finish 
w ould lead to  w ider variations. In  practice it  w ould seem 
advisable to  reduce the cross sectional area of the bolt to  m uch 
less than  80 per cent of th a t of the thread core an d  also to 
have a  fillet radius of m uch  m ore than  one-eighth of the shank 
diameter.

T he surface condition  became increasingly im portan t as the 
tensile strength  was raised.

T he  au th o r was to  be congratu lated  on  his successful app li
cation of tests corresponding m ore closely to  ac tua l service con
ditions th an  those adopted  by previous investigators. I t  was 
to  be hoped th a t he w ould follow up  his valuable investigation 
w ith  fatigue tests in torsion, preferably a t  ten m illion cycles; 
perhaps in  subsequent tests he w ould consider the influential 
tem perature fluctuations w hich occurred in  practice.

M r. J. E. F ie l d  considered tha t the expressions (1) and  (2) 
on  page 236 were only really valid when the external load was 
applied a t the outer ends of the bolted members, close to  the 
bearing faces of the n u t and bolt head. W hen the load was 
applied a t the inner m ating  surfaces of the members, the total 
bolt load = W j = initial tigh ten ing  load (so long as no separa
tion  occurred). F o r points of application  of the external load 
between these tw o, an  expression

W, = W>+ \  C W
obtained, where 1 = distance between points o f application  of 
external load, L  = distance between bearing faces of n u t and 
bolt head.

C onnecting rod assemblies of the type illustrated  in  Fig. 3 
w ould, insofar as the direct tensile stresses were concerned, 
fall w ith in  this interm ediate case. T he  external loads would 
be applied roughly  a t the underside o f the bolt head (end of 
connecting  rod) and  a t the inner surface o f the lower half of 
the bearing assembly, th rough  the crank pin. T his w ould 
reduce C  to about half the au th o r’s value, though it  was diffi
cu lt to say exactly where the effective points of load application 
were.

T he au thor’s expression always gave the greatest value for 
IV, and  was safest fo r design purposes, particularly  in  view of 
the uncertain ty  as to  W t.

O n page 237, the au th o r recom mended the use of a ductile 
m aterial for the n u t, in  order to im prove the load distribution. 
D uctility  was hardly the po in t— the load d istribu tion  m ight be
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im proved, insofar as n u t m aterial was concerned, by use of a 
m aterial w ith  either a low elastic m odulus o r an  appropriately  
low yield po in t— the am ount o f yield required was very small. 
T he au th o r m ade this po in t himself on page 238, line 4, 
et seq.

I t  was no t made clear on page 237 (colum n 1, line 19, et 
seq.) th a t the load transm ission from  n u t to bolt was by can ti
lever bending of the threads and  th a t the m ost serious stresses 
set up  were the bending stresses near the roots o f the bolt 
threads, as show n in Sopw ith’s analysis.*

I t  was, however, feasible to  taper the bolt threads. T h is 
had been done successfully in  the U n ited  S tates.f

A m ajor factor in  respect of the n u t show n (page 237, 
line 14) was th a t it was “overhung” , so th a t m ost o f the n u t 
was in  tension, as well as the bolt, thus reducing the p itch  
differential caused by applying load to  the joints (Figs. 6(a) 
and  (b) ).

M r . W . A. P. F is h e r  w rote th a t some testsf m ade by the 
w riter and  his associates were designed to dem onstrate to the 
satisfaction of airfram e designers tha t the deciding factor in  
the fatigue o f bolts in  tension was, as J. O. A lm en p u t it 
some years ago, “ the m an w ith the w rench” .

T h e  need fo r controlled preloading of bolts in  reciprocating 
parts was well know n to engine designers. T he  effective app li
cation of the principle, however, presented difficulties. W ith  
small bolts, care m ust be taken no t to  approach the torsional 
strength  of the bolt. W ith  large bolts, on  the o ther hand , the 
load to  be im posed was so great, and  available space frequently 
so lim ited, th a t the problem  was to  apply  sufficient torque; 
and , in any case, w ith m achine-cut threads the relation between 
torque and  tensile load was ap t to  be som ewhat variable. A 
recheck on  tightness after a specified ru n n in g  period was always 
advisable. T h e  elastic extension of a low tensile steel bolt 
stressed to , say, 15 tons per sq. in. was only  0 001 inch per 
inch length, and , the surfaces no t being planished, the bedding- 
in  of high spots m ust produce a m easurable loss of tension. 
T he  provision of secure locking w ith , as nearly as possible, 
infinite choice of n u t position and  elim ination of split pins 
and  tab  washers offered scope for ingenuity  in  the design 
office.

M ost o f the suggested design features were to be recom 
m ended even though  the bolt were preloaded. T he advantage 
of using a  “ tapered lip  n u t”  was well established, also of 
reducing the shank diam eter som ewhat below the core diam eter, 
w hen the first th read  was engaged by the nut.

F lu c tu a tin g  bending loads were o f com m on occurrence, 
and  were severe on the cross section im m ediately below the 
head. Hence, a generous head fillet radius, free from  tool 
m arks and  preferably burnished, was all the m ore desirable.

T he in troduction  of compressive surface stress in an axial 
plane a t fillets was a well know n and  highly effective m eans for 
raising the fatigue strength. T h is  occurred  when threads were 
roll-form ed or roll-finished. D id  the au th o r know  of instances 
where these processes had been applied to  large m ild  steel 
bolts?

W hen the au th o r quoted  the “lim iting  stress range” , he 
evidently m eant w hat m ost engineers w ould call the “ lim iting 
a lternating  stress”  and  no t the fu ll stress range from  m inim um  
to  m axim um . C onform ity  w ith  norm al practice w ould help to 
avoid am biguity.

W ith  reference to  the tests m ade by the au thor, the occur
ence of com pound fractures indicated a  high initial peak load 
a t several threads’ distance from  the theoretical position shown

* Sopwith, D. G. 1948. “The Distribution of Load in Screw 
Threads” . Proc.I.Mech.E., Vol. 159, p. 373. 
t  Stoeckley and Macke. 1951. “The Effect of Taper on Screw 
Thread Load Distribution” . A.S.M.E., No. 51-S-15.
$ Fisher, W. A. P., Cross, R. H. and Norris, J. M. June 1952. 
“ Pre-tensioning for Preventing Fatigue Failure in Bolts” . “Aircraft 
Engineering” , Vol. X X IV , No. 280.

in  Fig. 5, since the first crack m ust have been th a t farthest 
from  the bearing face. In  Fig. 13, fo r example, the first 
crack started  a t the fifth  engaged thread fillet. Spreading of 
the th read  loading away from  the first th read  was obviously 
advantageous, provided no local peak of h igh pressure was p ro 
duced. W hen using a low yield-point steel, accurate form  and 
pitch , together w ith  sm ooth surfaces (qualities obtained better 
by ro lling  than  by m achining), could give even contac t, while 
better thread load d istribu tion  could be had th rough  slight 
local yielding. I t  w ould be interesting to  know  w hat im prove
m ent in  the lower lim iting  endurance curve in  Fig. 12 w ould 
result from  first tigh ten ing  the bolt to  preloading stress and  
then  slackening off to the test condition.

D r . J. E. R ic h a r d s  (Associate M em ber) w rote th a t the 
au th o r drew atten tion  to  special types o f nu ts designed w ith 
the object of giving a  better d is tribu tion  of load and  also to  the 
fact th a t small errors in  p itch  m igh t entirely m ask the effects 
of these nuts. T h is  m igh t be illustrated  by the m agnitude of 
the relative displacem ent o f the bo ttom  and  next th read  of a 
one-inch diam eter B.S.W . bolt w hich had been calculated by 
Sopw ith* for a bolt load of 6,0001b. and  found  to  be 0 00004 
inches. I t  was doubtfu l w hether an  accuracy of th is order 
could be achieved by any production  m achine tool and , in  con
trast to  th is, the allowable p itch  erro r fo r the B.S.W . close fit 
thread was a mean of 0 0004 inches per th read  assum ing six 
threads were engaged an d  it  was possible to have a p itch  error 
of 0 0023 inches between adjacent threads and  still be w ith in  
the tolerances laid dow n. T h is  threw  considerable doubt on 
to the efficiency of these special nu ts and  consequently  it w ould 
be interesting to know  if their theoretical advantages had been 
proved by fatigue tests.

