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PNEFACI

This reference book conteins extrects fro[ a yell Lnogn tex!
booL, "Stre$gth of U.ter ielsr by Ptof.  F,V. tJarnock, U.Sc.,  Ph.D.,
Uech. E. aod extracts of Jspaoese induatr ial  l tenderd specif iccl ions.
I t  i6 intended specif icel ly for use by the l ler ine EngineerinS Course
atudenta of the SEAFDEC lraining Departuent end i ts content i6 Be.red
lo the preseo! curr iculun.

A liberel supply of rorked eraiple6 have beerl iocluded, .s
eell as erercises ehich eppear at the eod of eech ch.pter. lt iB
adviseble that these be given coneidereble ettestioo riaci they lid
the undergtaoding aod the eppl icet ion capabi l i ly of  the . tudent.

I t  is elso hoped that this book l , i l l  be of use to those
students l ,ho ate interested in the subject of  design, and that i t  wi l l
sBsiat lhen in solving the probleds related to this aspect encountcred
in th€i t  engineering rrork.
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STTEXG1T OF I|ATBILAI.S

SIXPI.B STNBSSES AIID STXAIXS

llhen ao engineer underlakes the design of a rachine psrt  or
p o r t i o n  o f  a  s t r u c t u r e ,  i E  i s  e s s e n t i a l  t h a [  h e  s h o u l d  f u l l y  r e s l i z e
the var ious forces for ! .hich el lotrsnces heve to be nade. 8e then
requires lo have at his disposal folnulae irhich ei l .1 enable hio to
proport ion th€ desiSn so thet f racture wi l l  not teke place nh€n the
part  is Bubjected to the est inated forces. The fornulee shich fol loe
have beeo largely alr ived et by BakinS use of sel l -knosn facts in tb€
study of etat ics, dynanica, and ratheust ics. ln the derivst ion of
these fornulae assunpt ionE have been made, rhich are very often not
exact ly real ized in pract ice. The results obteined by using such
fornulae should be compared, therefore, sherever possible, Li th those
obtair led er(perinental ly.

I l  is advisable that!  whelr  et tacking a pert icular probleo in
design, f i rst  one nake oneself  perfect ly fani l ier { i th the coodit ioo8
under *hich the part  has to rrork.  Secondly,  before oaking u8e of a
part icular folnu1a, be farni l iar r i th the essutrp! ions nade in obtaining
the fornula, and thus see how clc 'sely theoret ical  and rorking
condit ions egree. Final ly,  in nakiog uB€ of the formula, ooe should
i [corporate cot lmon senge and the results of experience,

l .  Load The external forceg
const. i tu le !r-at  is caffed the " load' l ,
f o r c e s  n e t  w i t h  i o  p r a c t i c e r -

ect ing oir  a piece of nater ial
The fol lo$in8 are a fee c, f  the

a. A force, due to a load not i i r  not ion; e$ exaEple of
which iB a load hanging fron a crene chain, ei thout
beiog raised or lorered.

Arl  inert ia force, due to change in veloci ty of e nsss,
This is met r i th in engine pract ice snd is the re6ult
o f  c h a n g e  i n  v e l o c i t y  o f  t h e  r e c i p r o c e t i o g  p a r t e .

A c€ntr i fuaal forc€, ehich is | [et  oi lh rn pul leys end
f lyeheels,  and is due to the tendency of a rotat ing
mass to get aray from i ts centre of rotal ion.

A  f r i c t i o n e l  l o r c e ,  r e s u l t i n S  f l o m  t h e  a p p l i c a t i o r l  o f
a brake on a drum.

A force due to expansion or contract ion, shich i3 B€t
l ' i t h  i n  b o i  l e r '  f u r n e c e B ,

d .
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Forces such as those above roenl ion€d of len act at  the end
of ao arn, and cause bending or trr ist ing in the nster is l .

2.  Stress No mater ial  is perfec! ly r ig id,  therefore the
appl icat ion o-T-?- ioad ro a piece of nater iai  cau;es s defornet ion.
Thie defof i rat ion may be Iarge and easi ly neasured as in the case of s
piece of rubber I  sq. in.  cross-sect ion carrying a pult  of  100 1b.,  or
i t  ney be soal l  and require a del icale measul ing device nhere e eteel
b a r  o f  c h e  s a n e  c r o s g - s e c t i o n  c a r r i e s  a  p u l l  o f  l 0  t o n s .  l n  a l l  c 6 9 e a
i n t e r n e l  f o r c e s  a r e  c a l l € d  i n r o  p l a y  i n  t h e  n a t e r i a l  t o  ! e s i s t  l h e
load and ale referred to as rrsl legsegrr.  The inlensi ty of the stress
i9 est inated a9 the force act ing on unit  area of ctosa-sect ion, end
i s  e x p r e s s e d  i n  s u c h  u o i t €  a s  l o n s  p e r  s q .  i n , ,  L b .  p e (  6 q .  i n . r  e l c ,

3. Tensi le Stress An exanple of a body str€ssed in this
rnanner is st ' "G-rr  r- i f lTi t  ich represenrs s uniforn ver! icaI bar held
at i ts upper end and cetty ing an axial  Load t t .  t f  the bet i9 cur ar
C B j  i t  i s  e a s i l y  s e e n  t h a t  a  f o r c e  P ,  a c i i n g  i n  r h e  o p p o s i r e  d i r e c t i o n

_ f_
x-T -

c

lt

F t g ,  I F!9. 2

to l l ,  end equat in nsgnitude to l l ,  is required
port ioo in equi l ibr iun. Io the ooroel srate of
is suppl ied by Lhe internal forces in the oarer ial
is taken at any point beleeen the endB of rhe bar
exists (neglect ing the neight of  rhe porr ion of

f h e  i n t e n s i t y  o f  t e n s i l e  s t r e s s  a !  C B
vhere A is the cross-sect ional area of the bar-

to hold rhe 10l.et
the bar,  lhe force P
. l f  the sect ion CB
a  s i n i l a r . o n d i r i o o
the bsr belon the

$13 grven by ! t  :  
I ,

4.  Ccmpressive Sl less Fig. 2 repteseors a uniforn vert icel
uar car ry ing-i-i6i?-!l-i['icn i-n this case causes a arreas of opposite
n a t u r e  t o  t h a t  d i s c u s s e d  i n  I ' t e n s i l e  s t r e s s r r .  T h e  l i n e  o f  e c t i o n  o f
the load is again assuned to be axial  Considering e eecrion CB, i t
is seen thet a force P €qual in nagni lude to W, and act ing id the



opposite direc! ioo to I , l ,  i3 required for equi l ibr iun. Again, neglect-
ing the $eight of  the port ion of the bar ebove CB, the ioteo8ity of
t h e  c ( n p r e s s i o n  s t r e s s  a t  C B  i s  g i v e n  b y i -

-w
c A -

v h e r e  A  i 9  t h e  c r o s a - s e c t i o n a l  a r e a  o f  l h e  b s r .

5 .  S h e a r  S l r e s s  A  s t r e s s  o f  t h i s  n a t u r e  i s  s e i d  t o  e x i 8 l  o n
a section oi=--Eoat--iT on opposite faces of the section equal and
opposite paral lel  forces exist .  Let a rectangular block of ioetal  o!
cross-sect ional area A be soldered to a heavy nass of i ron and suppose
a folce l f  to be eppl ied, act inA as shosn in Fig. 3,  noe consider the
sect ion CB. The upper port ion H ererts e foice l f  on the face of the
lower port ion K, ! , rhich port ion in turn exerts an equal and opposite
force on the face of the upper porf ion H.
s t l e s s  o n  t h e  s e c t i o n  a t  C B  i s  g i v e o  b y

The intensity of the shear

- I {
I  = - .

F tg .3

ln each of lhe three caces conci.dered the force is asguded
!o be dietr ibuted uniforBl.y over the surfa€e, I f  this is not the case
l h e n  t h e  i n t e n s i t y  o f  s t r e s s  a c  A _ p o i n t  i n , t h €  s u r f a c e  i e  t a k e n  t o  b e
equal to the l in i i ing rat io of | f ,  when each is reduced indef ini tely
! r h e ( e 6 $  i s  t h e  f o r c e  a c t i n g  u n  i h e  v e r y  e n a l t  a r e a  A .

6. strai [  Strain is a neasure of the defornet ion produced by
rhe appl icat ' i6 i-? the external forces.

( a )  r n  F i B .  I  i r
an elongat ion of the amount
b a r ,  t h e n  t h e  L e n 6 i l e  e t r s i n

or is the elongat ion per unit

(b )  rn  F i8 .  2
of the bar by lhe anount
conpreBs ive strain is given

si l l  be ob8erved that the defornet ioo iB
x, and i f  f ,  is the ini t i .a l  length of the
i s  g i v e n  b y i

- t

of  length.

the defolnat ion is shoen to be a shortening
x, and i f  I  is the unloeded length, the
qy:

of lenglh.or the shorteoiog per unit



(c) The state of defotnat ion produced by 6heat is 6hoen
by the dotted Lines in Fig. 3.  The noveoent x of the cotner rs
exceedingly sDsl l  so that EFL nay be reSstded as a r iSht 6ng. led
t r i a n g l e ,  T h e  s h e a r  s r r a i n  i s  g i v e n  b y :

' " -T= ten €.

7 .  E l e s l i c i t y  A  n a t e r i a l  i s  s a i d  t o  b e  p e r f e c t l y  e l a s t i c  i f
rhe Et lain due Eo loading disappears vi th the renoval of  the loed, and
also i f  the strair  for a Siven value of load during the unloading
process is equal io the strain for the sane value of load during lhe
I o a d i o g  p r o c e s s .

A l imit ing val ' re of load l , i l l  be found at ehi .h th€ straio
does not completely disappear ' r i th the renoval of  the load. The value
of lhe stress corresponding to this Ioad is cel led the "Elast ic Lini t"
and the residual sErain is referred to as a permanenE set.

8. t {ooke's Lae I t  ,as discoveled by l looke that i f  a mater iel
be toaded ' i i I6 i i - i i6ea ing the ela€ric l io i t ,  then lhe deforrnat ion
produced is proport ic,nal  to the load produ. ing i t .  Norr ahe sttesa
caused by the load is proport ional to the load, end the corresPonding
strain is proport ional to the defornat ion, therefore ihe siress is
p r o P o r i i o n a l  t o  l h e  g t r a i n ,  o r

Streas -
Str:aln

aod since x is propo!t ional to
i .  e .  s t t e i s  =  N .

st laln

t t- , w n e r e K = A ,

t {  is equar !o a codstant,

I { l

This con6tant is cal led the i l lodulus of Elesl ic i ty",  and
its magnitude tJi l l  depend on the nater ial  and on the nature ol  the
s t r e s s  a n d  s t l a i n  d e a l t  w i t h ,  S i n c e  s t r e s s  i s  a  f o r c e  p e r  u n i t  o f
a r e a ,  a n d  e t r a i n  i s  a  n u n b e t ,  i h e  n o d u l u 8  o f  e l a s t i c i t y  r t i l l  a l s o  b e  a
f o l c e  p e r  u n i t  a r e a .

9 .  T h e  E l a g t i c  c o n s t a n t s  t l h e n  a  b o d y  i s  s u b j e c t e d  t o  s i n P l e
tension ot codp;"; ; ; - f i ; - ;A; lus of elast i . i ty is ueual ly cal led

"Young's l . todulus",  and i t  is invariably denoted by the let- ter E. In
the case of a body subjected to Pure shear only the modulus i3 cal led
the rrshea! or Rigidi ty uodulus",  and i3 usual ly denoted by the let ter
C. or sonet ide G,

. 9 6
l f  d t  a n d  i "  d e n o t e  t t ' "

body subj€cted to pure tenaion or
c o r r e s p o n d  i n g  s  t r a i n g ,  t h e n :

t.F. = ---:

t e n s i l e  o r  c @ p r e 6 s i v e  s t r e a s  i n  e
codpregsion, and er and e^ the

*
;'
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AIso i f  f6 is the sheer str€6s in a body subjecled to pure
shear and eB the correspondiog strainJ then:

Thes€ constaots are telated to one another,  r ,hich
r e l a t i o n s h i p  o i l t  b e  o b t a i n e d  l a t e r .

Fron a knoeledge of the relat ionship, just obteined,
beteeen atress, Btrein and inodulus of elest ic i ty,  i t  n i I I  be found
lhat the atEack on a problen on strength of $ate! iels develops along
the fol lo0ing I  ines:-

l .  Assu| le a
character as posB ible).

2.  calculete

3 .  M u l t i p l y
o b t a i n  t h e  a t r e s s e s ,

defornat ion ( this should be of es sinple E

the ereaa over rhich they
.proceed with lhe solut i .on

the 6t ra in8,

the st ra ins by the e last ic  nodul i  snd so

4 .  U u I t i p I y  t h e  s t ! e s s e s  b y
sct,  equate to the external folceg, and 60
of the ploblen,

Nunerous exampleg of the us€ of this nethod of at tsck l , i l l
be shond by Eean8 of worked exaluples, aod the reader is advised to
atudy each or le cereful ly.

Exanple l .  Def ine Istregs[,  
"strain",  end "nodulus of

e l a s t i c i t y "  i n  g e n e r e l  t e r n s .  A  r e i a l  r o d  9 f  c i l c u l a r  s e c t i o n ,  I  i n .
in diameter,  is subjected to stress in a Eensioo-test ing nachine. l !
is found that the total  extension over a lenSth of 8 in.  is l5 l  ecale
d i v i s i o n s  o f  a n r e x t e n s o n e l e r  f o r  a  p u l l  o f  9 , 0 0 0  l b , ,  t h e  u n i t  o f  t h e
scale being <f i -+f i6 of sn inch. Calcu.Late the st fess, the strain and
the nodulus dl 'e-fa-st  ic i ty for this rod.

A r e a  o f  c r o s s - s e c t i o n  o f  r o d  -  0 . 7 8 5 4  x  I ?  =  0 . 7 8 5 4  s q , i n .

{ .  -  I  = d; |h = 11'460 1b' /sq'{n '

Exten8ion on 8 in.  lenglh = scale divis ion x unit  of  scale

- lsI xf6*66 tu.

"  

= i '  -=;dH\T = 0'0003775

r = Jt - =-j-fi.|g== = 30.37 x 106. t  u .  uuur /  /  )  rb . /sq. tn .  1gg.



Exeple 2. Design s treble-r iveted lep joint  in ehich the
pirch of rhe-iTi;i;Jn the ou16r rows is reice Ehe pirch of rhe ri.veEs
io the inner ror4r,  for plates + in thickness. D€rermine the pi tch.end
diadeter of the r ivets so thet rhe tensi le Btress in the Dletes is 6.
tons per sq. in.  and Ehe shearing stress in the r ivets ie d tons p".
sq.rn. c iven d = 1.2 y ' t  ,  whe(e d and t  are the l ivet di-enetet edd
plate t .hickness respect ively.

F i g .  4

lhe arraogement of the joinr is shown in Fig.

Diamerer oI r ivers d = t .2 6i5 + I  in.

- 6 -

4 ,

of plale agains! tear ing -  (p-d)t  x t

= (p-r)  x i  *e

Strength

number of r ivets in Btr ip of r idth equal to p,
rrhere p = pi tch of r iveis.

sttength of l ivets against etearing = 
f; a2

=  0 ,78

I-t-----
to
I

lo a

l
J

oid I
oool

o

, l  . t- "TP-qr . -

"1"*

-  14 .15  tons .

x  I  x  4 .5  x  4



S i n c e  j o i n t  i s  e q u a l l y

,'!-2

tension and in sheel,

1 4 . 1 5

- 7 -

s t rong

,1e-5

I N

4 .14  i n ,  sey  4  i n .  p i t ch  Ans .

Ex@ple 3. Tl{o lensth6 of bar 12 in.  l r ide and in.  rhick
are to be c,r ; ; ; ; te-?-Ey a double cover butt  jo inr.  The dianerer of the
r ivel  holes is i  in.  Design a Euitable joint .  Tensi le stresE 7 tons/
sq. in.  Sheer stress 5 Eons/sq. in.  Bearing stress 9 rons/sq. in.

The r ivets in a joi .na of ' this rype are usual ly arradged a6
shoro in Fi8. 5,  the bar is then only weakened by one r ivet hole.

Strength of jo idt  against iear ing through rhe outslde
r lvet

-  ( 1 2  -  1  )  
i  x  7  =  5  7  .  7 5  t  o n s  .

S h e a r  s t r e n g t h  o f  o n e  r i v e t  =  { T  x  ( f l ' z  x  5 }  2 *  r l v e t  r n- 
double shear

-  / . 6 )  E O n S

lor  ane€r = - j :E = t .4,  8ey 6.

-3r l ve l  =  Yx - t xZ=o . / )  COna .

.  57 .75fo t  bea r ing  8 .55 ,  say  9 .

Iunber of r ivets lequired

Eearins stretrgth of eech

Number of r ivets requi led

@-6
- -i- 

" 
-f,, o- e:-ol

- -'6--l-i-iil 6-o_
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The joiot  rould therefore require 9 r ivets in each bar,
and rould be arranged as shosn in Fig. 5.

Each cov€r plare might be rakeo Eo be half  rhe thickness
of the ba!s, but in pracr ice i t  is usual to nake the cover plates :
the thickness of lhe bars. 8

rhickness of each cover nr'te = N - i 
= 

i a.

I t  is of  idtetest ro furrher extend this exsnple and f ind
the folce necessaty io rupture the joint  at  DD, CC, erc.,  and hence
o b t a i o  t h e  e f f i c i e n c y  o f  t h e  j o i n i .

The force necessary to ruprure the joint  et  DD has already
been foudd to be 57.75 tons.

Suppose bar to^ tear at CC and r iver at DD to shear. .  Tota!.
f o r c e  l e q u i r e d  =  [ ( 1 2 - 3 )  g  x  7 ]  +  i . 8 5  =  6 0 . 3 5  r o o s ,

4

Suppose bar to tear at BB and^ r ivers at CC and DD to
s h e a r .  T o t a l  f o r c e  r e q u i r e d  =  I ( 1 2  -  3 )  1 x  7 l  +  ( 7 . 8 5  x  3 )  -  7 0 . S
t o o s .  4

Suppose bar to Eear at AA and rivers at
To ta l  f o rce  requ i red  =  t (12  -  3 )  f  x  7 l  +  (5

4

Support cover plates roptured along AA.
! e q u i r e d ; -

BB, CC, mD to
x  7 . 8 5 )  -  9 4 . 3 5

Total  force

I
2  x . ;  =  6 3  t o n s .

the l reakest sect ion is at DD,

Ieasl strenqth of the lo1nt
strength of Bol ld plate

5 7 . 7 5  x  1 0 0

( I 2  x ! )  7

Example 4. The dianete! of  rhe pistoo of a die6e1 engine
is 310 mn.,-  and the maxinum conpression pressure in the cyl inder rs
5 0 0  l b . / i n ' .  T h e  c y l i n d e r  i s  b e l d  b y  f o u r  b o l t s  e h o s e  e f f e c r i v e
dianeter is 2 in.  and length 35 in,  Es! imate the rnaxirnurn tenei le
stress^in each bolt ,  and the elongaEion of each bolt .  E -  30 x 1.05
l b .  /  i n ' .

=  7 (12  -  3 )  x

From this i l  is clear that

The eff iciency of the joint

Maxrrum force exerted on each bolt = (JJI-J-  ' 25 .4 '

= .14 ,630

" * o.zes+ * T
t b .
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r{axirun slress in each bolr = 
t 

- 
oj;;;t? 

- 4656 rh./ 'J,2.

Elongeti.on of each bolt = ! x l- 4!:6 x:!:
E_- 30 x 10"

10. Compound Bars and Colupnd A short corpound coludr,
conposed of a steel tube f i t t ing Ioosely inside e copper tube, e$d
c a r r y i n g  a n  a x i a l  I o a d  W ,  i s  s h o s n  i n  F i g .  8 ,

Ir  is evident thst the strain in eech tube vi l l  have rne
sane value, but s ince E is di f f€rent for eech Eater ia[ ,  the stresB
si l l  not have the saoe value for eech nater iel .

Let Ac = cross-gect ional erea of copper tube,

Aa i  ctoaa-aect ionl l  eree of steel tube.

l fc -  load carr ied by the copper tube.

W3 = Lo€d carr ied by the steel tube.

Ec and Es beiag rhe value of YounSrs Dodulua for copper
end ateel,  and fq end fs beiog tbe velue of the corresponding otresses
in the tubes.

I f  C is the unloaded lelngih ,Jf  lhe coluro, end x is rhe
aroount each tube ahortens.

s i r a i n  i n  e e c h  -  
T

.  * ,
Du!  _  T= i -

l f E I ^ n 0 E _
i -  -  - '  r -  "  t " . ;s  . . ' . . . . . . . . . . . . ' . ' . . . .  (1)

I tc

Atso  r f  -  gs  +  l { c  =  d "o "  r  { "A "  , . . , . . . . . . . , . , . , .  ( 2 )

F ron  l :  I , f  - 4A  + I . : q .A- 3 A  . S F  C

"  
IJ.E.

t s  A E  + A E
a 3  c c

Slol lar ly I  -  " ' "c' J c  
A E  + A E
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t l .  Tempeteture Stress l fhen the tenperature of a oetel
chenges thele is e cotlesponding cheoge in dineneioae. If  thi!  chenge
io dioeosione is preveoted th€n a atreaa is eec up io the netel.

The linesr expaosion of lhe Eetal is proportional to th€
chesge in t€spereture, and this expeBsioo per udit of l€ngth per utrit
chang€ in teopetatute is called the lioe.r co-efficient of .etp.mion
of the netal,

guppose e bar be held in such e [enner thet lineer chenge
of dinension6 is prevenled rherr hest is spplied.

Let I - Iengrh of bai.

t - change in t€nperature,

(, = l inear co-eff icieot of €xDangioo.

lf the ber was free to expeod lhe increase in len8th - OTI
lleoce Ehe strein seE up due to exp€ns ion being prevenied - 

#, 
- ef ,

l f  f  - strerg due to the above sirei$,

E - Youogrs nodulus fot the osteriel of the bsr.

Sioce !*I9P = rodulu. of cl.r l ici ty
6CtA1n

. t
. . : = I .

OT
or  {=a1 ts '

Exeple 5. .A BEeen pipe iB l0O ft.  lorg at a telperatute
of 15" C. Slean ar 180"C is pessed throu8h th€ pipe. ! lh.t is i tg
length eheo free to expand?. Suppo8e exparsion to be- prevented, rhet
stress is induced in lhe nateriel? E - 5000 toos/in'.  o - 0.000012
Per  u .

change in teropereture = 180 - 15 - 165'c

Incree6e i(r length = oTl - 0.000012 x 165 x I00 - 0.19E ft,
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Strain due to prevent ioc of expansion

Stress induced in nater ial

? = .t = o'oooot2 x

oTE=0 ,000012x165

=  11 .88  tons / tn .2

x 6000

E x a n p l €  6 .  T h r e e  r o d s ,  e e c h  i n i t i e l l y  o f  $  i r r ' ? .  c r o s a -
s€ct ion and 5 fE. Iong, support  a load of l0 tons. The-cenier lod is
nad€ of steel and the outer ones of copp€!.  l f  lhe tenperalure of the
tod6 is incr€ased by 100"C. and the rods are so edjusted tha! they are
extetrded equal arnouots, egt i roale ihe load carr ied by esch rod. Es -

3 0  x  1 0 6  l b . / i n 2 .  E c  =  1 2  x  l o 5 l b , / i n 2 ,  A s  -  o . o 0 o o l 2  p e r  " c .  6 c  -

0 . 0 0 0 0 1 8 5  D e r  " c .

(Fi8. 5A) Let x = th€ comon extensron

Ih€n qTl -  extelsion due to heet ing

and x - oTl = extension due to loeding of each natetiel

ana (I  -  cf)  = 6[rain due io load carr ied
L

St ress  i n  each  rod  =  (+  -  aT )  E  , . . , , .  ( f )
L

Fig, 5A

A 
= extenaioll due to load l0 toos

E 
= extension due to heat ing 100'c

L o a d  c a r r i e d  b y  x o d  =  ( f  -  c ' I )  E A  ,  ,  , . . .  , . . .  . . .  . . .  .  ( 2 )

rhere A = cross sect ional area of rod.

Tota l  Ioad -  w -  f  t f -  oT)  EA .  .  .  .  . .  .  . .  .  .  . ,  ,  .  .  ,  .  . .  ,  (3 )



2240 = t x

12x

2UA0 O.OOOO185 x 24) 106 - O,OO231S

O.OOOO12 x 100) 30 * 106

106 r ] : <2 .

+ #-(o.oooorz * :o +

1 . " x* t t  tT- 0,0000185 x 100)

Load cerried by

Bach

+ * 106 (3o + 24)
ateel rod = (0.002318 - 0.000012

=  O,OOl l lE  x  15  x  106

=  16 ,770  l b .

x IOO) 30 r IOE
I*.2

coppet tod carries a load = (22400 - 16770)

= 2815 lb.

f
2

Exetnple8 I

l .  A f let  ni ld steel bar of lecteogular cross-sect ion,
3 in.  x , ' '  in. ,  carr ies an axial  pul l  of  12 tons. Est imate the teosi le
etress irl lhe ber and the elongation if the unloeded length is 20 ft.
B = 30 r lo5 lb. / in2, 4gg. 5.33 ton6/ in2, 0.0956 in.

2. A ceBt- i ron col@, 15 f t .  los8, hss a hol lon circnlrr
cross-sect ionr The exteroel diaDeter is 12 in. ,  eod tbe thickne3a of
Eelei is l  is l t  in.  ^ The colunn is dubjecled to a coEpreasive atreaa,
of 4 tons per i l r , ' ,  by a centr. l  load on top of the colurn. l f
Young's nodulus for cest i ron is 8,000 toni/ i I | .2,  est i rate the velue
of th€ Ioed aod the amount the coludn 6horien6 u$der the load,

A n 8 .  1 6 8 . 8 6  t o n 8 ,  0 . 0 9  i n .

3. A t ie-ber Zi  1".  i "  dianeter cerr ie3 a load rhich ceuses e
ten3i l€ r tresa of Sooo-tb./ iu.2 The bar ie faetened to e csst i ron
bracket rhich is held by four bolts.  Find the diedeler of the bolta
. t  the bot loo of the thr;ads i f  the r tresr is l i r i ted to 5OOO lb./ in.2

Ans. 0.948 in.

4. I f  lhe ult inate sheer stress for $i ld sleel is 551000
lb./ in. 'z, f lnd the force required to punch a j  in. hole in e Eild
steel plete + in. thick, l lhat id the conpreasive- streas on the punch?

Eia. 28,94 tons, 65.48 ton./ in.z



6 .  T w o  v e r t i c a l  r o d s  a l e  e a c h  r i g i d l y  f a s t e n e d  a t  t h e  g p p e r
e n d  a t  a  d i s t a n c e  o E  2 4  i n .  a p a r t .  E a c h  r o d  i s  l 0  f t .  l o n g  a n d  t  i n .
in dianeter.  A horizootal  cross-bar connects the lo$er ends of th€
rods and on i t  is placed a l , rad of I000 lb,  so lhat the cross-bar
r e m a i n s  h o r i z o n t a l .  F i n d  t h e  p o s i t i o n  o f  t h e  l o a d  o n  t h e  c r o s s - b a l
and est inate the stress in each rod. On€ rod is of wrouehl i loo for
w h i c h  E  =  2 8  x  l O 5  l b . / i n . 2 ,  a n d  t h e  o t h e r  u f  b r o n z e  l o r  w t r i c h  n  =  S  *
I o 5  l b . / i n . 2

e n s .  J w i  =  3 8 5 5  l b . / i n . ' ? ,  b  -  1 2 3 9  I b ' / i n . 2 ,  5 . 8  i n .
f r o n  t h e  w .  i .  b a r ,

5 .  A  s h o r t  s t e e l  t u b e  4  i n .  i n t e r n a r  d i a n e t e r  a n d  !  i n ,  t n i c t
i €  s u r r o u n d e d  I o o s e r y  b y  a  b r a s s  c u b e  o f  t h e  s a n e  I e n g t h  , n d
t h i c k n e s s .  T h e  t u b e s  c a r r y  a n  a x i a L  t h r u s t  o f  +  r o n .  E s t i B a t e  l t r e
lcad carr ied by each tube, and the anount each t ibe shortens. Length
3 . 5  i n .  E s  =  3 0  x  t 0 5  l b . / i n ,  

"  

E b  =  1 1 . 8  x  r 0  r b . / i n ,

4 ! : .  I l s  =  7 5 6 . 2  I b . ,  l l b  =  3 6 3 . 8  1 b , ,  I . 2 5  x  I 0 - ' i o .

9. A ni ld steel bar + in.  diaoeter aod 12 in.  long is place
inside a tube. having an exter ial  dianeter of I  in,  and an internal
d i a m e c e r  o f  *  i n .  T h e  c o n b i n a t i o n  i s  t h e o  s u b j e c l e d  t o  a n  a x i a l
t h r u s t  o f  5  t ; n s .  T h e  n o d u l u s  o f  e l a s t i c i i y  o f  E h e  n e t a l  o f  t h e  t u b e
i s  1 1 , 5 0 0 , 0 0 0  I b . / i n , 2 ,  a n d  o f  r h e  s r e e l  3 0 ; 0 0 0 , 0 0 0  1 b . / i n . 2  r i n d :  ( s )
t h e  s t r e s s  i n  t h e  t u b e  a n d  i n  L h e  r o d .  ( b )  l h e  s h o r t e n i n s  o f  t h e  r o d '
( c )  t h e  w o r k  d o n e  i n  c o n p r e s s i o n .

A n s .  t r  -  8 . , f 2  t o n s / i n .  ,
l 0 - r  l n .  ,  4 3 . 7 5  i n . l b .
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1 0 .  A  b a r  o f  c o p p e r ,  1 . 5  i n .  d i a n e t e r ,  i s  c o m p l e t e d  e n c l o s e d
i n  a  s t e e l  t u b e ,  2 . 5  i n .  e x t e r n a l  d i a m e t e ! .  A  p i n , 0 . 7 5  i $ .  d i a n e t e r ,
is f i t ted transversely to Ehe axis of the bar near each end, to secule
t h e  b a r  r o  t h e  t u b e .  C a l c u l a t e  t h e  i n t e n s i t y  o f  s h e a r  s E r e s s  i n d u c e d
in the Din 'hen the temDerature of the l thole is raised 100"F. Ec =

6 , 5  x  ] b  I  t o n s / i n . 2 n s  =  - t 3  x  I 0 !  t o n s / i n . 2  o c  =  9 . 5  x  l 0 - 6  p e r  ' F .

q s  =  6 . 2  x  1 0 - 5  p e r  " r .
A n s .  3 . 4 8  t o n s / i n , '

7 .  A  s t e e l  r a i l  l s  3 0  f t .  l o n g  a t  a  t e ' n p e r a t u r e  o f  1 5 ' c ,
Est inace the elongat ion L'hen the temperature increases to 85"C. l f  no
a l l o w a n c e  i s  n a d e  f o r  e x p a n s i o n  c a l c u l a t e  E h e  s t r e s s  i n  t b e  r a i l .
d  =  O . 0 0 O O I 2  p e r  ' c .  E  =  3 0  x  l O 5  l b , / i n , ' ?

A n s .  0 . 3 0 2  i n ; 2 5 , 2 0 0  I b . / i a . ' ?

8 .  -  A  u e i g h t  o f  2 0  t o n s  i s  s u p p o r t e d  b y  t h r e €  s h o r t  p i l l a r s
e a c h  I  i n . '  i n  s e c t i o n .  T h e  c e n t e r  p i I I a r  i s  o f  s t e e L  a n d  t h e  t w o
o u t e r  o n e s  o f  c o p p e t .  T h e  p i l l a r s  a r e  s o  a d j u s r e d  t h a t  a t  a  E e D P e r a -
r u r e  o f  1 5 " C  e a c h  c a r r i e s  o n e - t h i r d  o f  t h e  t o t a l  l o a d .  T h e  t e n p e r a t u r e
i s  t h € n  r a i s e d  t o  I I 5 " c .  E s i i n a c e  r h e  s ! r e s s  i n  e a c h  p i I I a r  s t  1 5 " c
a n d  a r  I 1 5 " c .  E s  =  J 0  x  t 0 6  t b . / i n . 2 . .  E c  =  I 2  x  I 0 6  I b . / i o . 2 ,  o s  =

1 2  x  1 0 - 5  p e r  " C , ,  q , r  =  I 8 . 5  x  1 0 - 6  p e r  ' C .

A n s ,  6 . 6 6  t o n s / i n , 2 , c  =  8 . 6  t g n s /  i n ,  2 , s  =  2 . 8  t o n s /  i n 2

f . . ' 6 "  =  : . 34  ton6 / i n :2 ,  78 .12  x
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I l .  Design a r iveted joint  for jo ining t*o leoSths of f lst
t ie-ber.  Double cover pletes. Fiqd rhe eff ic iency of rhe joinr.
Load E0 tons. Diameter of r ivets . t*  in.  Cleerence in ! ivet holea
0.05 in.  Tensi le streas no! to exce-ed 5 tons/ in. '  Shearing stress
ftot  to exceed 4 tons/ in.2 Beariag stress not to exceed 6 cona/ ia,
the ridth Bhould be about 15 tiDe6 th€ thickness.

Ans. 88,82

12. Tro thict pletes nsde of en eluniniur alloy ere held
together io conEact ^by copper bolts.  Find the increa8e in the lensi le
atrese ( in tons/ in. ' )  in th€ bolts due to a r ise in tenperaEure fr@
60'F to 80'F, neglec! iog any coopreseive 6train in the raluoiniun
sl loy. uodulue oi  direcl  el iat ic i ly for copper -  18 r  106 lb. / in.2
Coeff ic ient of  er.padsion of copper per 'F -  0.0000093, co€ff ic ient of
expension of alurniniun al loy per, 'F -  0.0000126.

A n s .  0 . 5 3 4  t " n " / i " .  ?
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TI. IIECtrA}IICAL PROPEBTIES OF IIETALS

1 2 .  P r o p e r t i e s  o f  l t e t a l s :  P r o p e r t i e s  a s s o c i a t e d  r i t h  E e t a l s ,
a n d  o f  g r e a r  i n p o r r a n c e  f r o m  a n  € n g i n e e r i n g  s t e n d p o i n t  e r e  e l a s t i c i t y ,
d u c t  i I  i t y ,  b r  i t t l e n e s s ,  p l a s t .  i c  i t y ,  a o d  n a l  l e a b i l  i t y ,

S e v e r a l  o f  t h e s e  p r o p e r t i e s  a r e  i n  o p p o s i t i o n ,  e n d  t h u s  e
p a r t i c u l a r  m e i a L  c a n  n o t  p o s s e s s  a l L  o f  t h e n  s i t n u l t a n e o u s l y .  M i I d
s t e e l  p o s s e s s e s  e l a s t i c i t y ,  c o p p e r  d u c t i l i t y ,  c a s t  i r o n  i s  b r i t t l e ,
e h i l s t  l e a d  i s  p l a s r i c ,  a n d  w r o u g h t  i l o n  E a l l e a b l e .  I o  a  s i n p l e  t e n -
s i l e  t e s t  o n  a  m a t e r i a l ,  c a r r i e d  t o  d e s t r u c t i o n ,  s u f f i c i e n t  i n f o r m a -
t l o n  i s  o b t a i n e d  e o  f o l l l  a n  o p i n i o n  o f  t h e  6 t r e n g t h ,  e l a s t i c i t y  a n d
d L r c t i l i t y  o f  t h e  m a t e r i a l .  I n  d e s i g n  t h e s e  p r o p e r t i e s  a r e  o f  p r e m r e !
irnportance, the strength of the nater ial  nust be known in order to
c a l c u l a t e  t h e  d i n e n s i o n s ,  a n d  t h e  r e m a i n i n g  p r o p e r t i e s  a r e  d e s i r a b l e ,
s i o c e ,  f o r  v a r i o u s  ! e a s o n s ,  h i g h  l o c a I  s t r e 6 s  s o n e t  i n e s  o c c u r ,  a n d
t h ' r s  i t  i s  e s s e n c i a l  t h a t  a  c e r t a i n  a n o u n t  o f  e l a s l i c  d € f o r m a E i o n
s h o u l d  t a k e  p l a c e  i n  o r d e r  t o  r e l i e v e  l h e s e  l o c a l  s t r e s s e s .

1 3 .  B e h a v i o u r  o f  u e t a l s  i n  T e n 6 i o n :  w h e n  t h e  d u c t i l e  m e t a l s
are s"b j  ee te?- i6- i - l? i?ia t  ly in- i?Ei6ing tensi le load, Lhe tensi l€
s ! . e s s  i s  p r o p o r t i o n a l  t o  t h e  t e n s i l e  s t r a i n  u n t i l  a  c e r t a i n  p o i n t  i s
r e a c h e d j  a f l e r  w h i . h  p r o p o r t i o n a l i t y  n o  l o n g e r  h o l d s ,  a n d  s l i 8 h l l y
b e f o r e  r e a c h i n g  t h i s  s t a g e  i r  i s  f o u n d  t h a t  t h e  e l a B L i c i t y  , ) f  r h e
nater ial  has broken dolro, The elongat ion so far has been exceediogly
s n a l l ,  a n d  v e r y  d e l i c a t e  n e a s u r i n g  d e v i c e s  c a l l e d  e x t e n s o m e t e r s  a r e
required in order to neasure t .he snal. l  changes in length.

l f  lhe load be increased a snal l  anount.  i t  wi l I  be fourd
r h a l  t h e  t n a t e r i a l  " f L o w s  o r  y i e L d s "  a  I a r g e  a n o u n t ,  a n d  t h e  e L o n g a t i o l r
c a o  b e  d e a s u r e d  s i t h  a  s c a l e  a n d  a  t a i r  o f  d i v i d e f s .  T h e  n a t e r i a l  i s
n o w  i n  a  s e m i - p l a s t i c  s t a t e ,  a n d  f u r t h e r  a p p l i c a i i o n s  o f  l o a d  c a u s e
e x t e n s i o n s  w h i c h  i n c ( e a s e  v i t h  t i n e .  E a c h  a p p L i c s t i o n  o f  l o a d  c a u s e s
t h e  s i r a i n s  t o  i n c r e a s e  r n o r e  a n d  m o r e  r a p i d l y  i r i t h  t h €  s t r e B s e s ,
u n t i l ,  f i n a l l y ,  a  v a L u e  o f  l o a d  i s  r e a c h e d  a t  n h i c h  t h e  n a l e r i a l
s t r e t c h e s  l o c a l l y  a n d  a  " v a i s c "  i s  f o r n e d .  A t  t h i s  s t a g e ,  o r i n g  t o
t h e  d e c r e a s e  i n  c r o s s - s e c t i o n ,  a  s n a l t e r  l o a d  t h a n  t h s l  a t  w h i c h  t h e
t ' a i s t  f o r o e d  i s  r e q u i r e d  t o  c o n t i n u e  t h e  e l o n g a r i o n .  u i t h  t h e  c o n -
t i n u a n c e  o f  e l o n g a t i o n  E h e  c r o s s _ s e c t i o n  b € c o n e s  s D a l l e r  a n d  6 n e l I € i .
l { e n c e  t h e  l o a d  n e c e s s a r y  l r i I I  b e  g r a d u a l l y  r e d u c e d  u n t i l  f r a c t u r e

F i g .  6  r e p r e s e n t s  a  s t l e s s _ s a r a i n  d i a g r a D  f o !  a  d u c t i l e
h a t e ! i a l  t e s L e d ,  i n  t e n s i o n ,  t o  d e s t r u c t i o n .  T h a t  p o r t i o n  o f  t h e  t e s t
up to the point at  l ,h ich yield occurs in shorn plotted to a larger
s c a l e .  T h e  s t r e s s  a r e  a l l  c a l c u l a t e d  u s i n g  t h e  o r i g i n a l  c r o a a - s e c -
t ional alea of the mater ial ,  aod are ci l led Noninal Slresses, sr.nce
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Straln

F ! 8 . 6

the actuel cross-sec! ionel ares do€a not reuein conatsnt.  I f  the
acutal  croaa-aect iooa! aree was calculated for eech 1oed, theo the
"acEual streeg" diagren is tha! shoen in.  Fi8. 5.  10 the nooinel
al tess diagren the 6tre9a et the breaking point appeers ruch les6 than
the meximum Stress calr ied, but on €xaninst ion of the ectual st tesa
diegrar0 i t  is found to be the gleatest stress.