I t  had been suggested tha t a better load d is tribu tion  w ould 
be achieved by using nu ts having a lower elastic m odulus than  
the bolts b u t it seemed probable th a t p itch  errors were too  great 
for th is to give any  appreciable relief. A m ore o r less un iform  
d is tribu tion  of load seemed to  be achieved in  practice by the 
yield stress o f the m aterial of the n u t being appreciably lower 
than  th a t o f the bolt. In  th is w ay the large errors in  p itch  
w hich m ust exist in  practice m ight well make little difference 
to the fatigue strength. I t  appeared possible tha t the surface 
finish a t the bottom  of the thread of the bolt was a prim ary  
cause of the scatter o f the results and  th a t rolling the roots 
of the threads reduced this scatter an d  im proved the fatigue 
strength.

T he  initial tightening of the bearing assembly was vitally 
im portan t even for bolts w ith  a very low residual stress and  as 
this was so there m ight be some advantage in  using smaller 
diam eter bolts. F o r instance, the use of tw o l i - in c h  dia
m eter bolts (w hich were about the largest size w hich could 
be tightened by a torque spanner) instead of one 3-inch bolt 
m ight be justified if the in itial tigh ten ing  of the sm aller bolts 
could give a definite tigh ten ing  stress o f 12 tons per sq. in. and  
w ith  the 3-inch bolts a stress of only  6 tons per sq. in. could 
be assured, even though  the cross sectional area of the smaller 
bolts was only half th a t of the larger bolt. W hen th is investiga
tion  had progressed fu rther it m igh t be possible to  assess the 
relative efficiencies of various designs. A t present the only 
published values o f tigh ten ing  stresses appeared to  be those 
given by Labrow .§

MR. P. M . T h r e l f a l l , M .Sc.T ech. (G raduate) though t 
th a t the d is tribu tion  of an  external load between the housing 
and the bo lt of a previously tightened assembly m ight be illus
tra ted  by Fig. 22. U sing  the au th o r’s no tation  from  page 236, 
the m axim um  external load w hich could  be applied before abu t
m ent separation took place was given by : —

( &a 4- k h \
{ ^ k r )

§ Labrow, S. 1947. “ Design of Flanged Joints” . Proc.I.Mech.E., 
Vol. 156, p. 66.
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The Strength o f Large Bolts Subjected to Cyclic Loading

Diminution o f

Qinrto -  Stiffness 
s '°Pe - o f  bolt

Load
Load required 
to cause 
abutment 
separation

Deflexion
F ig . 22— Show ing  the distribution o f an applied load 

A dditional load carried by the bolt C W  ^  ^

Relief o f compressive loading in  the housing (1 -  C) W

W hen dealing w ith  bolted connexions, tw o factors of 
safety m ust be observed, one determ ined by considering the 
m axim um  permissible w orking stress in the bolt, and  the other 
determ ined by considering the m inim um  stress required in the 
bolt to avoid abutm ent separation. Failure to appreciate either 
of these factors w ould result in disaster.

T he reduction in “load concentration” from  3 85 to  3 00 
given by the “tapered-lip n u t” show n in Fig. 7 was no t very 
great. H ad  the au th o r any com parable figures for the tapered 
thread and  differential p itch  m ethods for obtain ing a modified 
load d istribution  along the length of loaded th read? W hilst 
both these m ethods involved production  difficulties, they should 
no t be condem ned on  th is score alone. T h e  p roduction  diffi
culties should be considered in  the ligh t of the benefit to  be 
gained.

In  order to  be able to  make a more accurate assessment of 
the m axim um  load w hich large end bolts m igh t be called upon 
to  carry, it w ould be useful if the au tho r could provide infor
m ation regarding the m agnitude of the acceleration of the p ro 
peller and  shafting w hich arose due to  the p itch ing  of a vessel 
in heavy seas.

Author’s Reply
T he au th o r wished first to thank all those w ho had taken 

p art in  the discussion, bo th  verbally and  in  w riting , for their 
valuable com m ents and  expressions o f appreciation. A large 
num ber of points calling for com m ent on the p art o f the au thor 
had been raised by con tribu tors and  he had attem pted to deal 
w ith  these in the o rder in  w hich they appeared in  the prin ted  
discussion.

T he  au th o r’s thanks were due to M r. B unyan for d raw 
ing  atten tion  to  some of the im portan t bolted connexions tha t 
were subjected to  cyclic stresses. O ne d id  not, for example, 
tend to th ink  of coupling bolts carry ing fluctuating  tensile 
stresses b u t it was clear tha t, if the shafting  was no t tru ly  in 
alignm ent, w hich, of course, was difficult to  ensure in practice, 
each bolt w ould be stressed in this way every time the shaft 
rotated.

M r. B unyan had  suggested carry ing ou t tests w ith  loose- 
fitting  nu ts b u t it  was the au th o r’s opinion th a t the fit of the 
n u t was of secondary im portance com pared w ith  the accuracy 
of p itch , profile and  parallelism of the threads. A nother point 
in  th is connexion was tha t, w ith  very loose fitting threads, 
the bending stress a t the thread roots w ould tend to be increased.

W ith  regard to  the reduction  of the diam eter of the shank 
of the bolt to m uch  less than  tha t used in  the tests, he rem inded 
M r. B unyan th a t such a practice could lead to  undesirably high 
stresses being set u p  w hen tighten ing , unless some accurate 
m ethod was adopted  fo r m easuring  the in itial pre-stress. W ith  
the present assembly procedure, a reduction  in  diam eter to  m uch 
below 80 per cent of the th read  root area was no t recom m ended, 
a lthough  it was desirable from  the p o in t of view of reducing 
the fluctuating  load com ponent. I t  w ould be seen from  the 
results o f the tests on  unnotched  specimens and  the 3-inch 
bolts tha t to  equalize the fatigue strength  of the plain portion 
of the bolt an d  the section a t the loaded face of the n u t w ould 
require a reduction  to  abou t 20 per cent of the thread root 
area; th is was hard ly  practicable. As poin ted  ou t in the paper, 
however, the extension of the reduced section of the shank into

the n u t m igh t lead to an increase in  fatigue strength  ow ing to 
relief of the stress concentration a t the first loaded thread.

M r. C ranston  had also touched on  th is question of the 
optim um  reduction  of diam eter for bolts w hich carried shock 
loads. T he au tho r pointed ou t th a t in  these circum stances the 
m ain factor to bear in m ind  was the capacity of the bolt to 
absorb strain  energy. Since the energy stored in the bolt was 
proportional to the square of the stress and the volum e of 
the m aterial stressed, it followed th a t the energy absorbing 
capacity could be greatly increased by reduction  of the shank 
diameter. W here one had shock loading, therefore, it w ould 
seem em inently desirable to  make the plain portion of the bolt 
m uch smaller in  diameter.

T he au th o r agreed w ith D r. A ttia th a t there was an 
innum erable num ber of stress ranges th a t could be applied for 
lim ited life; in  the paper, the term  “safe stress” indicated one 
th a t could be applied an  indefinite num ber of times w ithout 
failure. I t  was also agreed th a t plastic deform ation took place 
w ith in  the crystalline struc tu re  of the metal under fatigue 
loading; indeed, this was the essential prelim inary to  the in itia
tion  of a crack, as poin ted  o u t in the paper. In  m aking refer
ence to  the lack of deform ation accom panying fatigue failure, 
it w ould be seen from  the context tha t a com parison was being 
m ade between the phenomenological behaviour of com ponents 
tested under static and  fatigue loading.

O n the question of crack propagation , the au tho r whole
heartedly agreed tha t to  leave a p art in service when it was 
cracked was asking for trouble. W hat he had been anxious 
to  po in t ou t, however, was th a t a cracked p art m ight, in certain 
circum stances, continue to  operate satisfactorily. Such c ir
cum stances undoubtedly  did arise where the operator was 
unaw are th a t a crack was present.

D r. A ttia had draw n atten tion  to  the lack of inform ation 
about the actual stresses in  engine ru nn ing  gear, shafting, etc., 
under operating conditions. I t  was evident tha t un til more 
data were available on the frequency and  m agnitude of over
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loads, the designer was m ore or less in  the dark. T he experi
m ental difficulties involved in  the determ ination of operating 
stresses over a sufficient length of tim e to cover all service con
ditions were form idable bu t only by such w ork could the “real 
factor of safety” of the design be assessed.

In  spite of D r. A ttia’s rem arks on the possibility of over
stressing bolts by the norm al hardening-up  procedure, the 
au th o r m aintained tha t th is was preferable to  insufficient tig h t
ening and , in  the absence of precise m ethods of m easuring 
bolt extension, there was no alternative to  ham m ering-up the 
n u t as far as possible. T he  tightening stress obviously depended 
to  a large extent on the hum an  element, as well as the type of 
equipm ent used, bu t for large bolts of 4 inches in  diam eter 
o r above the m ain  hazard appeared to  be the possibility of 
understressing rather than  the reverse.

W ith  regard to  the modified S -N  curves for the 3-inch 
bolts show n in Fig. 21, there appeared to be no evidence to 
suggest th a t the form  o f the curves w ould be different from  
those obtained from  the results of the 1-inch specimens, w hich 
included po in ts a t 5 x  10' cycles. I t  was agreed th a t the 
scatter of the test results allowed considerable latitude in draw 
ing the curves bu t in o rder to  give the extreme lim its in lim iting  
stress range for all the bolts tested, the boundary  curves should 
include all the test points; on th is basis, follow ing D r. A ttia’s 
curves in  Fig. 21 (shown as solid lines), the m inim um  lim iting  
stress range fo r ten m illion cycles w ould be only  about 2 tons 
per sq. in. These curves should be com pared w ith  those 
enclosing the shaded band in  Fig. 12 and  no t the boundary  
curves. T h is  po in t w ould probably be cleared u p  by the results 
of fu rther tests w hich were in  progress.

T h e  failure o f the 3-inch bolts by fracture a t the fillet 
under the head was undoubtedly  due to some local m achining 
irregularity , probably coupled w ith a particularly  favourable 
load d is tribu tion  along the threads of the nu t, w hich w ould 
tend  to  reduce the to ta l concentration  of stress a t the roots 
of the first threads in  the nut.

W ith  regard to  D r. A ttia’s final rem arks on the disparity  
of the figures given in T able I for the tensile streng th  and  
hardness of the test bolts, the au th o r pointed o u t th a t the 
tensile strength  values were determ ined from  specimens cu t 
from  the bloom s before forging. T he  fact tha t the 1-inch 
bolts had a greater forging reduction  w ould account for the 
increase in hardness o f some of the specimens, w ith  a corres
ponding  increase in  strength. In  this type of w ork one of the 
m ajor difficulties was to  ensure sim ilar properties in  specimens 
of different size.

T he  au th o r thanked M r. B row n for his rem arks, w hich did 
no t call for any com m ent on  his p art other than  to  congra tu 
late the speaker on  overcom ing the experim ental difficulties of 
the photo-elastic technique w hen applied to  a screwed con
nexion, w ith  such successful results.

T he results of the com prehensive tests carried ou t on  the 
C ontinen t, quoted  by M r. C ranston, were of the greatest 
interest. I t  w ould be noted th a t the lim iting  stress range for 
the l i - in c h  W hitw orth  bolts came w ith in  the range of values 
obtained for the 3-inch bolts given in  the paper. I t  was also 
of interest to  note th a t the increase in fatigue streng th  of the 
alloy steel bolts, w hich had a  tensile streng th  80 per cent greater 
th an  the m ild  steel, am ounted to  less than  20 per cent.

T h e  specimens used in  the tests m entioned by M r. 
C ranston  w hich had the greatest geometrical sim ilarity to  the 
3-inch bolts were those screwed lg -in ch  B.S.P. (thread root 
radius to  core diam eter ratio  0 009 com pared w ith  0 0082 for
3-inch diam eter 6 t.p.i.). These had a lim iting  stress range of
3 2 tons per sq. in. com pared w ith  a m in im um  value of about
4 tons per sq. in. for the large bolts (from  Fig. 12). T h is 
w ould indicate a sm all size effect of an opposite nature to tha t 
usually observed b u t the lower streng th  o f the smaller bolts 
m ight possibly be attribu ted  to  the greater value of the m in i
m um  stress of the loading cycle applied to  the 1J B .S.P. bolts.

T he  au th o r was interested in  M r. C ranston’s remarks 
regarding the m erits o f various stud  designs. As m entioned by 
M r. Cook, there d id  no t seem to be available any  test data

o n  the relative fatigue strengths of studs of different types 
and  this subject was being investigated by the B.S.R.A.

W ith  regard to  the testing of im proved designs of nu ts on 
a large scale, no  w ork was in  hand  a t the m om ent on  this 
subject bu t it  m igh t receive atten tion  a t a  later date. Investi
gations in to  the effect o f n u ts  of different designs an d  m aterials 
on  the fatigue streng th  of bolts had been m ade by W iegand 
in  G erm any bu t these tests were on  threads of only J-in ch  
diam eter. F o r fu rth er details the reader was referred to  a 
paper by S. M . A rnold,* w hich included a review o f W iegand’s 
results.

T he  question of determ ining the tigh ten ing  stress in a bolt 
from  th e  angle th rough  w hich the n u t was tu rned  from  the 
hand  tig h t position  had  been referred to  by D r. A ttia ; it could  
be concluded th a t this procedure was no t satisfactory.

T he au th o r endorsed M r. Cook’s view that, d iscounting 
the possibility of fau lty  m aterial, the m ajority  of bolt failures 
could  be attribu ted  to  incorrect assembly. If the  design of 
the bolt and  the bolted parts  was such th a t stress concentrations 
were m inim ized an d  cyclic stresses reduced to  a m in im um , and  
precautions were taken to  ensure adequate tightening, there 
should be no  necessity to  renew bolts unless fo r some reason 
they had been subjected to  severe overloading. O n  the o ther 
hand, if exceptionally heavy loads were transm itted  to  the bolts 
a t infrequent intervals, the policy of bolt renewal after an  a rb it
rary  tim e in  service m igh t have som ething to com m end it. 
H e still m aintained, however, tha t detailed periodical inspec
tion , coupled w ith  the precautions m entioned above, was the 
m ost logical procedure to  prevent the severe dam age result
ing from  bolt failures.

In  reply to C om m ander G reen’s query  regarding the effect 
of the speed of the testing m achines, the au th o r said th a t experi
m ental w ork by a num ber of investigators had show n th a t this 
factor was negligible u p  to  speeds of 10,000 cycles per m inute. 
W hen testing  specimens a t fairly high speeds and  a t high 
stresses, i.e. well above the lim iting  stress range, considerable 
heat was generated, however, particu larly  in the case of large 
test pieces. T h is  had  a m odify ing effect on the fatigue strength. 
T he am oun t of heat generated depended on  the volum e of 
highly stressed m aterial and , since in the bolt specimens this 
was quite small, ow ing to  the high stress concentration , it  was 
no t though t th a t the difference in  the speed of testing of the 
tw o sizes of bolts was of any  significance.