14. loporlant Stages in the Te6r:  Al l  the inporlent l teges
have be€n rerked on the noninel stress-gtrein curve shosn in Fig, 6,
ind a pert icular nane is usual ly ap?l ied to the atresa at eech 6!age,
e s  f o l l o n s :  -

At the point A the elast ic iry has brokeo doro, and the
atress corresponding to the load et A is cal led the rrBlsst ic Lini t rr .

At lhe point B the ploport ional i ty of  stress and 3trein
hes ceased, end the 8tre8s st  B is cel led the l l , in i t  of  Plopor-
t  ional i ty".

At the point C lhe nater iel  has yielded a larSe ar lount,
and the corresponding stress is kno*n as Ehe "Yield Stressrr.

these 3 streaaes ere exceediogly close together,  and great
cere and del icate o€aaureoentg ere required to dist inguish one fron
the other.

Al the point D local
begins to fom. the naler ial  is
the correspondlng stress is knosit
be remenbered, horever,  thet this

yielding Eqkes place, end the waiet
then cerryio8 the nsxinuo losd, and
es lhe Jr l laximun Stress(.  I t  should
is nexinun norninal stress.
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At the poin! E fracrure iakes pIace, and the srress at
t h i s  p o i n t  i s  k n o i r n  a e  t h e  " B r e a k i n g  S t r e s 6 r r ,

I 5 .  W o r k i o g  S t r e s s e s .  T h e  " T e n a c i r y ' r  o r  r r u l t i E a t €  S r r e s s ' i  o f
a  m a t e ! i a l  i s  t h e  g r e a t e s t  l o a d  r e q u i r e d  t o  f r a c t u r e  t h e  n a t e r i s l
d i v i d e d  b y  t h e  a r e a  o f  t h e  o r i g i n a l  c l o s 6 - s e c t i o n  a r  t h e  p o i n t  o f
f r a c r u r e .  l t  i s  i m p o r t a n t  t h a t  t h e  s o r k i n g  s t r e s s  s h a l l  b e  r e l l  b e l o r t
t h e  e l a s l i c  l i n i t ,  a n d  t h e  u l t i o a t e  s t ! e s s  i s  u s u a l l y  d i v i d e d  b y  a
number cal led the ' rFactor of Safet.yrr  in order to obtain the l 'orking
s t r e s s .  T h e  f a c t o r  o f  s a f e t y  h a s  a l s o  b e e o  r e f e r r e d  t o  a s  a  f a c t o r  o f
ignorance. l t  would seem nore reasonabLe to use a snal le!  factor of
s a f e t y  a n d  ! h e  e l a s t i c  I i i n i t  r h e n  c a t c u l a t i n g  l h e  $ o r k i n g  s t r e s 6 .

Fa.rors of safety depend on hotJ rhe st less is appl ied, An
a l l e r r l a t i o g  s t r e s s  r € q u i r e s  a  l a r g e r  f a c t o r  o f  s a f e t y  r h s n  a  c o n s t a n t
s t r e s s ,  a n d  a  s t r e s s  c a u s e d  b y  s h o c k  w i L l  r e q u i r e  t h e  f a c t o r  o f  s a f e t y
t o  b e  m u c h  I a l g e r  s t i I l .  S i n c e  t h e  v a r i o u s  w o r k i n g  s r r e s s e a  a r e
c a l c u l a L e d  f r o m  f a c t o r s  o f  s a f e t y  b a s e d  o n  r h e  u l r i m a t e  s r r e s s ,  i r  c a n
b e  r e a d i l y  u n d e ! s t o o d  t h a t  t h e  u l r i m a t e  6 ! r e s s  i s  E h e  r d o s !  i o p o r E a n r
s i r e s s  i n  a  c o o r n e r c i a l  t e s t ,  t h e  e l a s t i c  l i m i t  b e i n g  o n l y  a s k e d  f o r  o o
l a r e  o c c a s  i o n s .

16. The l teasurenent of Duct i l i tv.  The elongarion on a res!
bar,  up to rh;G;* i ' " 'n r" 'd;- i ; l ; ; ;Gl jy di6tr ibur;d unifornly over
t h e  b a ( ,  a f l e r  e h i c h  l o c a l  y i e l d i n g  o c c u r s  a n d  t h e  c r o s s - s e c t i o f l
decreases at the point of  y ielding. Tlro !@thods are used ro est inate
t h e  d u c t i l i t y ,  o n e  b e i n g  b a s e d  o n  t h e  t o t a L  e l o n g a t i o n ,  a n d  t h e  o t h e r
on the total  reduct ion in cross-sect ional area. The forner is th€
dore co$ron aod from i !  we obtain the I 'Percentage Elongat ion".  l f  L
is the length of the test bar at f rdcture, and L rhe length before
s t r € s s  i s  a p p l i e d ,  i . e .  t h e  o r i g i n s l  l e n g t h ,  t h e n r -

100

The percentage elongat ion depends on the length of rhe
b a r  o w i n g  l o  t h e  l o c a l  y i e l d i n g  b e f o r e  f r a c t u r e ,  I f  t h e  t e s t  b a r  b e
marked off  in inches, then the percentaSe elongat ion of the inch
c o n t a i n i n g  t h e  f r a c l u r e  w i l l  b e  v e r y  1 a r g e .  t f ,  h o r e v e r ,  t h e  r e s u l r
i s  c a l c u l a t e d  o n  a  2 - i n c h  l € n g t h  c o n L a i n i n g  l h e  f r a c t u r e ,  t h e  l o c a l
exteosion does not play so iopoltanc a part ,  and the inportsoce of i ts
effect becooes less as Ehe lenglh of the te6t bar increases. I t  is of
the ut.Dost inportance, therefore, aleays to siaEe the length of rhe
tes! bar on nhich ihe pelcentage elongat ion has been calculaE€d. A
comlon l€ngth of test bar i6 8 in.  The fol loeiog table serves to shol,
hon the percentage elongat ion var ies r i t .h the leogLh of the specrnen.
The results are iaken fror a test on a ni ld steel bar.

Percentage e longat  ion = L-  t ,
t - '



Originsl length
(iaches) 0 .5 1 .5 2 .5 8

Finel length
( inches) 0 .9 2 .2 3 .48 4 .65 5 ,E8 7 .08 8 .28 l0 . l

Petceolage
Elongst ion Z 80 46 ,7 39 .2 32.4 30.6 28.7 27 .4

The percen!age elon8at ion is usual ly calculated ei thout
taking into account the cross-sect ional area of the test bar,  al though
th€ ie6ulta ere not Btr ict ly cooparable uh€n th€ cross-sect ionel
dioensions di f fer for a given gauge length. ghere bars have di f fere[t
c loss-secl ional areas, i t  has been shosn thal conparat ive resolts Eay
be obteired i f  the bers are Seooetr icel ly s ini ler.

The total  extension of e bar is nade up of a uniforr ly
dis! ! ibuted €xteosio! and a local extengiol ,  the foroer being propor-
t ional to the lenSth of the bar,  and the lat ter ehost independent of
the length.

Thus i f  x is the total  exteosion, y the local extension,
and l the geuge length, !hen: x = y + zf , .

l low y is nearly proport  ionel to the 6quere root of  the
crost 8ect ionel aree of the ber.  Hence i l  A is the cross-sect ional

Y=sa

x=  s  6+  29 "

-18 -

s and z are kdorn, a rough idee can be obteined
enother bar of di f ferent dinension3 and the sane

lhus,
of the elongation
mate r ie l .

Exenple l .  A bar of l r rought i roa 0.875 in.  die.  and 8
in. Seuge length uas subjected to a stgt ic Eensi le te6t.  Ihe re6ult
gave yield load 8.7 tons, mex. load 13 tons, end loed et i l rsteot of
f r a c t u r e  l l  t o d s .  t h e  t o t a l  e l o o g a t i o o  n a s  2 , 3  i n . r  o f  g h i c h  l . E  i n .
uas eloogat ion up to the point of  nex. loed. The area of reduced
sect ion at f recture ras 0.315 in. 'z Fron the above calculete the
resul ls of a tensi le test on a bar of the satne oelel ial  I  in,  dis.  and
6 in.  gauge length, giv ing lhe elon8e! ion per cent,  end the loed et
i n s t a n t  o f  f r a c E u r e .

o f
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Total extension * = s ,E+ 29,

end  B  y 'A  =  2 .3  -  1 .8  =  0 ,5  i s .
.  0 .5  0 .5...s = ff i"6fu-o.sr,tg

a l so  z l  -  1 . 8  i n .

r .z = - l+ -  o.22i

Total  extension on 6 in,  gauSe length snd I  in.  diaoerer
apecinen

0.6449 '6:7-1-di4 + (0.225 x 6) -

0 .5715  +  1 .35

1 .9215  in .

Percentage elontation = L# too - r '9-215 x roo - 32.025t

Yield load on I in. epeciroeo - Yleld stress x 6tea of sectlon
8 .7r 

6-6IJ x u, /d)4
- .[  I .35 ton8,

Up to the nexiDurl load the €lon&ation is uniforu elong rhe
bart and the erea of the croaa-aectio[ of bar at rhis loed is found
from: -

Letrgth x ar€a of sectioo = original length r originel ar€s
of Bection.

i.  Alea of sectiod of origioal bar at oax. load - t  
" i?i*t '

=  0 .491  i n .E

Area of secl ion of I  in. dianerer bar at ner. - 6 x-0:2854

=  0 .641  i n ,2

llsriBull load on I in. die. specirnen - max, atreas x aree of aectioo
l l= 6ibT x 0.64r

-  1 6 . 9 7  t o n s .
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Percentage reduc!ion of erea of orit inal lest 1", - Lff i ; | ! ! l  * roo

-  47 .62  |

Reduction in area of I  in. dia, speciren = 0,4762 i 0.7E54

=  0 .3740  in ,2

i. Area at fracture = 0.7854 - 0.3740

=  0 .4114  ia .2

Load at instent of fracture o$ I in. dia, specinen = breeking stress
:( area of sec-
tlon

' *  x  0 .4114
U .  J l )

' 1 4 , 3 5  t o n r .

The Becood b€thod of eelculate the duct i l i ty of  a Eetal
depends on the chatrge in the crora-sectional dineneioos, eod fr@ it
ia obtaiaed the "Percentete leduction in Arearr.

I f  A = area of cross-sect ion before applying losd.

A = area of cross-secl ion after f racture.

A-4.
lhen pe(cenle8e reduct i ,on in erea - -- ; l  r  f00

17. Besil ience: The teru lregi l iencerr is nsuelly rertr icted
to nean the ario-ii?-i?lnergy stdred up in en elssEic etrained body per
unit volule, In the iase of a body strained, within the elestic
renge, in simple tension we heve elreedy seen that the load is ptopor-
tiooel to the er.tetrsios. fire work done on the ber, ehich is equaL
to the slrsio energy, is given by:

load : exlension = AE x OB (Fig. 7)--z-----z-

the tero "proof resi l ience" is of!€n adopted to raprcsent
lhe Sreateat atraiD energy per unit voluE lrhich c.o be stored, in6ide
lhe elesric ren8e, and ia repreaented by the sree

----9!!-- - cDxoDVoluoe of bar zdffi..
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Let A = cross-sect ional srea of bat

f, = lergth of bar

V = volune of bar

t{ = loed applied

x = ertension due lo lf

E = young's dodulus

4 = tensi le strress ln be! due- 
ro lf.

T'e. 7

in streining bar = q;-I

{on*

.4t

, V

d 2

Reei l ience - i ;  (uni ts of l lotk per uni i  voluE€ of ber).

l f fnax. is the greatest stress that can be appl ied ei thin
the ela€t ic range, the[:

P r o o f  R e s i  l  i e n c e  =  
| ,

ETTENSION

-{+
=x'

2E

(-j-g.*)
E

| i  \  2(ilmax,
Ine exPresslon --t;-

o t  R e s r r t e n c e .

18. Tolal  l lork Dode up Eo Fracture: The lotel  work done uP to
tracture is 

-!Tv6i--51--ii-i-.'rEi---d-diF 
rig. e). the Pottion ocu

represents the sork done during the elast ic stage'  and th€ reneining
porr ion thet done during th€ pla8t ic 8tage,

is sonet ines celled the "llodulu6



F i r .  8

19. Suddenlv-egpl ied Load8: Let e tensi le loed W be eppl ied
tuddenly to a bsr aod produce an extension :.. The $ork dotre t.ill be
given by l { .x.  Suppose l l r  to be a loed ehich increeses grsduel ly froD
zero aod pioducea the salle exteoaiotr, the rork done i3 oor tiv€r by

f f tx  
( r ic .  9) .

Sitrce the bar ia 3ttained an equal enouot in each ca3e,
the strein enerSy is the 6sre in each ceae, and cof laequent ly the
a p p l i e d  e n e r g i e e  l ' i l l  b e  e q u a l .

wr

F i 8 .  9



Thet iB, th€ suddenly-eppl ied load required to produce e
given st lain is ju3t hel f  the negnitude of that tequited, for the see
slrein, wheo Sradually appli.ed. Thi.8 Day elso be st.ted id th€ form
that the strain, and coosequent ly the streaa, produced by a giveo
suddenly-appl ied load is exact ly twice lhet produced by the sane lo6d
when graduel ly appl ied. This result  oekes i t  c leer thet greet denger
ar iees fron the appt icat ion of a suddeoly-appl ied loed to.e dechine
part  unless the part  hes been speciel ly desigoed to ei thstend this
type of loed.

I f  a dead load of negni lude l l t  be cair ied by a bar of
cro6a-aect ion A and a suddenly-appl ied loed of oagn_itude 92 be
appl ied, then the iostsntadeouo 

"t . ."e 
is given by W' 

f  2T2,the upper
6i8lr  being taken rhen the losds act in the serE dir8ct ion, snd the
loraer sign l 'h€n they ect in opposiEe direct ions.

20. Streas due to Shock: tr ig.  l0 represents a seight. | | ,  rhich
can fall f reEiiii-[6-iETfiior aoviL carried at the lorir exir.''..y
of e vert icel  rod, the upper end of the rod beina f ixed, I f  the
*eigh! is alloned to fell through a heighl h end iDping€ on the
collat, r.e can calcnlste the naximuo stress in the rod ,hen the
fol losing elrsuropt ions er€ nade i-

l .  Thal th€ ueight w fel l r  f reely.

2, That the support  is t ig id.

3. Tha! there is no loss of eoergy by straioing of the
str ik ing surfaces. (This aeeunpt ioo is oot t rue in
p r a c ! i c e ) .

The energy po66e6sed by ll et the height h i3 therefore exp€oded in
atrair l ing the rod,

- 23 -

Fis .  l0  -

I
t,

J T
h

I
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T

w(h + x)
{ "

w(h + F)
i z  M - { I . le  -q  2E  UE

lhe elontet ion of the rod

the nexinum 9tre68 induced in

croaa-aectionel srea of rod

= il'.^':
wh-  0

20 :. 120

i x  30080  x  0 .4418  -  20

0 .3621  1n .

0 .3621
350

. -  I . z  x  120  x  0 .4418  x  3ox  lo5
20 x 360

the rod

= i $'o'"'

#.

ut /w'r.' ^ whAI
9E. ,8- . - - t -
3 = ---- 

At-..-.--.--*

* - | , ' *

l f  h - o, that is i . f  rhe load i€ suddenly applied, rhen4-
result sl ieady obteined in the previouo paragreph,

t r r l rEple 2. A seight of  20 Ib.  fs lk freely through,. lo f t ,  end
ia 3ho! iddenly checked by the rescl ion of a bar of steel + io,
di4&ar, lnd 30 ft, long. Find the msxiouo slregs aod strAitr ioduc€d
i n  r t  b r r .  E  -  30  x  ro .  rb . / in .2

tr - ! 1r +

20
0.4418

= 30,080
,0=;r*.n(h + r()

Streln

.2hAE ,- :iE.J
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Examptes I I

l .  Celculate the extension p(oduced and r\e l tork expended in
exteosion rrhen s bar of steel I5 in.  long and l+ in.  dianeter 1s
subjected !o a pul l  of  6 coos. Over rhaE length Eust t l le ber be
reduced to I  in.  dianeler in order Ehat the extension Produced on the.
15 in,  length by the 6 ton losd shal l  be increased by 5OU. E = 3Ox 10'
l b , /  i n .  '

A n s .  0 . 0 0 3 8 1 7  i n . ,  2 5 . 6 5  i n . r b s . / 6 . 0 5  i n .

2. I i lhet do you unders[end by the tern "Modulus of Resi l ience"
o f  a  m e t e r i a l ?  A  b s r  1 2  i n .  t o n g  i s  1 , 2 5  i n .  i n  d i a n e t e t  f o t  5  i n .  o f
i ts length, and I  in.  in diameter for the renaioder.  The bar receives
a blow in an axial  direct ion, ohich induces in i t  a maximuo stress of
15 tons/ in.2 Calculate the stress thet nould be induced in a bar of
rhe sane mater iaL l2 in.  long snd I  in.  in dieBeler thlough outr i f
subjected to the sane blor.

A n s ,  1 3 . 8 2  t o n s /  i n .  '

3.  Two round bars A snd B, of [he sane matet ial ,  are each l0
i n .  l o n g .  A  i s  1  i n . '  i n  s e c t i o n  f o r  4  i n .  o f  i t s  l e n g t h '  a o d  t h e
reroainaer is 1.5 in.2 in sect ion. B is I  in.2 in sect ion fron end to
end. l f  B receives en axial  blol '  shich induces a stress of 5 tons/
in.  ,  f ind the $aximum stress ploduced by the same blol '  on A. Conpare
t h e ' r D r o o f  r e s i l i e n c e "  o f  l h e  L v o  b a r s .

, . ,  A = 8
4!9 .  ) . )u  tons / rn . - ,  -  -  

i3
4. Explain how a load, suddei l ly appl ied'  but t , i thout Lopact '

r l i l l  produce an iotensity of stress tnice as gresE as the intensity of
6!re{re produced by lhe sane loed aPPlied gradual ly.  A bar,  20 f t ,
long, is suspeoded vert ical ly,  and a col lar is f ixed to the loter eod,
A weight of 200 lb.  is threaded on Eh€ bal,  end fal ls a distanc€ of 6
in,2 before engeging ldi !h the col lat .  Deternine the dienerer of the
ba! i f  rhe intensity of s ireEs induced i3 oot to exceed 12,000 lb. / in3
g i v e n  E  =  3 0  x  1 0 6  l b . / i n , 2

A n s .  1 . 6 4  i n .

5. Find th€ ctoss-sect ional etea of e vert ica.L suspended
steel t ie-bar 5 f ! .  long, subjected to a load of 0.5 ton, shich is
a l l o e e d  t o  f e l l  0 , 2 5  i n ,  o n  t o  a  c o l l a r  a t  t h e  b o t t o n  e n d  o f  t h e  b a r .
The ra! io of the extension to the or iSinal length nu3! no! exce€d
-i-+6..  E = 12,000 tons/ in."