W ith  regard to  M r. S chu r’s com m ent on  the relative 
fatigue strength  of cu t and  g round  threads, it was usually  con
sidered th a t the reason for the som ew hat lower streng th  of 
com ponents w ith  g round  surfaces was th a t th is process left 
the surface layers of the m etal in  a state of tensile stress. Such 
a residual stress w ould be added to  the w orking stress, thus 
increasing the m axim um  value. T h is  explanation was no t 
w holly satisfactory, however, since it had  been show n that 
the effect o f increasing the m ean stress of the loading cycle 
was quite small. Processes such as rolling, w hich produced a 
compressive residual stress, undoubted ly  led to  an  increase in 
fatigue streng th  for m ost m aterials b u t m odification of the p ro 
perties of the surface m aterial m igh t also have a  considerable 
influence.

As pointed  o u t by M r. D avis, the fluc tuating  stresses in 
m ost bolts in  service were well below the lim iting  stress range 
w hen the bolts were properly tightened. T h e  suggestion th a t 
an  excessive overload could  lead to a perm anent extension of 
the bolts, w ith  consequent loss of pre-stress, appeared to  be 
quite feasible and  probably accounted for failures o f the par
ticu lar bolts m entioned.

In  reply to M r. D u n lo p ’s first po in t regarding the testing 
of fu ll size com ponents, the au th o r wished to  indicate th a t the 
use of un tried  m aterials was no t recom m ended unless full 
inform ation  was available on the fatigue resistance of test 
pieces in  the form  of the finished com ponent. D ata  obtained 
from  tests on small unnotched  specimens were o f little use to

* Arnold, S. M. 1943. “The Effect of Screw Threads on Fatigue” . 
“Mechanical Engineering”, Vol. 65.

251



The Strength o f Large Bolts Subjected to Cyclic Loading

the designer as the reduction  in  strength  for a given stress con
centration  varied fo r different m aterials. A lthough it  was 
agreed th a t the unnotched fatigue lim it o f steels usually fell 
w ith in  the lim its of 40 to  60 per cent of the ultim ate tensile 
strength , the lim iting  stress range of an  actual com ponent w hich 
had stress raising discontinuities, as show n by the tests reported 
in  the paper, could be as low  as, o r even lower than , 12 per 
cent of the U .T .S . These points were well illustrated by the 
results quoted by M r. C ranston, from  w hich it w ould be seen 
th a t the lim iting  stress range of the alloy steel bolts was only
10 per cent o f the U .T .S ., while the value for sim ilar bolts 
in  m ild  steel was 13 per cent o f the U .T .S .

T he question of the degree of pre-stressing of bolts raised 
by M r. D un lop  had  been referred to  in  the au th o r’s reply 
to  D r. A ttia.

W ith  regard to  M r. D un lop ’s com m ents on the accuracy 
of th read  cu ttin g  in  com m ercially produced bolts, the au thor 
pointed o u t th a t the m ost accurate m ethod of p roduction  was 
no t necessarily the m ost costly. Im proved types of screw
cu tting  m achines were com ing in to  m ore general use in  the 
m arine engineering industry , w hich were capable of form ing 
bolt threads in  a fraction of the tim e required for lathe cu t
ting. Inaccuracies in  th read  cu tting  d id  no t necessarily lead 
to  a reduction  in  fatigue streng th ; indeed, as show n by the 
results of some of the tests, a m ore favourable d istribution  of 
load than  th a t obtained by perfect threads could arise. T he 
m ain  po in t was tha t, w ith  badly form ed threads, the fatigue 
streng th  could n o t be predicted w ith  any accuracy and  m ight 
have a very low value.

T here were no experim ental data available on the effect of 
modified n u t designs of the type illustrated  in Fig. 6, and  since 
their use was likely to  lead to  some im provem ent in  fatigue 
strength  only when the m ost accurate p roduction  m ethods were 
employed, the au th o r could no t give any hard  and  fast rule as 
to  when such nu ts should be used. As stated in  the paper he 
was of the opinion th a t m ild  steel tapered-lip  nu ts w ould be 
m ost effective w hen used in  con junction  w ith  h igh tensile 
steel bolts.

Rolled threads were probably m ore accurate than  several 
o ther m ethods of p roduction  an d  the au th o r agreed th a t their 
use w ould be desirable. I t  was doubtfu l, however, w hether 
thread-ro lling  w ould be an econom ical p roposition  where rela
tively few bolts of each size were required.

H igher strength  alloy steels w ould appear to  have little 
advantage over m ild  steel for large bolts w hich were subjected 
to cyclic loading; the au th o r was of the op in ion  th a t accuracy 
of p roduc tion  w ould assum e even greater im portance if such 
m aterials were used.

M r. D u n lo p  also raised the question of the optim um  dia
m eter for the reduced section of the bolt, w hich the au th o r 
had  referred to  in  his reply to M r. Bunyan. In  reply to  M r. 
D u n lo p ’s final rem arks, the au th o r said th a t the torsional fatigue 
strength  of large specimens was being investigated by the 
B .S.R.A. and  the effect of tem perature on  the fatigue streng th  of 
various m aterials was receiving attention.

T he  au th o r thanked M r. F ield  fo r his fu rth er refinem ent 
o f the expression for the cyclic load in  a  p re-tightened bolt. 
H e doubted, however, w hether the fluctuating  com ponent of 
stress w ould in  practice be reduced to  half th a t obtained by 

k
substitu ting  ^  for the value of C  an d  th o u g h t th a t bend

ing  stresses w ould probably have a greater effect th an  the po in t 
of application  of the external load. As m entioned in the paper, 
it was hoped to  obtain experim ental values for C  w hich could 
be used for design purposes; these w ould take account of such 
factors as m entioned by M r. Field.

I t  was agreed th a t the n u t m aterial should  have a low 
yield p o in t ra ther than  high ductility.

In  reply to  M r. F ield’s th ird  po in t regarding the im por
tance of bending of the thread projections, the au th o r added 
th a t the po in t a t w hich the load was applied across the w idth  
of the th read  projection, w hich was governed by the accuracy 
of the m ating  threads, determ ined the m agnitude of the bend

ing stresses at the thread root section. F rom  the results of 
the fatigue tests on  3-inch bolts, it  was found  that the p a rt 
played by bending stresses varied very considerably.

A lthough tapering of the bolt threads was sometimes 
adopted, as m entioned by M r. Field, the au th o r m aintained 
tha t such a m ethod of im proving the load d istribu tion  along the 
nu t was hardly likely to  find wide acceptance in  the m arine 
engineering industry ; the use of a low yield m aterial for the 
n u t w ould undoubtedly be m ore simple. T apering  of the 
threads could only be used w hen a m ost accurate m ethod of 
thread cu tting  was employed and , while errors in p itch  of 
the m agnitude found  in the test bolts were likely to  occur, 
there w ould be little point in the in troduc tion  of such a m odi
fication.

T he  au tho r was interested in  M r. F isher’s suggestion as 
to  the possibility of im proving the load d istribu tion  by first 
loading the bolt to  a suitable pre-stress and  then slackening 
off to  the test condition  (pre-stress 3 tons per sq. in.). T he 
actual pre-stress applied in  practice in  typical assemblies was 
a t present being investigated an d  w hen fu rth er inform ation 
was available on th is po in t he agreed th a t M r. F isher’s sugges
tion  w ould be w orth  trying.

In  reply to  M r. F isher’s question regarding the application 
of thread rolling m ethods to  large bolts, the  au tho r was not 
aware of the use o f this m ethod in  the m arine engineering 
industry . H e understood, however, th a t a  m achine had recently 
been developed w hich was capable of form ing threads by ro ll
ing up  to  a p itch  of 4 t.p.i. and  u p  to  4 inches diameter.

T he  term  “lim iting  stress range” was used in  the paper 
to  indicate the full stress range from  the constan t m inim um  
value (w hich was constan t a t 3 tons per sq. in. for the bolt 
tests) to  the peak value of the loading cycle, except w hen refer
ring  to  the results of the tests on the i- in c h  diam eter unnotched 
specimens. These results had been distinguished by the inser
tion  of ± before the num erical values.

T he  au th o r thanked D r. R ichards fo r his detailed com 
m ents on the accuracy of th read  cu tting  th a t w ould be neces
sary to  obtain  the best results from  nuts of the tapered-lip  
type. H e agreed th a t such accuracy was hard ly  attainable by 
norm al p roduction  m ethods bu t if such design modifications 
were coupled w ith  the use of m aterial having a relatively low 
yield p o in t fo r the n u t, he considered tha t the load d istribu
tion along the n u t could be im proved considerably. H e was 
n o t aw are o f any  fatigue tests on nu ts of modified form  other 
th an  those carried o u t by W iegand (referred to  in  the reply 
to  M r. C ranston).

T he  au th o r could no t agree entirely w ith  D r. R ichards’s 
suggestion th a t variations in  the surface finish a t the roots of 
the threads could  have had a considerable influence on the 
scatter of the results, a lthough  he was o f the opinion th a t 
isolated m achining m arks could lead to  a considerable reduc
tion  in  fatigue strength. T h is  conclusion was based on  a 
careful exam ination of the fractured  specimens, w hich revealed 
th a t there was no variation in  the position of crack initiation, 
w hich w ould be expected if surface irregularities had had a 
significant effect.

T he  use of m ore th an  one bolt of a smaller diam eter in 
place of a large bolt w hich m igh t be difficult to  tighten  pro
perly offered interesting possibilities. C onsidering fu rther the 
example m entioned by D r. R ichards, it w ould appear th a t the 
substitu tion  of tw o 1 i- in c h  bolts in  place of one of 3 inches 
diam eter w ould no t reduce the streng th  of the assembly appreci
ably, a lthough  the cross sectional area of the two bolts w ould 
be only half th a t o f the one large bolt, ow ing to  the reduction 
of the fluctuating  load com ponent arising from  the increased 
elasticity of the tw o sm aller bolts. T h is  w ould only apply, 
of course, provided the pre-stress was of sufficient m agnitude 
to  prevent parting-line separation.

T he  diagram  given by M r. Threlfall (Fig. 22) clearly 
showed the d istribu tion  of the external load applied to  a pre
tightened bolted assembly. I t  w ould be seen from  the expres
sion given by M r. T hrelfall for the m axim um  external load 
w hich could be applied before abutm ent separation tha t, if K
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(the ratio  k b/ k j  had a value of 4 o r m ore, this m axim um  
external load w ould be only little m ore than  the tightening 
load. I t  was fo r th is reason tha t the au th o r suggested tha t 
the tigh ten ing  load should have a value of a t least twice the 
applied w orking load.

T h e  reduction  in  stress concentration  arising from  the use 
of tapered threads had been investigated by H etenyi and  the 
results were given in the paper referred to  in  the footnote 
on p. 238. T he photo-elastic m odel used by H etenyi had

tapered threads equivalent to a tapering  of the n u t o f 0 003 
inch per inch  of diam eter and  per inch  length  of the n u t in 
a steel threaded connexion. T h is  design reduced the stress 
concentration  to  3 1, com pared w ith  3 0 fo r th e  tapered-lip  
nut. T he  au th o r was no t aware of any  tests w ith  nu ts and  
bolts o f differential pitch.

W ith  regard to  M r. T hre lfa ll’s last po in t, the question of 
operating  stresses had  been m entioned in  the au th o r’s reply to 
D r. A ttia’s contribu tion  to  the discussion.

INSTITUTE

M in u te s  of P roceed ings o f th e  O rd in ary  M eetin g  held  a t the  
In s t itu te  on T u e sd a y , 14 th  O ctober 1 9 5 2

A n O rdinary  M eeting was held a t the In s titu te  on Tuesday, 
14th October 1952, a t 5.30 p.m . M r. S. H ogg (V ice-Chairm an 
of C ouncil) was in  the C hair. A paper by M r. B. T aylor, 
B .Sc.(Eng.), A .M .I.M ech.E . (M em ber), entitled “T he S trength  
of Large Bolts Subjected to  Cyclic L oading” , was presented and 
discussed. T h irty -e igh t mem bers and  visitors were present and  
seven speakers took p art in the discussion.

A vote of thanks to  the au th o r proposed by the C hairm an 
was accorded w ith  acclam ation. T he  m eeting ended a t 7.40 p.m.

Loca l Sections
Cardiff
A nnua l General M eeting

T he annual general m eeting o f the C ardiff and  D istric t 
Section was held on  F riday , 24th  O ctober 1952. T he  follow
ing  officers and  com m ittee mem bers were elected for the ensuing 
year:

C om m ittee: M essrs. J. E. C hu rch  (C hairm an), J. H . Evans 
(V ice-Chairm an), T . G. T hom as, F . R. Dale, G. K . Beard, S. 
Sedgwick, H . G. W ickett, H . J. H obart, H . S. W. Jones, I. J. 
T hom as, R. H . Rees and  J. M . M orton . M r. W . P a tto n  was 
re-elected as H onorary  Secretary, M r. W. G racey as H onorary  
A ssistant Secretary and  M r. G . T hom as as T reasurer.
Lecture on  “Steam  Generators”

T he  first lecture of the 1952-53 session was given a t the 
South  Wales In s titu te  of Engineers, Park Place, Cardiff, on 
M onday , 10th N ovem ber 1952, before a large and  enthusiastic 
assembly. T he  lecturer was M r. H . F . Reeman, M .I.M ech.E .,
A .I.E .E ., and  his subject was “ Steam  G enerators” . H e des
cribed the various types of boilers th a t had  been in  use fo r the 
generation of steam, s ta rting  w ith  the ro tary  boiler used by the 
E gyptians, progressing to  the types in  use in  the nineteenth 
century , and  ending w ith  a description of the m odern  w atertube 
boiler a t present in service in  bo th  the B ritish and  American 
navies. L an tern  slides were used to  illustrate the lecture, w hich 
was com pleted by the show ing of a sound  film on the w elding 
m ethods employed in  boiler m anufacture. T he film illustrated 
the developm ent o f w elding, beginning w ith  the early form  of 
pressure w elding employed by the blacksm ith in  his ham m er 
welding. T he  m odern  processes of gas flame fusion welding by 
hand were show n, as also was the m ethod of electric fusion 
w elding by machine. T he  film dealt particularly  w ith  the use 
of these processes in  the fabrication  of high pressure boiler 
tubes w ith  wall thickness up  to  six inches. T he  flash w elding 
of boiler tubes, and  of studs in  curved boiler tubes, by autom atic 
m achines was then  dem onstrated.

A fterw ards the audience had am ple tim e fo r asking ques-
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tions, w hich the lecturer answered in  a lucid  and  masterly 
m anner. A  vote of thanks to M r. Reeman was proposed by 
M r. G. W ickett (M em ber) and  heartily endorsed, and  M r. D. 
Skae (M ember) voiced the thanks of those present to the C hair
m an, M r. J. E. C hurch  (M em ber o f C ouncil) for the able 
m anner in  w hich he had conducted  the meeting.
F ourth  A nnua l D inner

T he fo u rth  annual d inner of the Section was held a t 
the Royal H otel, C ardiff, on  T hu rsday , 13th N ovem ber 1952, 
there being 189 members and  guests present. M r. J. E. C hurch  
(C hairm an  of the Section) presided and  the principal guests 
were L ord  H ow ard  de W alden (President o f the Institu te) and  
the D eputy  L ord  M ayor of C ardiff, C ouncillor H . E. E dm onds, 
J.P .

In  proposing the toast o f the C ity and  P o rt o f Cardiff, 
M r. A. E. H . Brown, the chief docks m anager, said th a t Wales 
and  C ardiff had every righ t to  be p roud  of the C ity and  the 
way i t  had  developed. T he p o rt and  C ity  of C ardiff were 
indivisible and  if the p o rt d id  no t flourish, neither w ould the 
city. T he  post-w ar years had been difficult ow ing to  the definite 
tu rn  over to  oil fuel, bu t there were still m any m arkets open to 
coal, and  both  C anada and  Am erica w anted m uch  m ore W elsh 
an th racite  coal.