Ans- l  -09 in. '
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6. A sl id ing ! , reight of  4000 Ib. is dropped down a vert ical
rod shich is suspended fron the top, and is provided l ' i th a col lar at
the bot loE end, The letgth of the rod i8 12 f t ,  end the diareter i3 2
i .n.  In order to reduce the shock a hel icel  buffer epr ing ia placed on
the col lar;  the spr ing ei l l  cmpress I  in.  per 1000 lb.  deed load.
Teking account of the sork done in compressing the spr ing elrd in
stretching the ber,  f ind approximately the h€ight,  nea8ured. fron lhe
top of lhe uncompressed spring, f ron uhich lhe ueiSht mu,Bt be dropped
in order to _produce ̂ a Eonentary stress of 10,000 lb. / in. '  in the bar.
E -  30  x  r0 "  rb , / i n . '

Aos. 92 inches.

7 .  A  c r a n e  c h s i n  w h o s e  s e c t i o n a l  a r e a  i s  I  i n . 2  c a r t i e e  a
loed of 2000 lb. ,  l rhich is being lovered st a uniform tate of 120 f t . /
nin.  l fhen the length of the chain uneound is 30 f t .  the chein
suddenly jes on the pul ley. Est inate the stress ioduced in lhe chain
(neglect ing the l ,eight of  lhe chain) due to the sudden stoppege.
Modulus of direct elast ic i ty -  30 x 106 Ib./ i 'n.2 ,  g -  32.2 f t . l6ec.2

A n s .  1 5 8 0 0  l b . / i n . '

trr. filf, ctt.If,DEns, sPf,BtBs.

2I.  lES_!.4!!99:g: vessele.such as steen boi lers and large
pipes ere subjected to en internal- f lu id pressure ehich i3 unifornly
distr ibuted over the internal surfaces, Such vessels heve large
cross-eec! ioneI dinensions in coDperison t , l th the thicknes€ of their
plates, In Beneral  there i3 a pr inc ipal  stress act ioS in the
direct ion tangent ial  to the circunfereoce, cal led the rrhooP atre63rr,  a
pr incipal st less act i .ng in th€ direct ioo of the axi t ,  and e Principal
stress act ing in a radial  direct ion, The last neot ioned sttess ceo be
oegl€cted, hosever,  nhere the thickness of the p1!tes in smeII
coDpered to the cross_s€ct ional dinensions, al6o the f i lst  Pr inciPal
slress r .hich is not uoi form, ovel a sect ion f lon the internal surface
to the externsl  surface, lnay be takeo as uniforn under thi f ,  condit ion.
These assumptions lead to the fol lot ing easy nethod of at tack:-

( a )  H o o p  S t r e s s :  I n  F i g .  l l A  l e t  t '  b e  t h e  i n t e r n e l
radius of the cyl inder,  subjecled to a uniforn internal f lu id pree8ure
of intensity p. Codsider the equi l ibr iun of a length of the cyl inder
beteeer the psral lel  secEioo6 AA and BB.
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Fig. 11A l lg.  11B

The iadiaf force act ing on the snat l  area sublended by the angleEO =
p.[ ." .60, aI Id lhe component of this force perpeodicular to a diadeter
is p4r sln 06 e.

P?r .
The total  force p€rpendicular to a diabeter = I  pl ,z sin

o,de .  =  2p t ! .  Jo '

rf fr is t}re intensity of

Resist ing force = 2

Hence for

2+ L. ,y

&"=

e q u i l i b r i u m  o f

2pr'].,

t

the rrhoop stress",  then the:-

Fy = 2.lry9. x t.

the material:-

( hoop  s t r ess )  . , . . . . , . . . . , . ,  ( 1 )

(b) Stress in the direcl ion of the axis:  I f  the ends of
t h e  c y t i n d e r  s r e @  t h e r e  t r i l l  b e  a
stress /*  in Ehe shel l  act ing in the direct ion of the exis,  as shown
in FiB;. ,  l lB, The totaL force on the ends, sheEher plane or"dished,
s c E i n g  a x i a l l y  d u e  t o  l h e  i n t e r n a l  f l u i d  p r e s s u r e  e i l l  b e  l r ? ' p ,  a n d
r h e  r e s i s r i n g  [ o ( c e  =  2 T . " . t , y x  .  T h e r e f o r e  f o r  e q u i l i b r i u m  o f  E h e
n a t e r i a l :  I

zn.r .c. l -  = r*p

4-=X.. . ............ (2)
Thus the intensity of stress, i t l  the shel l ,  act iog in

the direct ion of the axis is only half  the iotensity of the hoop
stregs, and thege are the pr incipal streeses in the rnater ial .

ExamDle I .  A stean bo1ler.  10 f t .  idternal dianeter.  with
f l s t  e n d s  ( n o E  s t a y e d ) ,  p l a t e B  ;  i n .  t h i c k ,  s u s t a i n s  a n  i n t e r n a l
Dres6ure of 2oo lb. l iJ ' .2 calculatd ( t)  the stress in the circrsfere.r-

I lg.  11B



t ia l  plates due to the load on
c irculoferent ia l  plaEes due to
neximum sheer atress due to the
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the eod plates, (2) the 6treas in lhe
r e s i s t i n g  t h e  b u r s t i n g  e f f e c t ,  ( 3 )  t h e

conbined act ioo of ( l )  and (2).

fr ........ (1)
200x60x4

2x3
- SoOO 1b. /tn.2

T
Ty

. , . . . . . . . , . . , . . . . . . .  (2 )

^ 0. l x

16 ,000 1b .  / ln .2

and

O D
The daxiDuD shear arresa is given by q = }v: ?x - 15000 : 8000

= 4000 lb. /1r, 'z, .  .  (3)

22. Modif icat ion for Bui l t -uD Shel l : The for€goitrg srguEent
a s 6 u m e s  t h e t  t h e  s h e l l  a n d  e n d  p l a t e s  a r e  o f  j o i n t l e s s  u n i f o r m
meteriel .  Steen boi lers and large pipes are, hosever,  bui l t  up of
platee joined by ! iveted joiots,  and hence the preceeding equat ioirs
r e q u i r e  s l i g h t  r n o d i f i c a t i o n  f o r  e u c h  t a e e s .

The resist ing forc€ of the boi ler she11 r i l l  be reduced by
en amounr depending on the eff ic iency of the joinr,  aod the nert
resiat ing force is noir  equal.  to the ptevious vslue nult ip l ied by e
rhere e is the joint  ef f ic iency. The equat ioos ( f)  end (2) oos give:

t=

2 3 .  T h i r  S D h e r i c a l  S h e l 1 :

r a d i . u s  o f  s h e l l

uni furn thickness of the neter ial

intetnal pressure in shel I
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The shel l  le i l l  tend to fai l  a long a dienetral  plane 6uch
s s  E E ,  F i g .  1 2 .  T h e _  f o r c e  a . r i n g  o n  a  r h i n  r i n g  o f  i n r e r n a l  s u r f a c e
ABCD = 2tu, cos O.r.50,p.

The vert ical  componenr of this force -  2Tp.r" el :n s cos O.6e

= T"2p s1n 2e.6e,

The totat force tending to cause fai lure along EE

= noto 8* sin 2a.do

I  L g .  r z

This force is resisted by a force
t h e  u a t e r i a l .

= znrt[2, nlere {, i" the stress rn

2ttyt \. 1t?2P

t, = X """"'.......... (r)and

Thus Ehe stress in a thin spherical  shet l  is €qusl to the stress rn
t h e  d i r € c t i o n  o f  t h e  a x i s  o f  a  c y t i n d r i c a - l  s h e l L ,  T h e  p r i n c i p e l
s t r e s s  a t  a n y  p o i o t  i n  t h e  s h e l l  a r e  { : ,  { i ,  a n d  e  r a d i a l  p r i n c i p a l
s t r e s s  ! , r h  i c h  n a y  b e  n e g l e c L e d ,  z x '  2 t '

24. Nodif ica! ion lor Bui l t -uD Shel l :  l . 'hen the eDhericel  shel l
is uuirt o r-lTitei- 3 oii6?-Tl-?ii ts rhe resisrins lorce rs
lessened in proport ion ro the joint  ef f io iency just as in the case of
t h e  c y l  i n d r  i c a l  s h e l I .
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A simi lar araument gives the modif ied forrnula as

t"
t h €  e f f i c i . e n c y

2 t e

o f  r h e  j o i n t .

(2)

Examples I I I

I .  l lhat thickress of netal  rould be required for a cest- i lon
water pipe 36 in.  in diareter under a head of 400 f t .  ? Assune a
I i m i (  i n g  ( e n s i  l e  s c r e s s  [ o r  c a s t - i r u n  . ] l  3 0 0 0  I b , / i n , ' ?

A n s ,  I  i n ,

2 ,  S h o v  r h a .  i n  l h e  c a s e  o f  a  t h i n  c y l i n d r i c a l  s h e l l
subjected to internal f lu id pressur€, the tendency to bur6t lengthuise
is twice as great as at a transvelse sect ion. The shel l  of  a boi ler is
6  f t .  i n  d i a n e t e ! ,  a n d  t h e  p l a t e s  a r e  0 , 7 5  i n .  t h i c k ;  t h e  e f f i c i e n c y
o f  c h e  j o i n t s  t o  t e a r i n g  a l o o g  a  l o n g i t u d i n a l  s e a n  b e i n g  7 2 2 .
CaLculate the safe I{orking pressure in the boi ler,  assuning thai  the
t e n s i l e  s t r e n g t h  o t  t h e  p l a t e s  i s  3 0  t o n s / i n . ' z

3 .  T h e  f o l l o w i n g  d a t a  r e f e r  t o  t h e  s h e l l  o f  a  b o i l e r  o f  t h e
S c o E t i s h  L y p e :  I n t e r n a l  d i a n e i e r  l 6  f c . ,  w o r k i n g  s l e a n  q r e s s u r e
( a b o v e  a t n u s p h e r i c )  2 I o  I t > . / i n . ? ,  t h i c k n e s s  o f  s h e l l  p l a t e s  1 + +  i n . ,
dianeter of r ivet holes t+ in,  The longitudinal jo int  is a-- treble
r iveted double srrap bu! j ; int ,  the pi tch of lhe r ivets in th€ ouE€r
row being 10+ in.  The circum-ferent ial  jo int  is a double lap joint ,
lhe pirch of- the r ivets being 4i  in,  Calcula.e the naxinuin 6tress in
E h e  b o i l e r  p t a t e  ( a )  l o r g i t u d i n a l l y ,  a n d  ( b )  c i r c u n f e r e n t i a l l y ,

A n s ,  H o o p  s t r e s s  1 5 , 0 0 0  I b , / i n . ' ? ,  i n  d i r e c t i o n  o f  a x i s
1 0 , 0 0 0  l b .  /  i n ,  '

IV. BEf,I)If,G TT(xIErIS AND SEEAIIIIG FORCES

is in eq"if iSi iui ,rnder
uprards, snd the vert ical

consider the horizonEal bean, Fig. 13, i rhich
t h e  f o r c e s  R  r  a n d  R 2  a c t i n g  v e r r i c a l l y

dot,n ward forces-I{ t ,  i . l2,  and I l l  .  The forces
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L:eepiog the port ion, to the ! ight-hand side of a eecl ion at A, in
equi l ibr ium are (Rr- t ,Jr) ,  and rhe forces exerted by the lef t-hand
port ion of th€ beam across the sect ion at A on the r ight-hand pori ioo,

Thus force exerted by r ight-hand port ion of beam on lef t-
hand port ion = (R2-W!),  and sini lar ly the force exerted by the lef t_
hand port ior of  beaE on r ight-hand port ion -  Wt+W2-Rl,

(rwl,

F i e .  l 3

A thin longitudinal s l ice of beao es al  A codtaining the
point A is thus k€pt in equi l ibr iun by tr , /o opposite paral lel  forcest
and since there are no olher forces act ing on the sl ice (negl€ct ing
i L s  w e i g h t ) ,  t h e  p a r a l l e l  f o r c e s  n u s t  b e  e q u a l  i n  n a g n i t u d e ,  T h u s  t h e
s l i c e  i s  i n  a  s t a t e  o f  s h e a r ,

The shearing force at aiy poinE along a loaded beard ia the
algebraic sun of al l  the vert ical  forces act ing to one side of the
p o i n t .

The forces R, and l l .  have a resultant monent act ing on the
t h i n  s t i c e  i n  a n  a n t i - c l ; c k e i s e - d i r e c t i o n ,  a n d  t h e  f o l c e s  l l 1 ,  l l " ,  a n d
Ri have a resultant noment act ing on the sl ice in a clockt ise dlrec_
t ion. Since the sLic€ . in the beam has no roLary, the l l 'o reaultant
moments musE be equal in nagri tude,

The bending nom€nt at any point along a losded beam is the
algebraic sun of ehe rnoments of al l  the vert ical  for.es act ing to one
s i d e  u f  t h e  D o i n t  a b o u t  E h e  D o i n t .

2 6 .  @ :  I n  o r d e r  t o
design a bean to carry a given load system i t  i3 necessaly to know the
value of the bending noment and shearing force at any point along Ehe
spao. These are usual ly calculated tor var ious points,  and diagrans
are th€n ptotted shoving the bending noment snd shearing force as
ordinates, and the span as abecissae. A nuEber of typicat cases t ' i l l
oow be considered.
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( l )
(Fig, 14). rhe
end iB given by:

canti lever r i lh concentraled load et fre€ end
bendinS nonenr at e poin! A distance x fron the free

}lA = W. x.

thus the bending nonent
et the free end lrhere x-o to a msxinum
The bendir tg oonent diagrad is therefore

idcreases graduel ly . f rorn zero
al the f ix€d end ehere x = L.
a  t r i a n g l e ,

r l
i*- * -{{

F  i s ,  1 4

Ihe shearing force ?t A = l f r  hence the sheat ing folce
is uniforu frotn end to end of the bean, and the diagrao ie theEefore
rec tengulet.

(2) cant i lever wi!h severeI concentrated loads (Fig. l5).
rhe bending .oreo@ separately
for T!,  l f , ,  l t r ,  then add together the otdinates of eech beodiag no ent
diagrin t6 gei t t re bending noment diagrao for the coEbined systen, end
Bini lar ly add together the ordinste6 of the shearing force diegrens io
order to get Ehe sheering force diagran for the systen. This fol loss
direct ly fron the def ini t ion of bending nonent and sheering_forc€.
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lYr

" r " l
E"L"
s rL .

wr

w2

BEA}I

I lr
u2
w3

F i c .  t 5

( : )@(F is .16) ,
The l .oad on the snal l  piece of span of Iength x,  neasured from the
free eod of the caot i lever,  is nx, and the distance of i , t6 center of
gravi ty from A =$ .

ws E-i s. DIAGRAI'' FOR

Plott ing bending nonent against x,  we obtain a parabola, and the
naximub value of M is obtained shen x=L, and is given by:

" =+'=+'.tnsx 2 2

Considering the forcee to the r ight -  haod side of A, the shearing
force at A is t{x.  The shearing force diagram ie ther€fore tr iangular,
and S nax 

= l 'L = W, and occurs at the constraint.

! - '!*'
22

#Lr------rl IF------',fr
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tlL=w!2
2-. 

-T 
i PARABOLA

Mr DIAG.

r i g ,  l 5

(4) csntilevet 1'i4 c4ilg!q--!99! uniL lun atrd
geveral  concenlret ed loadg (Fig. l7).  The bending nonent disSrea

tfrE-iiTil;.-i6ia;-iie-l; the concentlaled loeds,
Fig. 15 & 16, the ordinates of the diagrq@s edded

ere obtained ea
together Sive

tor
in

the

M. DIAG. TOR
UNII'OR.I.{ LOAD

},I. DIAG. TOR
l . l ! ,  w 2 '  w 3

-- 4- ',-.-

I
M. DIAG. TOR



beoding eoneol
fotce diagrars
drerrn, and lhe
sh€aring force

diagtao for the load sysfen.
for the uoifot|! load, snd the
ordinetes of the3e diagres

diagrarn for the aystetB,

Siuileily, the shesriog
conceotreled loada, ate

edded totelher give the

Bxai lple l .  A cant i lever 20 f t ,  lodg carr ies Ioada of 51 2,
and 3 aona et distances of 5, 15 end 20 ft. froE its fi:€d eod
respect ively,  Est inale the nexidtnD bedding noDent and sheering force
on the cant i lever,  and the idtensity of d uniforDly distr ibuted Loed
rhich rrould ceuse the seoe bending nooent.

---r.'
I I )

_t_
T_
10

-J:

Il|e
e n d .

y  = ( 5 x 5 ) + ( 2'hat(

'  S r " * '5+2+3 =

Let s be the iotensity of
which gives lhe sane naximrn beoding

wL2
then l'lnax " -t- =

Inex. bending nonent end shesriog force occur et the fixed

400 - 115

,_ _ 230
" 400

= 0.575 ron. /ft.rul|.

x 15) + (3 x 20) - 115 tor.ft .

10 totrs.

the unifornly di6tr ibored loedr

x 202v
2

"t"
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(5 )
load at oid-g
auPPott  1s Considering lhe r ight-heod half  of  the spanr ihe bend-
ing oment dt l ,  a aist"n"u x f ton the r ight_hadd suPPort is given bya

T h e  b e n d i n g ' n o n e n t ,  t h e r e t o r g , , - e r a d J a t l . y  i n c r e a s e s r  f r o m  z e ! u  e l  t h e
suDDort.  where x is zero. to * '*  = * l there x is +'  I f  se consider
rtre ' tef i -nana halt  of  th;  

"p"n' , ' i t  
i ""  fuund that the'bendiog noEent a!

the lef t 'hend support  is ztro and increases Sraduel ly to + at bid-
span. I lence lhe naxinun bending nonent occulg at nid-sp3n, end is
g i v e n  b y :

F  i 8 '  l 8

The shesring force st  x is {  ana is unitorn over the
r igt t-hand hstf  of  the spa;.  After paesi6g did-sPan the shearing

force changes sign'  bu.L is sl i t t  t rni foYn ovet the lef t-hand half  of

the spsn and equal lo +- l , I  
= - t

w
l , tA=t*

n =+

2

w
2

( 6 )
(F ig .  19nid-span

and b.
r l i l l  be

Freely supported bean ei th concentrate4 losd not at
Let the toad devide the span into two Port iona a

d i f ferent.  Taking moments
since the load is not al mid-span, the reect ion

about B, lJe have:-

S. DIAG.



RrL = Wb
- l,tbnr_T

and Rt + R2 = Il

r"  = w-!
Rz = r,r- f  =l{<l-- !"  l=!e

Coosideridg the r ight-hand pott ion of the .spen, the
bendidg nonen! et A is given by;

MA = Rr .x  '  
? .x

Thus the bending oooent diagran for the riSht-hand
bglf  of  the 6pan ci l l  be tr iaoguler,  increesing t f iN zero al  x-o lo

-:  
'a ehe(e x=a.

The bending nonent at Dr a distance ar to the lef t  of
IJ,  i6 given by:

UD = Rr (d +

I,tb ,= ; t a+

=wt$+
= w {$+

" raa=wrT_

xr) -  Wx

xl)  -  l {xr

xt |\t - r./ r

x I (--T-, J

xr -r ,J.

c
R1

tfb
L  

-  ^ r

the lef !-hand

Y'r'". *
Thi6 gives

port  ion of the

F i g .  l 9

a tr iangular bending monent diegren for
span, the bending tnonent decreeaing froo

Web
L



o= ne-fi=o,
where xt = b. The raximuD beodinS Dooent is tbus given by:

-  -  t { .  a . b
L

The sheering force.pvef the r ight-hand port ion of the
span ie unifor,q add eqnsl to n, = f .  Afrer prasing t f  the shesri lg
force becooes +- lJ = + and i i  uni forn over the lef t-hand port ion of
the spen.