M r. B. I. Llewellyn, C hairm an of the C ardiff and  Bristol 
C hannel Incorporated  Shipow ners’ Association, in  toasting the 
shipp ing  industry , expressed his concern over the position of 
the sm aller sh ipping com panies, w ho, he said, were being forced 
ou t o f existence by the present high level o f taxation  and  
increasing costs.

M r. R. G . M . Street, m anaging director of the South  
A m erican S ain t L ine, in a stim ula ting  response, spoke of the 
increase in  the num ber of ships w hich had  visited the p o rt this 
year, a t a tim e w hen sh ipp ing  in  o ther po rts in  the U n ited  
K ingdom  was decreasing.

M r. T . G . T hom as (M em ber) had  been responsible for 
the organization  of the d inner and  the large num ber of members 
and  guests w ho attended  was evidence of its grow ing popularity . 
Local members o f the In s titu te  fully appreciated the presence 
a t the function  of L ord  H ow ard  de W alden, M r. Stew art H ogg 
(V ice-C hairm an of C ouncil), and  M r. J. S tu a rt Robinson, M .A. 
(Secretary), as their presence showed th a t the In s titu te  was 
keenly interested in  the welfare of the Local Sections.

Swansea
A m eeting was held a t the C entral L ibrary , A lexandra 

Road, Swansea, on  F riday , 17th O ctober 1952, a t 7.0 p .m ., 
w hen M r. G . R. G oldsw orthy gave an  illustrated  lecture on 
“T he  H isto ry  of the T ube In d u s try ” . T h e  C hair was taken 
by M r. F . W . K in g  (M em ber) an d  fifty-tw o mem bers and
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visitors were present, including a num ber of students from 
Swansea T echnical College w ho had recently comm enced the 
tra in ing  course for engineer officers in  the M erchant Navy.

C aptain(E) C. T . Phillips (M ember) proposed a vote of 
thanks to  the au th o r for his entertain ing and  instructive lecture; 
this was seconded by M r. G . T . M acD onald  (M ember) and 
w arm ly acclaimed. T he m eeting ended a t 9.30 p.m .

Sydney
Lecture on  “Phenolic Lam inates, Bearings and General 
A pplications”

T he Sydney Local Section held a m eeting at Science 
H ouse, G loucester Street, Sydney, on  F riday , 31st October 1952, 
at 8 p.m . F ifty -one members and  guests a ttended and  M r.
H . A. G arnett, the Local V ice-President, was in  the Chair. M r. 
W . C. Steanes delivered a lecture, well illustrated  by lantern 
slides, on  “ Phenolic Lam inates, Bearings and  General A ppli
cations” . A spirited discussion followed, w hen the large n u m 
ber o f questions w hich were asked were answered effectively by 
M r. Steanes; M essrs. W illiam s, W addell, F laherty, Buis, 
B utcher, M unro , M cL achlan , Gale, Pollock, Porteous, F ranklin  
an d  H utcheson  con tribu ted  to  the discussion.

A vote o f thanks was proposed by M r. D . N . F indlay , 
seconded by M r. Buis, and  carried by acclam ation.
A nnua l D inner

T h e  annual d inner of the Section was held a t the C arlton  
H otel, Sydney, on  T hu rsday , 20th  N ovem ber 1952. T here 
was an  attendance of seventy-five, com prising  forty-one m em 
bers and  th irty -fo u r guests. T h e  official guests in c lu d ed : M r. 
Justice A. V. M axw ell of the N ew  S ou th  W ales Suprem e C o u rt; 
C aptain(E ) E. A. G ood, engineer m anager, G arden Island 
D ockyard ; M r. V. J. F. Brain, Past President of the In s titu tion  
of Engineers, A ustralia; M r. D. L yon M cL arty , D irector of the 
State D ockyard, Newcastle; M r. A. D enning, D irector of the 
U niversity  of T echnology of N ew  S ou th  W ales; and  M r. W. C. 
Steanes, who presented a paper to  the Section in  October. M r.
H . A. G arne tt (Local V ice-President) presided a t the dinner.

A fter the Loyal T oast, the toast of the In s titu te  of M arine 
Engineers was proposed by M r. Justice A. V. M axwell in a 
m ost in teresting  and  though tfu l address; M r. H. P. W eym outh 
(M ember) replied in  excellent style. T he  toast o f “ O ur G uests” 
was proposed by C om ’r(E ) F . W. Purves, R .A .N . (M em ber); 
M r. J. C. L. W ong, superin tendent engineer of the Blue Funnel 
Line in  H ong K ong, no t only replied m ost ably on behalf of 
the visitors, b u t gave a very interesting talk on conditions in 
H ong K ong and  in  C h ina  generally.

T he  dinner, w hich had done a great deal to  bring  the local 
members together, was again a m ost successful function  and 
had come to  be one of the m ore im portan t events in  the year 
for the Section.

Ju n io r Section
Barrow -in-Furness

O n F riday , 28th N ovem ber 1952, a  Jun io r Section m eeting 
was held a t the T echnical College, B arrow -in-Furness, when 
M r. J. C. R. M athieson presented a paper entitled  “G as T u r 
bines” . M r. Sandham , principal of the college, was in  the 
C hair an d  there were present about 110 members, students, 
and  mem bers of the B arrow  Association of Engineers. T he 
paper, w hich was illustrated  by lan tern  slides, covered the 
developm ent o f the gas tu rb ine from  the simple jet engine dow n 
to present day practice and  showed a t all stages how this com 
pared, for efficiency and  basic and  overall fuel consum ptions, 
w ith  sim ilar powered Diesel and  steam tu rb ine plants.

In  view of the m arine engineering interests of his audience, 
M r. M athieson w ent to some trouble to show how the gas 
tu rb ine could  be applied  to  ship propulsion and  to  m arine 
auxiliaries, while ind icating  th a t it w ould be some little tim e 
before gas turbines became a serious rival to conventional prim e 
m overs for ship work.

A t the end of the paper, w hich lasted seventy-five m inutes, 
a lively discussion was opened by M r. George W ood (M ember) 
and  this covered m ost of the lecturer’s m aterial and a few “ red

herrings” as well. T he  discussion lasted an hour before a vote 
of thanks to  M r. M athieson was moved by M r. C. H. Verity 
(M ember) and  was passed w ith  acclam ation.

F alm outh
O n Tuesday, 11th N ovem ber 1952, a t 7.30 p.m ., M r. R. R. 

S trachan (M ember) presented his lecture, “Refrigeration a t Sea” , 
to  a good audience of students and  members a t the Falm outh  
T echnical In s titu te ; the m eeting had been arranged w ith  the 
co-operation of the Cornw all E ducation  A uthority  and the 
principal of the Institu te , C aptain Kelly, was in the Chair.

T he lecture, w ith  the accom panying lan tern  slides, was a 
particularly  good choice for presentation in F alm outh , as m uch 
of the w ork in  the port is connected w ith  refrigerated vessels, 
and  a strong interest in the subject was evinced in the lively 
discussion w hich followed.

A  vote of thanks to  the au th o r was proposed by M r. P. 
Ew ing (M ember) seconded by M r. R. P ritchard  'M em ber), and 
carried enthusiastically.

H ull
A junior lecture entitled “G as T urb ines” was given by M r. 

J. C. B arr a t the H u ll M unicipal T echnical College on 
T hursday , 13th N ovem ber 1952, at 7 p.m . T he  lecture room  
was packed to  capacity w ith 170 members, visitors and  students 
and  a large num ber of students w ho wished to  a ttend had to 
be turned  away. M r. G. H . M . H utch inson , chairm an of the 
Local Section, was in  the Chair.

M r. B arr’s m ost interesting and  lucid lecture was followed 
by a very lively discussion w hich had to  end before m any of 
those w ho still had  questions to  ask were able to  do so. A 
vote of thanks to  the au th o r was proposed and seconded res
pectively by M essrs. H em ingw ay an d  W ickenden, students in 
the fu ll-tim e day engineering degree course a t the college.

A fter the lecture, M r. F. C. M . H eath  (Local V ice-Presi
dent) presented to  M r. K. A ldred the prize aw arded by the 
In stitu te  (session 1951-52) for the best year’s w ork in heat 
engines by a  student o f the college.

Southend-on-Sea
O n the evening of W ednesday, 19th N ovem ber 1952, at 

the M unicipal College, Southend-on-Sea, M r. J. H odge gave a 
lecture entitled “ Gas T urb ines” . T h e  V ice-Principal, M r.
B. T hom sett, B .Sc., was in  the C hair and  the audience, w hich 
consisted of students from  the college, num bered over one 
hundred.

T he lecture was in  two sections, the first dealing w ith  the 
theory and  types of gas turbine p lan t, while the la tter half 
dealt w ith  its application, giving special reference to  m arine 
work. T he  slides w hich were used to  illustrate various salient 
points were very clear and  helpful. T h e  nature  of the questions 
th a t were asked during  question tim e gave proof th a t M r. 
H odge had  given a very interesting lecture.

M r. I. S. B. W ilson (M ember), w ho represented the 
C ouncil, spoke for a short tim e on  the advantages to  be gained 
by students becom ing jun io r members o f the Institu te.

A vote of thanks to  M r. H odge, proposed by the Vice- 
P rincipal, com pleted the evening.

M em bersh ip  E lection s

Elected 8 th  D ecember 1952
M E M B E R S

M aurice Joseph M ackie Birrell 
George Clare
D avid  H u n te r Rae Falconer
W illiam  Robert Foley
E dw ard  John  K enneth  Gibbs
W. T . A. Jordan , C .B.E., Engr. Capt., R .N  (ret.)
H u n te r T hom son  M cM ichael 
Robert M cVie, B.Sc.
Philip  Reginald M arrack, L t.-C om ’r(E), R .N.
John  H erbert M artin
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Robert Jo h n  Ramsay 
H enry  Robb 
Jo h n  W ilson
W illiam  Sim pson W rangham  

A SSO C IA T E  M EM B E R S

Francis James D ayton, Sub. Lieut.(E), R .C.N .
A nthony Farrow
James George M acdonald

A SSO C IA T ES
Clarence A thol Bell 
E rnest Brady
George Lionel B udd, C .E.R .A ., R .N.
James R ichard Corless, L ieut.(E ), R .N.
H erbert John  D ean
W illiam  R alph W oodleigh D yne
George Fairw eather
Aloysius Leonard Stanislaus Fernando  
B rian H all, L ieut.(E ), R .N.
A lexander H endry  
H ugh  L ow ry Irw in  
Albert John  K ingston 
A lexander M ackenzie 
F rank  W illiam  M oir 
W illiam  Singleton M orrow  
T hom as Joachim  M ulhearn  
K enneth  G ordon  Neaves 
E dw ard D ering  Neville 
James Pendlebury 
W illiam  A lfred Price 
Charles John  Probett
Im tiaz M uham m ad Q ureshi, Sub. Lieut.(E), R .P.N .
A lfred Em slie Riach
Jack Russell
W illiam  Schofield
Jam es D ew ar Sm ith
Raym ond Tow ell, C .E.R .A ., R.N.
G ordon  Owen W ebb 

G RADUATES
John  Robert Webber 
A lbert E rnest W alker

S T U D E N T S
M ichael T re loar Best 
A nthony Charles H arrison 
Shankar K otiedath M enon 
Jonathan  R ichard M ichaelis 
Joseph G ordon  Poole 
Philip  S im pson P ra tt 
Ian  A lastair Ramsay 
Ronald R itson

PRO B A TIO N ER  ST U D E N T S
D avid M arshal Anstiss 
Philip  Jo h n  Ash 
W illiam  C hris topher Baldry 
M ichael Barber 
B rian John  B arnard  
Derek F ranklyn  Betts 
Peter John  Bray 
Terence Byrne

C hristopher James C apus 
F rank  C lark
G ordon  Greaves C om m on
Frederick Charles C ousins
Colin F rancis C randon
Terence D ’A lton
M ichael Ellis
D avid  E dw in Fothergill
John  Leslie F rost
Peter E dw ard G ran t
Roger H arrison
A rth u r Leslie Hawkins
Jackson C um m ing H iddleston
Brian Illingw orth
B rian Jam eson
K eith  F rancis Jones
K eith H ughes Jones
B rian John  Kelsall
Peter M ills Livesey
Peter M ervyn John  Llewellyn
Benjam in G areth  Llewelyn
G uy  G ran t M acpherson
Ronald M cD onald
Alan M iles
Robert Charles M organ 
N eil D en ton  N im m o 
John  K enneth Pointon 
K evin F rancis Ponsford 
M ichael D avid Retter 
D avid H uw  Rogers 
Derek Ian  Rowan 
R ichard John  Scully 
D avid H u g h  Shallis 
R ichard John  Shepheard 
John  H aro ld  Sm art 
Robert E dw ard Sm ith 
Robert H orton  S treather 
H eddw yn T hom as 
T hom as M ortim ore W arren 
Clive A nthony Wiles 
D avid John  W illiams

TR A N SFE R  F R O M  A SSO C IA T E TO  M E M B E R
H arry  B urnside C lew orth 
Frederick E dw ard Lawrence

TR A N SF E R  F R O M  A SSO C IA T E TO  A SSO C IA T E M E M B E R
Albert Benjam in R ichard Sexstone 
Jam es Frederick Stephen, B.A.

T R A N SF E R  F R O M  GRADUATE TO  A SSO C IA T E M E M B E R

H enry N icol

TR A N SF E R  F R O M  S T U D E N T  TO  A SSO C IA T E  M E M B E R
Jeffery F rancis W ebb, L ieut.(E ), R .N .

T R A N SF E R  F R O M  S T U D E N T  TO  GRADUATE
H enry  L yth

TR A N SFE R  F R O M  PR O B A TIO N ER  S T U D E N T  TO  S T U D E N T
Rex Y oung

OBITUARY
B ert  B a t e m a n  (M em ber 7271) was born in  1904. He 

served an apprenticeship  w ith  J. P. K n igh t and  Son, Rochester, 
from  1920-25, and  then  spent short periods consecutively w ith 
Besant and  C om pany, o f C uxton , K ent, In ternational C om bus
tion, L td ., and  H um phreys and Glasgow, L td . In  1927 he 
joined Stephenson Clarke, L td ., as a junior engineer, w ith  w hom  
he rem ained un til 1947, serving for some years as chief engin
eer. D uring  the w ar the ship in w hich he was serving was hit

by a bom b w hich bu rst in the stokehold; M r. Batem an, who 
was chief engineer, entered the stokehold th rough  scalding steam 
to shu t off the valves. Later, he rescued five injured men from  
below. F o r the great courage and  determ ination he showed on 
this occasion, he was aw arded an  M .B.E. and  L loyd’s M edal. 
M r. Batem an was elected an  Associate M em ber of the In stitu te  
in  1933 and  transferred  to  full m em bership in  1934. He died 
on 9 th  O ctober 1952.
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W ilfr id  Bayliss (M em ber 4107) was born in  Portsm outh  
in 1882. W hen his fam ily moved to P ontypridd , in  South  
Wales, he started an  apprenticeship there w ith  Brown, Lennox 
and  Co., L td ., and  by the tim e he was twenty-five he had been 
appointed to  a m anagerial position w ith John  Abbott, L td ., 
of Gateshead. In  1912 he became m anager of Joseph W right 
and  Co., L td ., o f T ip to n , and  during  the first W orld  W ar he 
was com m ended by the A dm iralty  for in troducing  new types 
of m ooring equipm ent w hich proved invaluable to  the fleet. 
Later, M r. Bayliss became m anaging director of the com pany 
and also a director o f several chain  and  anchor m anufacturing  
firms in  the C radley H eath  area. H e retired from  business 
th rough  ill health in  1928 bu t he continued to  write articles 
for engineering and  technical journals. H e died on 6th October 
1952. M r. Bayliss was elected to  m em bership of the Institu te  
in 1920.