(7) Ilorirontel free.lv BuDDorted bedu wilh conceotreted
loads end overhanging epd (Fig. 20).  The dinensions and loed di6tr ibu-

20Rl+20=5+50+54-120

nr=$=5tone

Rr+R2-3+5+2+4-L4

Rr=14-5=9 tons .

UF=O

ME=4x5=20 ton , f t .

uD = (4 x 8) - (9 x 3) - 32-27 - 5 ton.ft.

c  =  (4  a  17 )  -  (9  x  12 )  +  (2  x  9 )  =  68  -  108  +  lE  =  -22
too ,  f t .

l a  =  ( 4  x  23 )  -  ( 9 : .  18 )  +  ( 2  x  15 )  +  ( 5  : . 6 )  =92  -  162  +  30
+  30  =  -10  ton . f t .

MA=O

SF-E = 4 tons

sE-D=4 -9= -5 tons .

SD-c=4 -9+2= -3 tons .

SC-B=4 -9+2+5=2 rooe .

SB-A - 4 - 9 + 2 + 5 + 3 = 5 tons.

t ion are given in f igure.
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4 tons

F i g .  2 0

The bending llorner|t arld shearing fotce diegrans are
shoirn in Fig, 20.

The poiot G on the bean shere the bending rnoment is
zero,-  and, as shal l  be found later $hete the curvatule changea 918n,
is cat led a "point of  inf lect ion or point of  contraf lexurer ' ,

(8) Horizontsl ly suppo!red been ei th equal overhenging
ends at ohich isolated loads act (Fis.  2l) .  An important example of

case is a \ragon axle. The Buppolt  or theels are R and R, anc
load at each bearing is w.

The diaglams show the bending nonent being uniforn
between the supportE or wheels,  and the shearing folce being zero
bet9een the same pornt8.

5 tons

t n 1 3
the

ton f t .
-22 Eon fE

s. DrAC.



unit run
syme iry

F i g .  2 l

(9) I tor izontat lv suDDorted beao oiEh uniforn load n Der
(FiA. 22).  The Lotel  load q! Lhe beam iE l 'L = ! f ,  end fron
the react ion at each end is S

wz

M. DIAC. T,I

F i g . 2 2
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MA=*. -  
" * r -  | , "  -# .  ,n , "  rhe bend in ;  noment

diagraq, is p-a;alol i -c in,Jormr- increasine from zero nhere x = o rq a
vaLreZ. '  - t  =? =t=?wrerex=i .

v , LMc = t  ( t+ x,)  -  i  ( i+ x,) ,

This expression also gives a parabol ic bedding,monent diagrar for rhe

l : j : -Y11-" id" . : l  : l :  g i lc i ,T ,  decreas ing f rom t  e l rere x ,  is  zeru,  to
zero rrher€ x!  has the value +

l , I  ,n.* = 
Sana occurs a! rnid-span

SA = 4 -  ! rx.  The sheatrns force diaeran is tnus
tr iangular tor the r ight-hand side of the spai,  aecreasin! t ro 'r  {
whele x = 0 to zero at mid-span where x = *,  

'

sc  =  +  -  v  $*  * ,1 .  rn i i  g ives  a  t r iangu lar 'd iagram
for the lef t-hand sidtof Ehe diagram, - the sheering force increasing
f r u n  z e r o  r ' , h e r e  x r  =  O  t o  - ! w r e r e - x ,  -  

$

S,n.* = fat  each end of ihe span.

( 1 0 )  E o r i z o n t e l l
ends. and a unifotn load t '

r ted beeo with eoual,  over
r  u n i t  r u n ,  o v e r  t h e  b e a m  ( F i g .  2 3 ) ,

the ceRter wi l l  be

l fB decreaae8. ThuB
bending oornent at

then just Eouch the

Each overhangiog end acts. .aq a canri lever,  end Che meximun bending
Eonent aE rhe supports is f ' .  I f  the load oas removed frorn b. rhe
bending inoment diagrarn oould be PQRT. The diagram-.qor the port ion of
span b. is a perabola i rhose maxinum ordinate is +-.  This bending
mamentr due to the load on b, is of .opposite sig[- to tha[ due to the
two end loads; heoce, as the diagrarn due !o b is drewn on TR as base,
t 'e obrain the resuLtant diagran sholrn by Fig. 23.

The vatue oi un 
\'rb2 '^2= s -T

T h e  v a l u e  o f  M A  = ;

The lesultant bendins oonent at
i . e .  ! 3 2  =  ! ! 2

2 8
laor  a - i

l lhen a increase, I tA increases aod
nonent at $id-spad is zero, Ehe
the value g' :  the Doint V would

t i '

zero shen l1B = 0,

uben. the bending
each support  has
l  ine PQ,
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lr- " 
-+1r-- t -----*- . -.,1

F i g .  2 3

"  
= ;E =  0 .3s4b

The Iea€t bending nonent on the bean i3 obtained l{A

'... 
"a' 

wb2 va2,
" '7 -  -T --T

ExeEple 2. A beaB 40 f t .  long reet ing on t l ro supports 24 f t .
apert ,  cent€r to ceoter,  projects to t .he €xtenE of 5 f t , -€nd l0 f t .
beyond the €upports at ei ther eod, and i t  is loaded unifof loly ei th 0,5
torr p€r foot.  I iod the posit ion and magnitude of tbe grealest bedding
lnoneot on lhe bean end th€ points of conttaflexure. l.take s diDen-
sioned sketch bending moment diagrar for the bean.

Let Rl and R2 be the teact ions of the supports (Fig. 24).

T h e n R , x 2 4 = 4 0 x 0 . 5 x 1 0

is equal to M8,

n1  =  a {  t ons .
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The bendiog ooment at A = -6 x 0.5 x 3 -  -9 ton.f t .

The beoding noneot at B distant x from A

= <t], ,.1. - (6 + x) o.s <olrl
t l= 

5 , (  - . i  (36 + r2x+ x.)
I  c  - t  -= 

7x - .1 -  5x_y

t----.1

F ie. 24

For naxinum bendins nonenl l .Lr""n 
"upp"rt" f f  

- o.

!  I  _ I. . tx+5 = o

= ,& r ,- - 3  - - '

. r M = 1 v . 4 t o n . l t .

AL Doints Df  contraf lexure l , t  =  0-

1 " 1
: Y . _ < : w + q = n

" r_-
+!  h+\2  -  e

- 1

z
=  1 . 8 4  a n d  1 9 . 4 8  f t .

I
I

t 9 .4
I
I



l . l c - 10x0 .5x5

=  25  ton . f t .  and  i s greatest.  on lhe beam.

Exanplee Iv

l .  A  s o l i d  s t e e l  p r o p e l l e r  s h a f t  i s  1 2  i n .  d i e n e t e r ,  a n d  i s
suppolted a! teo points l0 f t .  apart ,  Find the maxioum bending noneot
on the shaft  due to i rs orn oeight.  One cubic inch, of  steel q,eighe

0 . 2 9  1 b .
Ans, 59007 lb.  in.

2 .  A  b e a n  o f  1 2  f t .
run, l fhat load cooceotrated

A n s ,  3  t o n g .

3. A bean supported at each end has a span of 30 f t . ,  and
c a r r i e s  l o s d s  o f  2 , 3 ,  l ,  s n d  6  t o n s  a t  d i s t a n c e 6  o f  5 ,  1 0 ,  2 0  a n d  2 5
ft .  f rot tr  lhe lef t-hand support .  Calculate the naximutn bef ldi$g noment
end shesring force on the bean,

4 ! 9 .  x  = 4 0  t o n , f r ,  s  =  7  t o n s .

4. 1r l  exaxnple no.3 f ind t ie rnaxinun bending nome(l t  and
shearing force i f  the beam ie increased in length, so that there is an
overhang of 5 f t .  at  each eupport ,  and e load of 2 tons at the eod of
the lef !-hand overhang, and a loed of + ton per foot run spread over
the r ight-hand overhang.

4 g 1 .  M  -  3 2 . 5  t o n . f  t . ,  S  =  6 . 8 7 5  t o o s .

5. A sheel weighiog 60 lb.  rotaEes at a uniform speed of 300
r.p.n;,  aod is keyed to a shsft  rhich proiects 6 in.  beyond e bearinS.
I f  the centre of gravi ty of the i rheel is i  in.  f ron the axis of rola-
t ion, f ind the greatest bending noment on the shaft .

A n 8 .  5 9 4  1 b .  i n .

6pan carries a load of + ton per foot
at mid-Bpan eould give th-e sane bending
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v. STnsssBS rx BEAxs

27. Neutral Axia: The beoding rdooenL and Bheering force, at
variou" poinliii6i!-T-ioaded bean, introduce sttessee i; the be€n,
and, vi th certein assunp! ioos, the connect ior l  betneeo Ehe stresses,
the beoding nonent,  the curvature of the bean, the dinensioos of the
beaD and th€ ela€t ic i ty of the bear csn be obtsined. the nature of
these stresses nay be studi€d by r€ference to Fig. 25. A bean of
ulr i fof i i  sect ion is shoirn re8t ing, in the unloaded stet€, at  (a).  fhen
under a given loed systen Ehe shape of th€ beao, great ly exeggereted,
is given by (b).  I f  we suppo8e the beam to be of rood, and ettenpt to

F i s . 2 5

DEke a sal '  cut i$ lhe direct ioo A to B, i t  is a oatter of  colElon
experience lhet the bead ni l l  eventual ly close in on the ae*, thus
shoring that e stete of coupression exists at ooe 3ide of the bee.
I f  the saw cu! is nade in the direct ion B to A, i t  i r  also wel l  tool |n
theL rh€ cut opeos out repidly, thu3 shor.ing thdl the orhEr side of
the bearn is in s etate of tension. The fibres at one side of the bean
wil l  be sho(ten€d, as shorn by (b),  owing to the gtate of conpre8sior
exist ing, and those at ihe other side l r i l l  be lenSthened osing to the
state of Lension exist i l rg,  At a point betreen the lop and botton of
the besm a layer of f ibreo si l l  be found shich suffer t ro atreaa, and
coosequently renein their original leogth. This layer of fibrea foroa
whet is knorn as lhe neutral surface end the trece'of thig sulfrce otr
e crose-sect ion (N.A.) i6 cal led rhe lNeutral  Axis .

|  - - - '
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- 28. Assgpption-s. in.the Sinple Bending Theorv: ljhen a beeD
DenE, due to the applrcat lon ot a conatent beodinS oonent,  i .e.
couples appl ied to i ts edds, ei thout being subjected to sheer,  iL

2

W
I

STXESS DIAE.

Fi8. 26

Beid to be in s state of is inple Beridingr.  ln this cese the relat ion-
ship er( isEing belween lhe st lesses, etcr,  nenl ioned previously in
paragreph 27, ere obtsioed readi ly tr i th the aid of the fol lowin8
essunP!ions:

( l )  That Youngrs nodulus has the saDe velue, for the
neter ial  of  the bean, in tension as in coEpressioo, snd thet the
a t r e 8 8  i s  p r o p o r t i o n a l  t o  t h e  s t r a i n .

'  
Q) That a transverse sect ioo of the bean, {hich rs .

plaoe before bending, ei l l .  re. leio a plene after bending.

(3) That lhe redius of curveture of the bern, before
bendioS, ie very large i.o cooparison to the ttansverse diretsioos of
the bead.

(4) That the resul lent pul l  ot  thrust {rcaoss a traosveroe
aect ion of the beam'is zero.

iB
by
i t

-- .- K t4  - '



(5) Thal the transverse sect ior of  rhe bean is sFroetr i -
c a l  a b o u t  a n  a x i s ,  p a s s i n g  c h r o u g h  t h e  c e n t r o i d  o f  t h e  s € c t i o n ,  a n d
p a r a l  l e I  t . o  r h e  p l  a n e  u f  b e n d i n g .

ln Fig. 26 a port ion of a uniforn bean, subjecred to
sinple bending, is shown. I l I  the unstr4ined state let  HJ be a port ion
of a f ibre at Ehe distance y froE rhe neurral  surface; iqs Iength
being determined by the l l 'o paral lel  planes CD and EF. After bending,
the planes assune the posit ion shown, being incl ined er the angle e
and intersect ing at the point 0.  Ler R be the radius of rhe neutral
s u r f a c e ,  t h e  r a d i u s  o f  t h e  c u r v e d  f i b r e  i s  ( R + y ) ,  S i o c e  E h e  f i b r e  r s
n o t  a t  t h e  n e u t r a l  s u r f a c e ,  i t s  l e n g t h  i s  a l t e r e d  t o  H r J 2 .

H r J ,  ( R + v ) 0  R + v
' K M R O R

A L s o  t h e  s t r a i n  i n  E h e  f i b r e  i s  g i v e n  b y l

l l l J ,  -  E J  H , J .  -  K t t

IIJ KM

HrJ r
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KM

ft J.  ls t t 'e inteosit .y of the stress in the f ibre thenl

= E
L
R
8E
YR

This Eay also be expressed in the furn
under a given load systen we nay srite
f ibreE of a beam, al a distance y
d i r ecLLy  p r rpo rL iona l  ( o  t he  d i s t an te
su r face .

X , =  t . t ,  a n d . f o r  a  s i v e n  b e a n
A  =  k y ,  o r ,  l h e  s E r e s s  i n  t h e

from the neutral  surface, is
of t .he f ibre fron t .he neutral

L
(1 )

Since the rnater ial  in proxini ty to the neutral  surface
c a r r i e d  n o  s t r e s s ,  a n d ,  t h e r e f o r e ,  L e n d s  o o  a s s i s E a n c e  t o  r e s i s t  t h e
appl ied couple, a bean should be such that the greatest possible of
i ts area is as far away from the r leutral  surface as possible. We eee
lhis exempli f ied in the welI  known secl ions adopted in engineering
p r a c t i c e ,  s u c h  a s  H ,  T ,  a n d  c h a n n e l  s e c t i o n s ,  e t c .

From ( l)  i t  r i l l  be observed thaE, since rhe bean is of
uniform sect ion, R is constant and hence NL ' r i l l  forn an arc of a

elenent of area
that.  the rota I

2 9 .  P o s i t i o n  o f  t h e  N e u t r a l  A x i s r  C o n s i d e r  a n
a at the distance y
force on the element

frorn the neutral  axis.  We have

r t
Y  Y l
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'.9

, .  T o t a l  f o r c e  o n  e t e n e n t  E  a  -  y  E
.  t l

a n d  t o t a l  f o r c e  o n  t ( a o s v e r s e  s e c t i o n  b e l o s  N . A .  =

I

t  : - !  a.  v.
g  Y l

Sir i lar ly,  i t  oay be shoro that i f  a and y be chosen oo
the upper sid€ of l | .A.,  the total  fotce on the transi 'erse eect ion
ebove N.A. = t2 ta.y.

Y2
FroB assurpt ions ( l )  and (2),  paraglapb 28, re have that:-

&,-L
{ .  Y r  Y 2

Afso f f  t_ey f . . ' r  che area belos N.A. i6 the total  tension oo
lhe aecl ion, and +; Lay for the area ebove N,A. is the total  corpred-
sion on the sect i6i .  By essumption (4),  persgrsph 28, th€ resultant
o f  l h e s e  i s  z e r o .  T h e r e f o r e  X  e . y ,  f u r  t h e  a r e a  b e l o l r  N . A .  =  t  a . y . f o r
the srea above N.A, and the signs are di f fereot,  hence the value of
t  e.y.  for the whole sect ion (or the f i rst  noment of the sect ion) about
N.A. is zero. Flom the lheory of centroid re see that for this to
occur,  l f .A. nust pass through the ceot loid of the sect ion. We have,
therefore, the inpo!tant rule that,  in cas€s of s inple bending, the
neulral  axis passes through the centroid of the sect ioo.

30, Uonenc of Re6i6tance: The noment of the force. on the
snall ele'".'t-.1--56iEtt.-Il-=Jf-. a.y.2 , and the toEal noneni of alt
the forces, act ing on the var i6 ' i€ snalI  elements cooposing the cross-
sect ion, forns a couple ehich is equal to the bending Eonent.  This
total  Eonent is cal led Ehe rtMonent df Resistance" '  M.

t
r . t  -  4  x  a .y .2

but t  ey2 is equal to the second monent ot nonent of inert ia,  I ,  of  the
s e c t  i o n  a b o u t  N . A .

0

this nay elso be put in the forn:

M
I
14
I

0

Y l

u (3 )

u=l,r =
T T

t, and ,i,
s e c t  i o n  n o d u l  i  r e s p e c E i v e l y ,

"= Lz

' I

are cal  led the
and ere denoted

tension and conpreggion
by zr and 22 .

= I,z" (4 )



I a  i s  u s u a l
cal  led the bending equa!
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e q u a t i o n s  ( l )  a n d  ( 2 )  i n r o
g i v e s  i

E
R  " " " " " " " " " . ' " '

ior,  wh^ich
,hat is

(5 )

o f  rh i s
himsel f

M
I v

Too rauch stress cannot be hid on the inportance
equal ion, and the student is stroagly advised to nak€
perfect ly famil iar rs i th i t .  The unirs of Ehe various quant i t
as fol  lons:

) , I  =  b e n d i n g  n o n e n t  I b . i n .  ( o r  t o n . i n ) .

I  = Donent of inert ia of sect ion about rhe neutral  exis
i n c h  u n  i t s ,

E  =  Y o u n g r s  m o d u l u s  i n  l b . / i n ' ?  ( o r  t o n s / i n j )

R  =  r a d i u 8  o f  c u r v a t u t e  o f  n e u r r a l  l i n e  i n  i n c h e s .

. l  =  
" t t . " s  

i n  t b . / i n 2 .  ( o r  t o n s / i n . 2 )  d u e  r o  b e n d i n g  a t
d i s L a n c e  y  [ r o n  t h e  n e u t r a l  a x i s .

1 n

3 1 .  A p p l i c a t i o n  o f  r h e  B e n d i n g  E q u a r i o n  i o  p r a c t i c a l  C a s e s :
r n  p r a c r L c e  r r  r s  u s u a l t y  t o u n d  t h a t  t h e  b e n d i n S  o o n e n L  o n  e  b e m
varies fron point to point along rhe span, and rhat the bending

moment is accompanied by a shearing force. Thus i t  rould appesr that
the beoding equat ion, shich deals vi !h a conslenr bending nooent
unaccompanied by a shearing force, is not srr ict ly appl icabl€ to such

It  wi l l  be fouod, ho$eve!,  tha! in a great nunber of
ptact ical  cases, the bending monent is naxinuo $hen rhe shearing force
ie zero, and that when the sheqring force is maxinun the bending
nomenl is aImoBt negl igible.  Thus rhe condit ions of eimple bending
ere approxirdated to at the point of  naxinum bendinS nonent,  and hence
it  seems just i f iabte to apply the bending equarior ar rhis poinr.  The
stressee due to the naximun bending Eonent are usual ly rhe nost iopor-
E a n E  s t r e s s e s  i n  b e a r n ,  a n d ,  t h e r e f o r e ,  i f  a  b e a h  i s  d e s i B n e d  b y  t h e
aid of the bending equat ion to resist  rhe naxinum bending moment,  i ts
sLrength ! , i l l  note than suff ice at olher poinrs along the'spso ehere
d  i f f e r e n t  c o n d  i t  i o n s  h o l d .

A rot led joist  of  l -Eect ion has rhe fol lowing
d i n e n s i o n s :  F l a n S e s  5  i n .  e i d € ,
d e p t h  o v e r s l l  8  i n .  I t  i s  u s e d
end, and covering e clear gpan of
unifor l l ly dis t  r  ibuted over the

0 . 5 7 5  i o .  t h i c k ,  s e b  0 . 3 7 5  i n .  t h i c k ,
as a beam freely supporaed a! each
1 2  f L ,  I t  c a r r i e s  a  l o e d  o f  9  l o n s

span. Calculate the nexirnun stresg
produced in the dater ial  of  rhe girder due ro bending.



5  x  8 r
12
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4 .625  x  6 .85 '------a--Ixx

M 9x12x12

162
89 .33

= 7,25 torrs / Ln,2

The foI loving addit ional essumptions
theory are nade:-

(1) Thar there is perfect adhesion
and the reinforcenent.

89 .33  1n .  lm l t s .

162 ton-lnches.Itt

11
i
)ts

:F
I
hT

I
NI

d

I
t

I
v
M
I  

. t

Ans ,

32. Reinforced Concrete Beans: concrete is e nater iel  shich
is stroog in-E6frliElli6il-Eii-i ?itively !'eak in tension. A beem
of such reLerial ,  therefore, i rould fai l  under fair ly l ight 1oed6 owing
!o the tensi le slresses due to bending. AddiEional strength is given
to Buch a beam by embedding in i t  i roo o! steel bars in such e posi-
t ion that the bals take the tensi le forces, Several  th€ories heve
been developed to cover the bendiog of reinforced conclete beams, but
the fol losing, cal led the "No Tension Theory" is most general ly

l+- b___--r D

STRAIN DIAG. STRESS DIAC.

F i A ,  2 7

to the sinple bendlng

betneen the concrete

( 2 )
reinfo!cement.

That al l  the tensi le stress is cerr ied bv the

(3) !ha!,  in the concrete, lhe etress is proport ional to
the gtrain.

-9a-O-ilo
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(4) The area of reinforcenelt  is so smal l  thet the stress
may be assumed constsnt over i t .

A reinforced beam of rectangulat sect ion is shown by
Fig. 27j  ni th the strain aod 6tress diagrarns. The neutral  axis of
such a beam does not pass through the centroid. Let h be the distance
of N.A. fron the top of the beam, Ec the valu€ of Youngrs nodulus for
conclete, and Ee the value for steel.  The rar io *9 is usual ly denoted

Since a plane before bendiog remains a plane af ler bend-
ing, DD wi l l  take up tbe posit ion Dl D! ,  and hence the strein is
proport ional to the dista[ce fron the neutral  axi .s.

s t l e i n  i n  c o n c r e t e  a t  t o p  o f  b e a n  =  h  . . , . , , . . . . . , .  ( f )
s t r a i n  i n  t h e  s L e e l  d - h

I
Also i f  tc denotee the stress in the concrete

I
and i f  t€ denores the €trese in the stee1, l 'e

gtrain in co[crete at top of bean

strai f l  in steel
. 0

d  -  h  E c

at top of bean,

T

n E s
EsxrE

n"n
. ' ,by subsriturion in ( l) :

. tor n3s

h
F-*'t

n  o  A n  e x p r e s s i o n  l d h i c h  e n a b l e s  u s  t o  f i n d  t h e  d i s t a n c e  h
,s and trc a(e knolrn.

Asrbe th€ alea of the reinforcedeot,  the total  pul l  P
is ?sAs. Since the concrete carr iee no tension, the
is tr iangular and th€ thrust 1 exerted by the concreEe

t"
r  =  

;  .b .h .

Since the condit ions
h o l d ,  ! h e n :  P - T

0l^
andtsAs=tb .h .

and subs I  i tut  ing rhe value
4-

"t i" 
* found fron (2), re have:

m(d  -  h )2  - ' - "

-  2ddAs  =  0  , . . , . . . . , . . . . . . . . . , . . . .  ( 4a )

_  - !  ,
- ) l
rn{^d

Let
e:.erted by i t
€tress diagran
is given by:

(3)

. . . . . . . . ' . . . . . .  ( 4 )

of si$ple bending 6re sssurned to

o r  D n  +  z  m . A s . n .



a guadretic equetion nhich f ixes the value of h, and depend6 only on
knosn quentit ie6.

Ihe thrust T ects et a distance $ t.* t t .  top of lhe
bean, end hence lhe resisting nooent of the b€en i6 given by

M-  T " " "  ( ) ,

u = p (d - ! t  -  8".o" (d - t) . . . . . . . .  (6)

or  u  -  r  (  n l  +  P  (d  -  h )  .  .  .  . .  .  . , .  . .  . . .  (7 )
lre6e reinforced beaDs sre often nede of f Bection, strd it

i6 vety co@oo practice to desigo the beem so that the oeutrel exis
coincidec with the bottoo li.de of the flen8e of the section. lf lhe
oeutral axie is lorrer than this line. we uae s si[iler trathod of
attack to Ehat just u6ed.

El(anple 2. A concretq been 15 ft.  long x 12 in. brogd x
-15 in. deep, ie reinforced by eix ; i  in, round steel bars, haviot their
centers 2 in, from the botton of the been. Assuning that al l  the con-
preesion is carried by the concrete end etl  t .he tension by tha steel,
deternine the unifor[ Ioading that nsy be epplied eitbout the atrers
in lhe concrete exceeding 600 Ib./ inl ,  and ascertaio the result ing
str€as in the steel. Tske the steel-corcrete nodular ratio as I5 sod
the concrele stress strain curve aa straigh!.

=i*i-f*o , z.oaaa r.,.,

L2h2  +  79 ,47  h  -  1033 .11  -O

h  -  -79 .47  r  r ' ( 79 .47 ) "  +  (48  x  1033 .11 )

Area of reinforcenent

b h 2 + 2 n A s , h - 2 d d A s

(u-!t.$0.n. <u-lrr

I { !

6 ,55  tn .
&^
;b .h(d-?
600x12x6 .55 (13

2

- 255,000 lb. t ! .



-  5 l  -

(4) The area of reinfo.cetrent is so snal l  thst the srress
nsy be assuned conalant over i!.

A reinforced bearn of rectangulgr sec! ion is shown by
Fig. 27, with the strain and alress diagrans. Ihe neulral  exis of
such a bedr does not paa! through th€ centroid. Lel h be th€ distence
of N.A, from the top of the beao, Ec the vqlue o! ioungrs Dodulus fot
concrele, and Es the value for steel.  Ihe rat io i t  io usual ly denoted
by n.

Since q plane before bending redeins a plsne after beod-
ing, DD ni l l  take up the posit ion Dt Dl ,  end hence the dtrain i8
proport ional to the distance fron the n€utral  er i6.

s l r a i n  i n  c o n c r e E e  a E  l o p  o f  b e a u  -  h  . . . . , , . . . . . . .  ( f )
s t r a i n  i n  t h e  s t e e l  d - h

0
Also i f  tc denoEe8 the st iess in the concrete at toD

I
end if lre denotes lhe stress itr the steel, Ire

strain in concrele at top of been

etrsin in eteel

t l cEs
. :by subst i tu t ion in  ( l )  :  J iJ  

-  
f i .6  

=

0 l
or rrls = m$*a - o{"t

.  ntrd
,3 + olc

ao exDression hich ensbles us to f ind the distence h
Je ana dc are knom.

Let As.be Ehe area of the reinforcerent,  the Eotel  puII  P
exerted by i t  is tsAs. Since the conclete cerr iea no tension, the
st less diegran is tr iaogula! and ihe thrust T exerted by the concreEe
i.s given by:

!."-  h l .  . . . . . . . . - , , . . . .  ( 4 )
2 ' " " '

conditions of siople bending eie aa.ured to

&. "
4^

value of 
i ;  

as tound fron (2), se havcl

As = ;G+tZ x-bh.

d .As .h . -2mdAs -0  , . . . .  ( 4e )

of bearn,

,

Ec
-4"

"BsL.

t6
(2')

(3 )

i f

ho ld,

and

si.rce the
then: P = T

o
ald ,sAs =

subst i tut ing the

o (bh2+2



a guadrat ic equat io[  i rhich f ixes the value of h,  and depends onl.y on
knolrn quanEit ies.

The thrus! T acts a! a dislance 5 frorn tUe top of the
beam, and hence the resist ing nonent of the beam iB given by

"4^M = t  (a  -  
3 )  

=  
?  b .h .  (d

M=p(d- l r l=$" .o" fu-

. , . . . .  ( 5 )

" " " "  (6 )

or  u=r  ( i  t r )  +P (d-h)  . . . . . ' . . , . . . . .  (7 )
I t rese reinforced beans are often nede of T Bect ion, and i t

is very cormon pract ice to design the beam so that the neutrel  axis
coincides ei th the bottom l ine of the f lenge of th€ 6ect ion. l f  the
neutral  axis ie lower than this l ine, ee use a siui tar a;r thod of
a t t a c k  t o  t h a t  j u s t  u s e d .

Exanple 2. A concreiea beam 15 f t .  1or8 x 12 irr .  broad x
15 in.  deep, ie reinforced by six f ,  in.  round 6tee1 bars, havinS thei!
centers 2 in.  f ron the botton of the bean, Assuning that el l  the coD-
pression is car. ied by the concrete and al l  the tension by the steel,
determine the uoiforo loading that nay be appl ied l ' i thout the strees
in the concrete exceeding 600 lb. / in. '  ,  aod ascertain tbe result i i rg
strese in the stee1. Take the ste€l-concrete nodula! rat io as 15 end
the concrete stress strain curve as straiEht.

Area of re inforcenenE = x 6  -  2 . 6 4 8 8  l n . 2

h.
3'

rT33
L "  L "  L

bh2 + 2rAs.h

r2h2 + 79.41

- 2rndAs

=  6 .55  1n .
0

' '  2  " ' "  ' '

600 x 12

h \
3'

x  6 .55
2

-  255 ,000  l b .1o .

h  -  1033 .U  =0

(79 .47 ) '  +  (48  x  1033 .11 )



33 . Codbined lr i th Di lect Stress: Nurneloug cagea occur
in which the appl ied load cduses oor only si ;ess due to bending, but
also exerts a pul l  or thrust on the sect ion, The resultaot st tess at
any point in the sect ion dlay be found by calculat ing rhe stresl  due Eo
bendiog, and superinposing on i t  the stress due ro lhe direct force;
due legard being given to the sign of each stress.

e h e r e W - t o t a l l o a d

.',* = ,tiio?oii t 1b. = s.os rons.
^ 9

. . . {" .e"=f l t '
!" = !9S * L2-x,6*55 = 89oo lb./in.'
J -  2  z ' o 4 t

lf I.1 = b€nding rionent

A = area of the sect ion

P = pul l  or thrust on the secr ion

Z = th€ sect ion nodulus.

but
-- l,l]-
"  I '

lmlfornly dlstttbuted

8

T
l.t
?, i r

TI, M

r
F is .  28



Ihe resultant stresE at any point io the sect iod is given
D y :

(r)

lhe plus sigo being used ehen the bending 6tr€ss is sini tar to + end
t h e  n e g a t i v e  s i g n  w h e n  i L  d i f f e r s  f r o $  + .  A l s o ,  i f  r h e  s e c t i o n  i i  n o t
syuretr ical  about e Line lhrough the 

_ientroid 
and pere! l ;1 to the

n€utral  axis,  then Z ui l l  have the tro values Zl  end 22 (paragraph 30)
A diagran of conbined stress is shorn by (d),  Fig. 28. The centroid
o f  t h e  s e c t i o n  i s  a l  c ,  a n d ,  i f  t h e  b e n d i n S  s t r e 6 s  a c t e d  a l o n e ,  t h e
neut lel  exis sould pass Ehrough c, but,  ouing to the preseoce of the
d i r e c t  s t r e s s ,  t h e  p o i n t  o f  n o  s c r e s s ,  a n d  h e n c e  t h e  n e u l r a l  e x i s ,
passes through o.

The diagran has been dretdn for a case ehere P is tensi le
atrd i t  nay heve three possible forrns depending on lhe negnitude of l l ,
Zr P and A.

- 54 -

equal

l e a a

he neutrsl  axis,  distant Yn frorn C,

The stress at O due to bending -
inert ia of the secEion about an axrs
r f  g ] r a r i o n  o f  r h e  s e c t i o n  a b o u t  t h i g

At O the bending stress is equal to

l{hen

When

When

the tadius
a t r e s s  a l

M
z2
M
z2
t!

T

is  greater than the resultant diagran is given by (a)

I  P + M, "1-z

T

P A K 2 P Iyn = 
A. - f r -  

= ; .  
M . . . . . . . . . . . . .

r o ;

thao +

the resultanl  diagram is given by (b)

the resultant diagran is given by (c)

is found as fol  lovs:

t{vn-f 
, shere I is the

througb C, o! i f  k ie
axis then the bending

the direct stress, end
Pltun

or yn Pk2
M

(2 )

(3 )

E x a n p l e  3 .  A  r o l l e d  s t e e ) .  j o i s t ,  l 0  i n .  x  6  i n .  s e c t i o n ,
is used .s a pi l lar,  and carr ies an ar. ial  load of 25 toos. The
naxinun monent of ioe. l ia of the sect ion is 211.6 inch units,  and the
area is 12,36 in.2 A bracket is bol ted ro a f te$ge of the pi l lar end
supports s vert ical  load of 6 tons, nhich actB in the plane of the
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m4jor ar. ie of the section, elrd et a distence of 3 in. fro|! the fece of
the flalge. Cslculete the nexinuD aod niniuun intenBity of stress in
a lection of the pi l . lar,

The bendiog nodeot due to eccentric loadiog is given by

U=6x8 r48 ton - i nches .

The  sec t i on  nodu lus  z  =  ! -21 ! ' 6  - , r z , l
y 5

lten asautring cmpreeeive atreg6 as positive, lhe resul-
tant gtre3s rs

I = r t.ut ,

.  31  + .48
72.35 h2.3

r{exinur arress : ';:n=.":;:." in cmpreesioo

Mininuo stress - 1.374 tone/in.2 in coopreseioo,

Exanple 4. A cyl indrical nesoory coluu is 6 ft .  i .n
diameter and the nexinuu wind pressure upon it oay be eBsumed to be
equivalent to 20 Ib. pe! sq.ft.  of diemetrical longitudinel aection.
If the neaoory weighs 140 lb. per cn.ft. ,  to ehat height csn the colusn
be buil . t  rr i thoul cauaing teneion in tbe cross-sectiod et the bese?

r Let h ft ,  be the l ioir iog height of rhe colu@. t{eighr of
colum - ax 36 x h x 140 - 3960 h ib.

Total preaaure due to eind - 5 x h x 20 - l20h lb.

The colum tray be looked on as e canti lever cerrying a
direc! thru$t add a uniforEly distr ibuted loed, the latter beinS due
to the eind Dreaaure.

Bending tloDeot due to sind pressure ' l2O rr x *

Reaultant tens i le stress

-  60  h2  l b ,  f r .

= ;3S - uol';:i '' o
1".)) "t r"""fu.)

'in =i#'r*r8:i 4
=  49 .5  f t .



34. Riveled Joinr with Ecgentr ic Losd: Fig 29. represents eriveted joinT-?n-rrh-GE--fri--'i6ad p has rrs line of acrion aE a
horizontel  disrance x fron lhe cenrroid of the joint .  Ey applying t t .o
equal and opposiLe forces passing rhruugh t trJ centroi i  G. '  equar in
E a g n i l u d e  t o  P  a n d  p a r a l l e l  t o  i t s  l i n e  o f  e c r i o n ,  i t  r i l l  b e  o i e e r v e a
that_ the joint  is subjected ro a coupl.e of ragnitude p.r  snd s
ver! ical  load of nagnitude p. The couple causes she-ar ing fo.cee ,hose
direct ions are shoon by the arross in the diagran, anj  tne yert ical
load wi l t  cause, in each r ivet,  a verr ical  atreai of  magnitude 3, enere
d- is. the nunber of r ivets in the joint ,  The lotel  Loaa on a f ivet ie
the vector sun of the loads act inS on i t .

and since Fs = Ars tehe(e A

then P. x.
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l "-p (1 )

i s  t h e  c r u s s - s e c t i o n a L  a r e a  o f  a  r i v e t ,

=  [ F s . ? .

= thA. ]3
- Ik. A. r"2
-++

'  F i g ,  2 9

If  i t  is assuned thet the load on e r ivet,  due to Ene
couple, is ptopor! ionel to the rela! ive di6placemenr betrreen the
plates, then since rhis displacenenr ie propori iooal to the di6tance
of the r ivet f ron C, i t  fo l lors that the load on a r ivet,  aod heoce
t h e  s t r e s s ,  i s  p r o p o r t i o o a l  t o  l h e  d i s t e n c e  o f  t h e  r i v e t  f r ; E  c .

,L€t FB be the shearing force on a r ivet at  distance ? fron( ' ,  a o d  r e t  } B  b e  t h e  a t r e s s  d u e  t o  F 6 ,  t h e n t -

q€'Ii
o +"ol



I { e n c e :

and

x - 6 sin

Y . X  =  L Z  X  I

A. tn '==  x ; , t  (13+

-  P . x  3 6
- ' -  

AX?2 26.52

. i  for A, C, F and D,

and for B and E:

- 51  '

9
! 6

!s

P . x ,?
AX!2

P. x. r"
t"2

Example 5.^ The brackeE shotn in tr ig.  30 i8 attached to e
plate by nean6 of s ix j  in.  diameter l ivets,  aad carl ies a losd of 12
tons in the direct ioo -shoen. 

Est imate the etre€s on each r ivet.  l f
safe working she6r 6t less of each r ivet is 8 tons/ id.2, rhich r ive! is
l iable to breakage by shear?

!-- :'--'i- :'--*-:
AlA-76-

-i

c @
,/

z\\ v.\ :/

.+{5"
i R - 6 .46

r1

t . t 9 . '  R  e

T"
l.

D

!

!re

,>iG.

"K
R -  7 .03

6 .85

Fi8. 30

30' = 3 1n.

- 36 ton-ln.

4+13+13+4+13 )  =  25 .52

-  1 .36  x  3 .61  =  4 .92  tons / i n .2

=1 ,36x2  =  2 .72  aons l i n . 2

(2 )

(3 )

"..'1r ' t4 .54
R =  9 .22

'r"r\.
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The fhear stresa on each Yivet due
is given by .--+----6. 

= 4.54 tons/in.2
b x+xi6
T h e  r e s u l E a n t  s t r e s s  o n  e a c h  r i v e t

Fig. 30, in both nagnitude and direct ion, These

to P act ing through G

ie fouod, es shono in
a r e  a s  f o l l o n s : -

Exaqrles V

I.  An overhung steel crankpin jourral  is -so designed rhar rhe
pressure on lhe journal is l ixni ted to 600 lb. / in. '  of  projecred aree.
The total  load on the journal is 60,-000 lb. ,  and rhe rdaxinum bending
s t r e s s  i s  I i n i t e d  t o  f 0 , 0 0 0  ] b , / i n . '  F i n d  r h e  d i m e n s i o n s  f o r  r n e
dianeter and length.of the jour laf .

4!9.. 7i 1". and 13i ln.

2. The nonent of inert ia of a beam sect ion 20 in.  deep, ie
1670 inch units.  Find the longest span over which a bean of rhis
seci ion, vhen simply suppo!ted, could carry a uniforf t Iy disrr ibuted
load of 1.5 tons per foot run. The naxinum f lange stress in the
m a t e r i a l  i s  n o !  ! o  e x c e e d  7  t o n e / i n . '

1 l
3. A 7 in.  x 3f in.  x i  in.  uoequal angle bar is pleced virh

the longer leg vel t icaf and used as a bean simply supported at each
end. Find rhat uni fornly distr ibuted load can be spread ovet the spen
ot 12 f t .  in order that the maximun stress du€ ro bending tray not
e x c e € d  7  t o n s /  i n . 2

A r l s .  3 1 2  l b . / f t . r u n .

4, A reinforced coocrete T-be:!n has a f lange 60 in.  wide and
4 in.  deep. The reinforcement is placed in the t ib t5 in froo rne
upper edge of the f lange. The be€m is designed so that lhe neutral
axis coincides ! , r i th the lo! ,er edge^ of rhe f lange. The l in i ts of
s t r e s s  a r e _  f o r  s r e e l  1 6 , 0 0 0  1 b . / i n . 2  ,  s n d  f o r  c o r c r e t e  6 0 0  l b . / i n . 2
T h e  r a r i o  : :  i s  1 5 .  c a l c u l s t e :

R i v e t B c D F

Resultant Shear S lres s
t o n s /  i n ' z .