H enry R eginald F low er  (M em ber 6428) was born  in 
1889. H e served an apprenticeship a t P ortsm outh  D ockyard 
from  1905-11; from  1912-14 he was employed on Spanish 
naval construction  a t Ferrol, Spain. H e was A dm iralty  charge- 
m an in  the engineering departm ent of P ortsm outh  D ockyard 
fo r the next two years an d  from  1916-23 he was A dm iralty  
engineer overseer to  Earle’s Shipbuild ing  and  Engineering Co., 
L td ., and  the H um ber G raving D ock Co., L td ., of H ull. U n til 
1926 he was m echanical engineer to  the colonial governm ent in 
H ongkong and  then, fo r a fu rth er year, he was m anaging 
engineer (director) w ith  the Radio C om m unication  C om pany 
of H ongkong. F rom  1927-29 M r. Flow er was superintendent 
engineer of the D orado  Railway Co., L td . (Ropeway Branch) 
in C olom bia, S ou th  America, and  in  N ovem ber 1929 he was 
appointed  m echanical engineer to  the La G uaira and  Caracas 
Railway Co., L td ., V enezuela; he returned  to  E ngland in 1935 
bu t shortly  afterw ards w ent back to  Colom bia as m echanical 
engineer to  the F ro n tin o  G old  M ines, for w hom  he planned and  
constructed a m echanical hopper w hich proved very successful 
in use. In  A pril 1937, however, M r. Flow er was invited by the 
Venezuelan governm ent to  become the consu lting  naval engin
eer to  the Escuela N aval, M aiquetia, Caracas. H e accepted, 
and  was given the rank  of C ap itan  de C orbetta, Escuela N aval; 
he was responsible for the preparation  of engineer officers and 
cadets a ttached to  the school. In  this capacity, he personally 
prepared several tra in ing  m anuals w ritten  in  Spanish, dealing 
w ith  seam anship and  naval engineering. In  1938 he was 
appointed  director o f the school, responsible only to  the 
D irec to r of M arine and  M inister fo r W ar.

W hen w ar broke ou t in 1939, M r. Flow er decided to  return  
to E ngland, eventually settling  in  Farnborough , where he at 
once offered his services and  was appointed  Incidents Officer 
for the district. W hen the w ar ended, he retired, a lthough  he 
continued to  act as advisor to  certain  firms w ith  w hom  he had 
m aintained contac t th ro u g h o u t his career. Ill health finally 
compelled him  to  seek a  w arm er clim ate and  he died in the 
Sou th  of F rance on  8th June  1952.

M r. F low er was a m em ber of the A m erican Society of 
M echanical Engineers and  was elected to  m em bership of the 
In s titu te  in 1930.

G eorge  H e n r y  L e w is  O w e n  (M em ber 5128), who died a t 
G illingham , K ent, on the 19th N ovem ber 1952, at the age of 
sixty-six years, served an engineering apprenticeship in  H .M . 
D ockyard, C hatham , whence he entered the service o f the 
British Ind ia  Steam  N avigation  C om pany, rising  in  the course 
o f thirty-five years from  jun ior engineer to  be the C om pany’s 
youngest chief engineer, and  ultim ately com m odore chief engin
eer a t the tim e of his retirem ent in  1942. H e was associated 
w ith  the bu ild ing  and  installation  of the engines for the C om 
pany’s first m otor ship, the D omala, and  sailed in  her as chief 
engineer. H e saw service over m ost o f the globe, and  during

W orld W ar II , after com pleting his sea service w ith  the B .I.S .N . 
Com pany, he was superin tendent engineer for the M inistry  of 
W ar T ran sp o rt to  the G overnm ent of Ind ia  at Calcutta. Later, 
he held an  appoin tm ent as engineer in  charge of g round  plant 
under the A ir M in istry  a t Cranwell un til shortly  after the end 
of hostilities. H e was elected a M em ber o f the Institu te  in 
1924, an d  after his retirem ent he took an  active p a rt in  the 
w ork of the Institu te , both as a member of the E ducation  G roup  
Com m ittee and  the Com m ittee of the G u ild  of Benevolence. 
F o r several years he acted as a  scrutineer a t the annual general 
meetings. H e was a governor o f the M edw ay T echnical College 
an d  was a p rom inent w orking member of the G illingham  C on
servative Association. H e is survived by his widow, they hav
ing lost their only daughter a few years ago.

N orman H enry R eed (M em ber 3203) died, aged sixty- 
two, on  22nd N ovem ber 1952. H e served his apprenticeship 
w ith  Palm ers Shipbuild ing and  Iro n  C om pany a t Jarrow , where 
his uncle, the late J. W. Reed, was manager, and gained draw 
ing office experience in their shipyard a t Alloa. H e then went 
to sea and  spent a year in the F a r E ast before joining the 
D onaldson Line as sixth engineer. As soon as the w ar broke 
o u t in  1914 he enlisted as a trooper in  the 12th Royal Lancers 
and  was com m issioned early in 1915 in the South  Lancashire 
Regim ent; he served w ith them  th roughou t the war, in  the 
Battle of the Som m e in 1916-17 and  Salonika in  1918, un til he 
was demobilized in N ovem ber 1918. In  1919 he joined his 
father, T . A. Reed, in  his business as consulting  engineer in 
Cardiff, and  rem ained w ith him  as assistant u n til he set up  his 
ow n business as consulting  engineer and  surveyor in  L ondon in 
1931. D espite his age, M r. Reed served voluntarily  fo r about 
a year du ring  the second W orld  W ar as a gunner w ith  the 
Royal A rtillery (A.A.) and  then was employed by the M inistry  
of W ar T ran sp o rt u n til 1944, when his health broke dow n and 
his L ondon house was bombed. H is only son, a bom b aim er 
in the Royal A ir Force, was killed in  June 1944 while on  opera
tion  over oil refineries a t Budapest.

M r. Reed was elected to  m em bership of the Institu te  in 
1916; he had been a L iverym an of the W orsh ipfu l C om pany of 
Shipw rights since 1931 and  a m em ber of the In s titu tio n  of 
N aval A rchitects from  1927-42.

J o h n  M a r sh a l l  S c h o l e f ie l d  (M em ber 12628), aged 38, 
was killed in the H arrow  train  disaster on 8th O ctober 1952. 
He was a L ondon  superin tendent engineer o f Furness W ithy  
and  Co., L td ., and  was travelling to L iverpool to  a ttend s.s. 
Brazilian Prince. M r. Scholefield served an  apprenticeship from  
1929-34 w ith John  D ickinson and Sons, L td ., o f Sunderland, 
and  then spent six-and-a-half years a t sea in  vessels owned by 
R owland and  M arw ood, the P o rt L ine, the C anadian  Pacific 
S.S. C om pany, and  S tephenson and  Clarke, L td . T hen  from  
1943-49 he served w ith the Prince Line, L td ., joining as junior 
th ird  and  rising in  1946 to  chief engineer. He obtained a 
F irst Class Steam M .o .T . Certificate w ith M otor endorsement. 
He was elected a M em ber in 1949.

A l b e r t  E d w a r d  Y e a d o n  (M em ber 6999) was born  in 
1901 and  served an  apprenticeship w ith  the M anchester Ship 
Canal C om pany. He spent nine years a t sea, from  1922-31, 
and obtained a F irs t Class B .o.T. Steam  Certificate w ith  a 
m oto r endorsem ent. H e retu rned  to the service of the 
M anchester Ship  Canal C om pany as a chief engineer in 1932. 
H e rem ained w ith  the com pany for a num ber o f years b u t in 
1940 he was appointed  a section engineer w ith S ir Alexander 
G ibb and  Partners and from  1948 he was employed in a civilian 
capacity by the B.A.O.R. M r. Yeadon died in Cologne on 1st 
A ugust 1952 after a short and  painful illness. He had been 
a M em ber of the In s titu te  since 1943.
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