2 . l 7 2 .58 6 . 4 6 6 .85 7 .03 9 .22
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(a) t t re area of the reinfoic€ment,

(b) the nor0ent of resistance of the beam,

(c) the actual maximum stress in the steel and in the
c o n c r e t e .

A n s .  2 . 9  i o 2 ,  6 3 6 0 0 0  l b .  i n . ,  $ s  =  1 6 0 0 0  t b . / i n . "
{ c  =  3 8 8  l b .  /  i n . '

5.  A short  c ircular colunrr,  external diamete! l0 in. ,  thick-
ness of metal  I  in. ,  carr ies a load of 50 !ons, the l ine of act ion of
ehich coinci .des i r i th the axis of the colutrul .  l t  a lso cerr ies a second
losd of 15 toos, l rhose l ine of act ion is 6 in,  f rod the center.  Find
the naxinun and ninimum stresses in the columr, and shoe by a diagran
hol '  the stresaes vary aclosa lhe sect ion,

A n s .  3 . 8 4  t o n e / i n , ' ?  c o n p . ,  0 . 7 4 4  t o n e / i n . z  c o o p ,

6. A steel plate chimney, 4 f t .  in dianeter edd E0 f t .  high,
has a cyl iddr ical  bottom r inS * i r l .  th ick. Tbe seight of  rhe srruc-
ture nay be considered as thaE of a cyl ioder of this thickness, end
the internal st i f feniog devices idcrease the second mo[eot of area of
the sect ion 60 per cent.  Find the greatest.s lress in the plete6 lrh€n
the chinney is subjected to e uoiforn eind presaure- of 40 lb. / f t . '  of
p l o j e c t e d  a r e e ,  T a k e  s t e e l  e s _  t { e i g h i n g  4 8 0  1 b . / f r . '

A n s . 6 , I 0 0  l b . / i n . '

7.  A short  stanchion is nnade of l -sect ion,6 in.  s ide end 8
in. deep. Find the greates! and least intensiry of c@pressive slress
oo a sect ion i f  the load of 50 tons'hab i ts ceoter in the ceoter l ine
o f  t h e  s e c t i o n  r h i c h  b i s e c t s  b o t h  f l a n g e s ,  b u t  1 . 6  i n .  f r o n  t h e  c e n t e t
l ine nhich is palal lel  !o the outer edges of the f lang€s. The nonent
of inert ie of the cross-eect ion about a ceotrel  axis perel lel  to the
outer edges of the f langes is 110.5 io. '  and the aree of the cro6a-
sect ion is 10.29 in.  '

A n s ,  7 . 7 5 5  a n d  I . 9 6 5  t o n s / i n . 2  c o n o r e s e i o n ,

8. A ho?izontal  chein passed ove-r
bracke! attached lo a stenchion by six ]
Fig. 30A. I f  ihe r iveEs are in single shesl
l in ired ro 5{ tons/ in.2, f ind rhe load t{  ehich
free end of Ehe chaio.

A n s .  1 . 6  t o n s .

a pul ley cerr ied by e
in. t ivets as shovm io
aod the ahear streas ia
can be carr ied froD the
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F- to" - -------i o,TIN

3

1
I

I
I tonl

F ig .  30  A

Yr. rtrB mf,s(x oF sxAFrs

35. The Relat io$ betvee@:
l cyl i .ndr ical
torsion when the torsion is caused by a couple, appl ied 3o thel  the
exis of the couple coincides with Ehe ar( is of the rod. r t re Btete of
stress, at  any point in the cross-sect ion of the rod, is one of pule
shesr,  and the st lain is such Ehat one crosg-sect ion of the rod noveg
relal ive to another.
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F i p . 3 l

considering lhe cyl indr ical  rod of length !  and radius 
",shorn in Fig. 31, e couple of mag$itude T is appl ied to one end, snd

the other end of the rod is heId, or constrained, by a batancing
couple of equal magnitude, A l ine A8, on the surface of the rod,
which is paral l€1 to the axis before strain, takee up the folm of a
long hel i : (  AC af ler strain;  the angle 9 being the shear strain of the
naler ial  at  lhe surface, and since this angle is srnal l l

sc= t ,<8.
.o RC r.. g

L
(1 )

-0^
u".  I  = €,  "h" . .  { "
surface of ehe !od, and
to strain in the length

is the shea! .stress in the naterial at the
BAc is rhe iogular rnoveoent of a radius oB due
t ,

l "  -  q. . . . . . . . . .  (2)

.c  . . . . . . . . . . . . . . . . . , . . . . . .  (3 )
N A

l , - h i . h  o a y  a l s o  b e  p u t  i n  l h e  f , r r m :  ! 5  =  k r ,  u h e r e  k l " =  i . C .  h e n c e '  i f
j s ' i s  t h e  6 h e a r  s ( r e s s  a r  a  r a d i u s  ) ' r ,  s e  h a v e

0 t  0
!c: : _19
l t  n

|,9
L

36 . R e l a t i o n  b e t v e e n  T { i s t i n p  C o u D l e  a n d  S h e e r  S t r e s s :
Considering a thin r ing in the cross-sect ion qt ,A, of  redius r l  ,
t h i c k n e s s  E I l . ,  o n  i r h i c h  l h e  s h e a r  s t r e s e  i s  , . s '  ,  t h e  t o l a l  f o r c e
the r ing = Is '  x 2\.r , ,25t, ,  and the norDent of this,  about the ax16 o f
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= ls '  x 2Tl?' .  r ,  .
! '

= !9 x 2rnr,!.dn..
o . .

= $'x znr l .  ar, ,

ihe r ing is inf initely chin,

Ite total resist ing 0omentof rhe secEion = zrr-r-$o rl.a:r,

= *S' ... '. '. <sr
sect io$ is equal to the sppl ied

ttn!
i  . . . . . . . . . . . . - . . " . . . . . . . . ' . .  (6)

but the total res is t ing
couple T.

arld -i- is the the

ltulliplying the rlght-hand

rnooent of the

...r=&.

poler nodent of inert ia

slde above end belon by r.

- {" nonr - n._T
of the section Ip ,

t-
' i r - f.rP.

and froo (3) and (7) we get: 
t  &e ce
rD = 

"  
-T-

This is ususlly csl led the lorsion equetion. Ttre L
uoits of neesurenent fo! Ehe various quantit ies aret-

T - f t . iet in8 nomeni in lb. in.

l ;  - Polar nonent of inert ia of crosa section in inch.'  un i t e .
o
{a  =  Shea t  s l ress  i n  l b . / i n .2  a t  a  rad ius  ?  i q .

C - Rigidi ly nodulug in lb./ in.2

e = Angle of cwist in radians in e Leogth of I

(7 '

. a .  (8 )
t '

6uel
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Exanple l .  Celculete the size of a shaft,
trensmit^50 h,p. et l l0 rpn. The sheariog stress to be
!qos/in.-, and lhe tnist of the shaft is not to exceed

nhich eil.1
l inired ro 3
I degree in

7*^ft .  of  length of shaft .  The modulus of r ig idi ty,  C, is 5000 toos/
i r f . '  Aeeure the twi l t ing nordent to be uniforn. ( l  ton = 2240 Ib.)

,i T = 63.000 .::--. N

= 63,009,*  50 r r . rn .
1 1 0

Reslst ing nonent = ts.3 -  torque.

63-000 x  50  2-  
110  ^  3x2240xn '

1,394 ln. for sefe stress.

-9.

2'19" 2 x 63.000 x 50 x 90 x 57.3
ncg 110 x t x 5000 x 2240 x I

1.7 for sefe tf l1st,

3 .4  tn .
- 7

37. Eol low circular Shefts:  In equat ion (3),  peragreph 35, re
proved thei T-s = k";  thufu i rr  a sol id shaft  of  large dianeler,  a trear
deal of  the ater ial  torards the axis l r i l l  carry very l ict le stress,
af ld coosequen![y rJi l l  of fer very 1i t t1e resistance to the eppl ied
couple. In a hol low shaft  the average inteosity of st tess si l l  be
greater than thaE for a sol id shaft  of  th€ seue dianeter,  and henc€ e
greater resistaoce to the appl ied couple ni l l  be exerted,

Let R = outer radius of a hol lo$ sheft

? = inner radiu8 of a hol lolr  3haft

!" = 
"rr".. 

stress et radaus R

4L = 
"n".t 

stless et redius ?,

Theo lhe value of the resist ing nonent,  nhich is equal to the appl ied
couple T, is given byl

and

of shaft

T
T .
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r - 1..' -J:.?'. *. +: =r".i.
, - 1", ,", t.., _ 4ct ,I1_=1n.,

z.  (R'  - i  )  = ? ( - ) . . . . . . .  (1)

the velue of lp itr the teietiog equation being given by:

re  =;  (R"  _  r . * )  .  .  .  .  .  .  .  ,  .  .  .  .  .  .  .  .  .  .  :  .  .  ,  ,  (2)

Cooparing the st tenglh of a hol loe shaft  ei th thaL of.
sol id shaft  of  lhe sane nater ial ,  seight,  end lenSth.

d.et R and ? be the outer end inner radi i  of  the hol lort
shaft ,  end trs the maximum shear stress; elso let  Rt be the radius of
Lhe sol id sheft .

&-  o+- - t
T hollo, = =i (--)

1 . T  .
T so l  id  -  ? .* i

If the rlaxirlurl stress is the sene for eech shsft.

r horlow = Rl-; rq
T  s o l i d  n n ;

- (R2 + t2) (R2 - 
"2)

1ff , srnce Rr2 = R2 - rn2(saoe cross sectloaal
aiea)

subst itute a,, - tF-7 6nd r, - 
;,

R . -  1 ,  R
;  ( I + : " r , , w n e r e I - - .

n

rh
T 6

38. shaft

-fr - r.r+
Dieete! for a eiven llorse-Por.erl

t f T

N

h .  p .

t h e n !  h . p .

-  the neen tsis l ing Eo| lent in lb. in,

-  the sFr.  of  the sheft .

= the horse por,er to be transnit ted.

T x 2trN
12  x  33 ,000

t - 12 *=33'ooo h,ip' - atooo' 2 1 r N

T  i s  i n  f ! , / l b .  a n d  ?  i n  r a d i a n s / s e c . )

h.D. , - IL'-I ._ (or n,P. = -550' rnele

. .  . . ,  . . .  ,  . . . ,  , . ,  , .  ( 2 )

(1)
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If the t!'tisting nonent
!{ ist ing tuol tren! tmx. wi l l  be equal
value in (2),  end fron (6),  Paraglaph

^ 0 
'l[I3

J a l

d = 2 P

d = k ' €

l 'hele d is the dianeter of lhe sheft  andds the maximut[  shear stresa.

Eron equat ion (3),  we see that,  for a given velue of horse
powe!,  lhe dianete! of  tbe shaf!  t i l l  be snal ler fot  e high sPeed Ehen
ttrat required for a low sPeed. As an exsnPle, l re say ta*e the case of

a De Laval steam turbine, dhich develoPs 15 h.P. on a + in.  diarneier
sheft ,  at  33,000 rpn. Ihe diameter of sheft  for the sarnt horse poeet '
at  100 rpn.,  is given by:-

d 3  3 3 . 0 0 0
;3:! 

= --fi6-

d  =  2 .59  rn .

i s  va r i ab le , then the maxifirn
trul t ip l  ied by the

N

(3 )

Example 2. The
hollos e tee l-lf,l?E-iiE 15 in.
ho!se-poser i t  wi l l  t !ansmit
intensity of 6hear etress as
strength of this shaft  l ' i ih
Y e i g h t .

external and inEernal diaoeters of a
and 9 iq.  resp€ct ively,  Determide l thal
when ihe speed is 90 rprn. The naxinm

not to exceed 8000 lb. / in. '  CotDpere the
a sol id one of the sane naEetial  and

Strength of hol lon shaft
Strength of sol id shaft

{"n .nn - rt. Sooor
-- (--T- , " --T-
80001T /.2 755\ 1r. {n

2  ' 7 -5 '

T.N 8000r .2755.
&l6bb'= --7- \-r.s'

6595

15'- +

, 7 . 5 u  -  4 . 5 q ,(-----7:3- ,,

-90- 63000

g 2

R

- ,  15 /e=7r ---- s-
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39. l torse-poser of Turbine_driven Ships: In order to deter_
mine the porer developed by the turbine, ne nake use of instrunenls
cal led | tTorsion l letersrr ,  nouoted oo the shaft .  The tols ion meter is
able to oeasure the angle of, twist  S in a given tength .C of the Bheft , '
rdhi le rotat ion of the shaft  is taking place.

F i o n  ( l ) ,  p a r a g l a p h  3 8 :

TxzTN
h .  P .

12 x 13000'
ce

afld fot a given shaft  C, lp,  and 4 are conslant.

Appl ied torque

12  x  33 ,000

63000 x 12500
500

=  0 .01372  rad ians .

.  rp .  N .

(1 )

* i# = z,o+i,soo rt 'ro'

21(

Thus, i f  x is knonn and S snd N obtained, ! , re can calculate the polrer
being transmit ted eloug the propel ler-shaft .

h . p .  =  x . e . N .

The value of C for the shaft  can be found by mouoting lhe
shaft  in a lathe, locking one end, and applyi [g val ious lolques to the
other end, rhich is free, 1f  the to!sion mecer be nouoted on the
sheft ,  the angle of twist  for each torque can be read off .  Torque and
aogle of l r ist  are then pl-otted, and taking s reading froo the greph,
and subst i tut ing in =T 

= c+, ( 'e get the value of c and h€nce x.
I p ^

Example 3. A propel ler shaft ,  dianeter 1O+ io.  is to be
s u b j e c t e d  t o  a  t o r q u e  f o r  t h e  c s l i b r a t i o n  o f  a  t o r s i S n  n e t e r .  T n o
l o o g  p o i n l e r E  a r e  f i x e d  t o  t h e  s h a f t  a t  a  d i 6 t a n c e  o f  8  f t .  a p a t t ,
Arrangenents are nade to apply a torque lrhich is to be 30 pet cent in
excess of the tv ist iog monent due to 12,500 h.p. et  500 rpm. Tbe
rtrovements of the ends of the pointer6 are observed by neans of
verniers readiog to 0.01 in.  what length of pointer iE necessary i f ,
at  maxinun test torque, the margin of er lor du€ to vernier reading is
l imited to 2 per cent.  46sune a provisional value for ' the torslon
m o d u l u s  o f  t h €  s h a f t  t o  b e  1 2  n i l l i o n s  i n  l b . i r ,  u n i t s .

Ansre of r,isr due to rhis ..,q,. = # = i,#t3$+*?*-10r
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lenSth of pointers.

. i  0 .01  _  2
0.0L372 g 100

f ,  = 36.44 in.

40. Torsiodel Resi l ience of Circuler Shafta: l f  e sol id shaft
be subjected Lo a torque nhich increases gredual ly froo zero !o a
velue T, and 0 is the lesultant angle of twist ,  then the energy srored
in Ehe shaft ,  or the ' rResi l ience'r  of  the sheft :

Ler I
verniers = 0.01-372

Correct oovement of

. . . . . . . . . . . . .  (r)
R and ?, we heve:

R e s i l i e n c e
1 -^

1  l s . ID  l a  t
z --;- * ;'F.
2 I . 2  Lp  

"- -  
r  A ' "

I  ,s '  I t ! 'Q,
zT'--T
,  t _ 2

f f . (volurne of shaIt)
a hol low shaft  of  radi iIn the case

Res i li.ence

r (Ra  -  
"q )  

^

" 2 '".

|'f;'?.{}-r'.n<n' - "'zrr
13'- 'R'S-r ' .  <".rune of sharr)  . . . . .  (2)

Exanples VI

l .  Delernine the dianeter of a eol id steel sheft  nhich r i l l
t ransEit  450 h.p, at  300 rpn. The t t  i6r Eust not exceed I  degree in 7
ft .  Iength, nor rhe Eaximurn shear stress 55OO lb.- / in. ,  [odulus o!
r i g i d i r y  l l . 5  x  l 0 '  I b . / i n . z  - &  4 . 4 4  i n .  o r  4 {  i o .  a p p r o x .

o f

1t"
2
L 1 2  L
z'rp;E
I  r rds  .R \  -  z ' ' , , 2
2  2 '
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2 ,  A  s t e e l  s h a f t  i s  r e q u i r e d  t o  t r a n s E i t  8 0  h . p .  a t  6 0  r p m . ,
and th€ maxinun rwist ing noment is 302 greater -rhan the meao. Find
t h e  d i a m e t e r  f o r  a  s h e a r  s r r e s s  o f  8 0 0 0  l b . / i n . z  r  a l s o  r h e  r w i s r  o f
E h e  s h a f t .  o n  a  l e n g r h  o f  1 0  f r .  C  =  5 , 2 0 0  t o n s / i n , '

4 8 9 .  d = 4 . 1  i n - . ,  e  =  2 . 3 5 ' .

3 .  A  v e s s e l  h a v i n g  a  s i n g t e  p r o p e l l e r  6 h a f t  l 2  i n .  i n
dianeler,  and running at 160 rpm, is re-engined wirh rurbinas dr iv ing
t l ro equal propel ler shafts aE 750 rpn. and developing 602 Eore horse
poner.  I f  the working stresses of the new shafts are l0Z greater then
t h a r  o f  t h e  o l d  s h a f r ,  f i n d  r h e i r  d i a n e t e r s .

A n s .  6 . 4 5  i n . ,  
" r  

6 +  i n .  a p p r o x .

4 .  l n  c a t c u l a t i o g  t b e  s i z e  o f  s h a f t s  r o  r r a n s m i r  p o s e r ,  l h e
fol toir ing formula is sornet imes used.

'  -  3B "! .L.

W h a t  s h e a r  s E r e s s  i s  a t L o w e d  i n  r h e  s h a f r  b y  t h i s  r u l e ?  A
shaft  is to be made up of two lengths connected by a f langed coupl ing
takin8 8 bolts oo a pi tch circ le diameter nhich nay be assuned to be
2 +  i n .  g r e a t e r  l h a n  c h e  s h a f t  d i a n e t e r .  I f  4 0 0  h . p .  i s  t o  b e
t r - a n s n i t t e d  a t  8 0  r p n . ,  d e t e r m i n e  s u i r a b t e  d i a m e t e r s  o f  s h a f r 6  a n d
bolts.  The shear stress in t .he bolts is ro be 202 in excess of Ehar
ir  the shaf! ,  ehich is to be f ixed by rhe above !ule.

4lg. 6i  in.  and I  in.  apprc,x.

5 .  C a l c u l a t e  t h e  d i n e n s i o n s  o f  a  h o l l o l r  s t e e l  s h a f t  t o  r r a d s -
m i t  2 1 0 0  h . p .  a t  a  s p e e d  o f  l 2 0 . r p t n . ;  t h e  n a x i m u m  r l ' i s ! i n g  m o n e n r
being 1.25 t ines the nean. The internal diarnerer of the shafr is 601
o f  t h e  o u t s i d e  d i a n e c e r ,  a n d  r h e  g r e a r e G t  i o l e n s i t . y  o f  s h e a r  s t r e s s  i n
E h e  s ! e e l  i s  l i n i t e d  L o  3  r " n s / i n . ' 7  ^

A n s .  D  =  l o l  i n . .  d  =  b +  i n .

6, ln delernining the hor6e-polrer rransmirred by a turbine
driven propel ler shaft  by means of a torsion neler,  i r  is found that
r h e  a n g l e  o f  t w i s t ,  m e a s u r e d  o n  a  l e n g t h  o f  2 0  f t . ,  i s  1 . 2  d e g r e e s ,
The external & inrernal dia 'neters of the shafr are l0 in.  and 7 io,
respecEively,  and the speed is 250 rpm. r ind the horse--polrer being
transnitaed by the shaft ,  and rhe naxinum intensity of shear stress
i n d u c e d  i n  t h e  m a t e r i a l .  C  =  5 2 0 0  E o n s / i n . 2

A n s .  3 0 1 9  h .  p . ,  5 l 5 0  l b . / i n . ' z
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J I S

Tension Test pieces for Metal l ic Mater ials z 2201_196a

(Rearriflned t97i)
l .  Scope

This standard specif ies standard test pieces, hereinafter referred to as the

"test piece",  to be used for tension test oI  metal l ic mater ials.  Which type of these
t€st pieces is to be used shal l  comPly with the respect ive slandards for mater ials

2. B9.ti-d!!e!-el-Lcr4s

The meaning of chief terms used in this standard shal l  be as fol lows:

( I  )  ParaUel Port ion is the part  with constant sect ion in the middle of the test
p i e c e ,

(Z) 94!C!_!3IC!!  is the distance between th€ lwo points merked on the paral lel

port io",  being used as the basic length in the determinat ion of elongat ion.

$) Gripped Port ion is the part  to be gr ipped by the gr ipping device of a test ing
'  macnrne.

(4) Radius of Shoulder is the radius of curveture provided between the peral lel
port ion and the gr ipped port ion so that lhe stress in the Paral lel  port ion

might be uniformly distr ibuled.

3. elessi!!se!ie!-9l

The test pieces shal l  be classi f ied into No l  to No. 14 test Piece in accordance

with the shape and size, and the standa;d dimensions of these test pieces shal l

comply with the fol lowing:

( l )  No. I  Test Piece This test piece shal l  be pr incipal ly uaed for tension test

of steel plates, steel f lats and steel sect ions.

Fig. r

Cauge length

Length of paral lel  port ion

Radius of shoulder

The thicktress shal l  be as

z  = 2 0 0  m m

l'=approx. 220 mm

"l?=25 mm or more

the or iginal  s ize
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tesl  piece ehal l  be
nominal diameter

F i g .  2

( 21 No. 2 Test Piece This
not more than 25 mm in

Un i t :  mm

uaed for ten6ion test of  Bteel bars
(or distance across f lats) of  the

( 3 )

The gauge length t-  should be 8 t imes the diameter (or distance across f lats)
at,  and i f  the test piece has enlarged gr ipped port ion, the length of paral lel
port ion J 'shal1 be approximately 9 t imes diameter D.

Further,  the paral lel  port ion of this test piece may be f inished by ma-
chining.

No. 3 Test Piece This test piece shal l  be used for tent ion test of  steel bars
over 25 mm in nominal diameter (or distance acrosE f lats) of  the mater ial .

The gauge length a 6hould be 4 t imes the diameter (or dfstance across
{ lats) D, and i f  the test piece has en}arged gr ipped port ion, the length of
paral lel  port ion P Ehal l  be approximately 4.5 l ime6 diameter D.

Further,  the paral lel  port ion of this te6t Diece may be f inished to a
diameter of 25 mm and over by machining.

No. 4 Test Piece This test piece shal l  be pr incipat ly used for tension test
of steel cast ings, 6teel iorgings, rol led steel,  mal leable i ron cast ings and
nodular graphite i ron cast ings. And i t  shal l  also be used for tension test of
bars and cast ings of non-ferrous metal  (br al loy thereof).

( 4 )

Divis ion of



3
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F i g . 4

Gauge length , =50 m'xl

Lengfh of Feial lel port ion P:appror, 60 mm

l ) lqnret i r  ' ) r  14 mDl

.nadluo oI ohoulder n. ls mm or more

This tesl  piece is required that lhe sect ion of the paral lel  port ion is
f inished lo a circ le,  but i t  Ehould not be f in iEhed, as a rule, for mal leable
caGtings. Where the test piece of dirnen€ions specif ied above can not be
obtained for the reason of the mater ial ,  the diameler of the pereUel port ion
and the gauge length 6hall be determined by the following formqla- In this
case, ihe gauge length may be rounded up to an integer.

where, 4 represents the sect ional area of paral lel  port ion
o f  t h e  t e 6 t  D i e c e

(5) No. 5 Test Piece This test piece shal l  be pr incipal ly used for tension test
oI pipes and tubes, steel sheels el ld non-terrous metal  (or ei loy thereof,
sheets and sect ions.

L-aJA  =3 .54  D

Fig. 5

Radius of 6houlder

width of gr ipped port ion

Cauge Iength

Length of paraUel portion

width

Radius of shoulder

I- =50 ml,

P=epprox, 60 mft

w = 2 5  6 m

R = 1 5  m m  o r  r n o r e

The thickness shaU be as the o. iginal  s ize. For thin ateel aheets only,
the folowing shall be applied.

I  =20 - 30 mn)

A =30 mm or more

fT-
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(61 No. 6 Test Piece This test piece shall be principally used for tenalon teat
of aheets and sections with a thickness of not more than 6 mm.

Gauge length L-WA
{A repreaents the aectional aree
of persllel portion of the lest
piece).

Length of parallel portion P= t + approx- l0 mm

Width w=15 mm

Radius of ahoulder 1c.l5 mm or more

The thickness 6hall  bo a6 the orlglnel slze.

(7) No. 7 Te6t Piece This test piece shall  be priDcipally used for tenElon test
of atool I loto, €tcel platcB nnd sql|nro Bleel of hldh tcnstle stren8th

l r g .  t

Gauge length L-+1/A
(.{ repreeents the Bectional eres of
paral lel port lon of the te€t ptcce).

Length of paral lel port lon P= approx, l .  2 ,

R,adius of 6houlder x-15 mm or more

The thickneas 6hall be aa the ortgtnal size, eJrd, aa a rule, the
width should be larger than lta thicknesa ir size.

No. I Te6t Piece This test piece 6hell be prlnctpally used for tenslon test
ol generel iron castings. It shall be made out of the aampla tDlth the dtmen-
6lona glven in the Table, and the parallel portion shall be finished to the
diameter D.

( 8 )

r r g .  o

Flg. I
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mm

Divlslon
of teat
plece

Size ot cested
8allple (dle. )

Length of
perallel portlon Dia.

Radlu6 of
ahouldcr

R

8A

8B

8C

sb

Approx. 13

Approx. 20

Approx. 30

Approx. 45

Approx. S

Approx. 12. 5

Appro i .20

Approx .32

I

20

32

l8 or more

25 or more

zl0 or more

64 or more

(g) No, I Te6l Plece ThlB teBl piece shall be prlncipelly used tor iension test
oI 6te6l wlrea and non-feraous metal (or alloy thereof) wlres.

F l g . 9

Unit: mm

(  l0 ) No. l0 Tcsl Plcce Thls to8t ploco BhaU be prlnclpolty uaed for tenslon
leal of depoaited metal, Bteel forglng6, ateel castlngd end rolled a[eel.

F l g .  l 0

Cauge length

Length of parallel portiotr

Diemeter

Radius ol 6houlder

t-=50 mm

P=epProx. 60 mm

D'12 ,6  mm

R.ls mm or more

In care of deposiled metal, the whalc parallel portion should be made of
deDosited metal.

Divl6ion of
teat piece
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(l l) No. l1 Test Piece This test piece 6hall  bb used for tension te6t of pipe6
and lubes, where the test is carried out on a 6pecimen df tubuler form.

Fig .  r r

Gauge length , =  50  mm

The cross-sect ion of this te6t piece shal l  be lef t  eame as cut f rom the
original Inaterial, and its both gripped ends shou1d be either inserted lf,ilh
mardrels or f lat tened by hemmering.

Furlhcr,  in the lat lca case, the length oI paral lel  port lon ahould be
100 mm or more.

(12) No. l2 Test Plcce Thl6 teBt plecc 8l1al l  be pr lnclpal ly uaed for tenalon
test of  pipes and tubes, where the tesl  is nof catr ied out on a specimen of
tubula.r ' form.

F ie .  12

Cauge leDgth

LengLh of parallel portion

Radius of shoulder

Z=50  mm

P=approx. 60 mm

i= l5 lr lm oi more

Unlt: mm

Division of
test plece

124

t2B

t2c

width t'

l 9

25

38

Both gripped ends of the test piece may be flaltened by hammering at cold
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principal ly ueed for tension(13 )  No .  13  Tes t  P iece
teat of plates.

This iesi  piece shal l  bt

Fig. rJ

Unit: mm

Division
of iest widrh Gauge

length

Length of
paral lel Radius ol

shoulder
R

Width of
gripped
Portion

a

1 3 A

1 3  B

20

t2 ,5

8 0

5 0

Approx. I20

Approx. 60

20 -30

20  -30 2 0  o .

The thickness shal l  be as the or iginal .  s ize.

( 1 4 )  N o .  l 4  T e s t  P i e c e

(a) N;.  l4 A Test Piece This test piece shal l  be pi inclpal ly used for
tension lest of  s leel .

Fig. l4

Cauge length

Length of paral lel  po.t ion

Disjneter

Radius of shoulder

L - 5  D

P = 1 5 . 5  - 7 )  D ,  p r e f e r a b l y  ?  D

D shal l  comply with the Bpecif icat ion
of the standards for materlala.

i  = l5 mm or more

(b) No. 1{ B Test Piece thi8 test plece shall  be princlpally used for
tension test of steel, pipes and tubea where the test is not cerried out
on a specimen of tubular form.
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Fry. rb

L =5. 65 JF
(A represents th€ sectionel area of
paral lel port lon of the te6t plecel,

P=L4{i - 2w), preferebly Z+2 ur

n, stratl comply with the opecificetion
ot the standards for Daterlals.
But, rY ahould ba ool rhora thdr
four time8 the thlcloeae.

Radius of Ghoulder R:15 mm or morc

The thickness shall  bo es the origihal slze.

(c) No. 14 C Te6t Piece This le6t piece 6hFll be principelly used for tenoion
teat of pipes and tubes where the te6t is carried out on e specimen of tubular
form.

Fig, 16

Gauge length L  "5 .65  JA
(,{ repre6ent8 the aectlonal area of
parallel portion of the te6t piece).

4. Toleraqcq on Nomlnal Didensions of Parellel Portion ol Tett Plece

For machined pelallel portion of the teat piece, machlnlng error within toler-
ance given fut the lollowing lable shall be ellowed on the nominel dfinension.

Gauge length

Length of pe.rallel portion

width

Unit: nItn

Range of dimension

Over  { (exc l . )up

Over 16 (excl. ) up

16 (lncl. L

63 (tDcl. )

r  0 .5

L  O . 7
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5. Variation of Dimension of Perallel Porlion of Test Piece

The vaiiaiion of dimension (difference b;tween th€ maximum value end the
mlnlmum value) of the parallel portion of a tert piece finished by fiIechiDlng shall
contorm to Table I and Table 2.

Table l. In Case of Circula-r Sectioh

Diameter of mechined parellel portlon Variation

Over 3 (excl. , up to 6 (incl. )

qver 6 (excl. ) up to 16 (tncl. )

Over 16 (excl. )

0. 03

0 .04 .

0- 05

Variation

Teble 2. In case of Rectengular S€ctlon

ThickneBE and width of mechined
parallel portion

Over 3 (excl, l  up to

Over 6 (excl. ) up td

Ovcr l6 (excl, )

6 (tncl. )

16 (incl. )

o- 06

0 .08

0 .  l 0

0, l I  rcccsR^ry, lo pornl lol porl lon of tho tost plcce rnny bo narrowcd wlth n
taper towsrd the f i lddle withln the vdlue of varlat lon of dlmenslon prescrlbed aboye.

Unit: mm
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APANESE INDUSTRIAL STANDARD

Method of Tension Test for
Metal l ic Mater ials

Scope

This stendard covers the method of tension test lor metallic msterials.

Definitlon of Terms

UDC 620.172:669

J  ts

z 221t-t968
(Rearfirfted l97t )

l .

2 .

The deflnitions of prihcipal terms u8ed ln thls standard ere 6s tollo\ra:

( l )  Tenston Test ts a test to determine al l  ora partofthe prcpert ies, t .e.  y leld polnt,
proof stress, tensile strength, elongstlon and reductlo[ oI area by gradually pulllng

. a test piece on a testing machine.

(2) Parallel Portion of Tension Test Plecd is the portion having a uniform sectlon ln the
middle part  of  the test piece,

(3) Cauge Length of Test Piece means the distance between two points me.rked on the
paral lel  port lon of test piece over whLch €longat lon ls to be determlned.

(4) Yield point includes an upper yield polnt and e lorver yleld point,however, when there
is no fear of conjusion, the upper yleld polnt may be called the yield polnt.

(a) Upper Yield Point is the quotleni (kglmmz) obtelned by dividing the maxlmum
load (kg) exhibited before the parallel potllon oI the test piece begins toyleld,
by lhe origlnal cross-sectional area (mmz) ot the parallel portiol durirg the
tension test as shown ln Fig. l .

(b) Lower Yield Point is the quotient (kg/mmz) obt lned by di'lding the load (kg)
indicatlng nearly constant afte! the parallel Frtlon of the test piece beglns
to ylcld, by the orlglnAl cross-sectlonsl 6!ca (mmz) of the panltel porttoa
during tension test as shown ln Flg. l

F l g .  l .  Y l c l d  l b l n t

s
I

r

H
I

I
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(5) Proof Srress is thc luot ient (kglmnr2) oUtai ,reLt by.t iv jdLng the toad (kg) at which rhe
specif ied pFrmanent elongat ion occurs in r l re tension test,  by the or igiDat cross-
sect lonal a rea (mm") of rhe naral lel  port ion of the test piec€. Ur ess orher-wtse
specif ied, tbe value of the permanent elo!€at ion or "offser shal l  be 0.2 %.

(6) Ten6i le Load is the naximum load (kg) under which the test piece \yirhsrands during
t h e  t e n s i o n  r e s r .

(7) Tensi le Strength is lhe quot ient ( l .g/mm2) ohtatned by di ! id ing rbe tensi le load (kg)
by the or iginal  cross-sect ional ar€a (mmr) of the pa.al iel  port ion of tesr piece.

(8) Total Elongation is the difference of the gauge lengrh and the length between rhe gauge
marks $'hi le the load is st i l l  appl ied, expressed as percentage of the gauge lengrh,

(9) Permarcnt Elongarion is the difference berween rhe gauge lenSth and the length taken
between the gauge matks after the removnl oI the load in the tension t€st, expressed
as percentege of the gauge length.

(10) Elongat ion after Fracture (may be referred to as cal l€d slmply as 'elongat ion") ts
the permanent elongarion after f racrute of the iest piece.

( l l )  Reduct ion of Area is rhe di f ference between r j re ml; imum cross-secf lonal alea of the
test piece afler fracture and the original area in the tension test, expressed as
percentage of the or lginal  cross-sect ional area of rhe tesr piece.

3. Test Piece

3,1 The test piece shal l  be prepared in accordance with JIS Z 2201-Tension Test Pteces for
Metal l ic Mater ials,  unless otherwise specif  ied.

3.2 The sanrpl i rg and prcparat ior of  the test piece shal l  be carr ied out in accordsnce wirh
the producl specif icat ion of respect ive mater i : r ls,  and deforrnat ioD oi  heat ing such as ro change
the qual i ty of the test piece, shal l  be avoided. This is especlal ly important in the d€terminat ion
of the upper yield point,  the lo$er yield point or the proof srress,
when rough working shal l  be given to the mater ial  by shearirg.  puDching, eic. ,  rhe parr worked
shal l  be rcmoved by cutt ing, Iol lowed by f in ishingof the paral lel  po ion,

3.3 Straightenirg oI a iv ire shal l  preferably be avoided, ard i f  necessary, i t  shau be done ln
such a manaer- as Dot to al fect the qual iq/  of  thc wire ,  for examplc, by hand or the l lke.

3 . 4 ' f l l e g n u g c n r n * s s h . l l b c u s u n l l y r n n r k c d b y  l i u n c h o r a s c r l b c r .  l l o w c v c r ,  f o r  r h c
mater lal  of  lest piecc being scnsit ive to a surtace I law or havlng an extreme h.rdress, i rshal l
bc nrorkcd by n scr lbcr.  on thc pnLDlc( l  surf0cc thcrco(,

4. Test ins Machine

4,1 The test ing machine used for the tension test shal l  comply with JIS B 7721 Tension Tester.

4,2 The test ing machine shal l  be Lnstal led on a r igid foundal ion and opelated so drar the l ine
joining the gr ips should be correct ly vert ical  or hor izontal .

4,3 The test ing ) Iachine shal l  be droroughly inspected when i t  is over-hauled and reassembled,
modif led or replaced, and i t  shal l  be used after assurLlg i t  in compl iance with JIS B 7721.

4.4 Elen in th€ cases other thaD those spcci f ied above, the accuracy of the test ing n1achine
shal l  be cort i r ined periodical ly at I ixed interval ,  dependiDe on the frequency of use-
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5 .  T e s t

C r l . u l d r i r a  \ , 4 e  h o d  f o r  O b l a i n i f s  O r i s L | | r l  C r o s s  S e c r i o n d l  A r e r  o f  r l r c  l i r r a l l ^ l  l o r t i o n  o l

5.1 Thc t€st shNIl  be carr icd out usnrg gr ips sui table for the shape of the tesr picce, so that
the load is appl ied only axial ly to the test piecc d!r i rg the test.

5.2 l ' referably the specd of loading is as uniform as possible, and one of the fol lowing
h a  c - ; .  i f i p . r '

( i )  Increasi, ,s rate of stress

(2) Increasing rate o{ strain

(3) Lapsed t ime

5.2.1 When the speed of loading is considered to affect s igni f icant ly the result  of  test,  the
speed shal l  be adjusted in accordance lv i th the requirements of the product specif icat ion oI the
m a t e r i a l .  U n l e s s o t h e . ' i s € s p e c i f i e d , t h e r e s t r i c t i o n u n d e r S . 2 . 2 a n d 5 . 2 . 3 s h a l l g e n e r a l t y b e
observed, and attension shal l  be paid to eDable accurate determinat ion of the load and defor-
nrat ion to be made.

5.2.2 On deternr inat ion of ihe upter yield point,  the lower yield point or rhe proof stress,
the load may be appl ied at a sui table speed unt i l  i t  reaches 1/2 of the load correspoidirr lg to the
specif ied value, and as for steel,  af ter being over the l /2 load, the average increasing rate of
stress up to the upper yield poinr,  the lower yield point or the proof stress shal l  be I  to
3 kgirnmr,ts.

5.2.3 On delerminat ion oftensi le strength when the upper yield poinl ,  the Ioweryield point
or the prcof stress is not required to be deternined, the load may be increased to a sui table
6peed unt i l  i t  reaches - l l2 of the load corresponding to the specif ied value of tensi le strength,
and as for steel,  al ter being over the 1/2 load, the load shal l  be increased to such a speed that
the increasing rate of strain in ihe paral lel  pof i ion of the test piece is 20 to 80 %/min.
This sbal l  be k€pt also when the tension test is carr ied out subsequendy to the determinat ion of
the upper yield point,  the lower yi€ld point or proof stress.

5.3 The test tenrperature shal l  usual ly he !v i thin the range from 5 to 35 oC, and i f  necessary,
i l  shal l  be recorded. Flowever,  for the mater ial  sensit ive to the var ial ion of ternperature, the
test temperature shal l  be 20 * 2 oC, as a ru1c, aDd sbal i  comply with the requirements of the
nroduct sreci f icat ion of the nrater ial .

Test PieceJia!!{ . ,e Length, Yielcl  Point,  Proof Stress, Tensi le St i-englh, Elongat ion after_
Irracrurc (Elotrsat ion) ar ' ( l  I {cduct lou of Arc.r

6.1 The or iginal  cross-sect ional arca of the paral tel  port ion of the testFiece shal l  be the
nr€an value of the areas tak€n at three points,  i .e.  both ends and centre of the gauge length.
When i l  is nec€ssary, however,  to use a tapered test piece, the area neasured a! dre nr inirnum
aross-sect ion, shal l  be considered as the or iginal  cross-secl ional area. For the determinarion
of each cross-sect ional area, the diameter or the rvidth and the thickness shal l  i re measured at
least to 0, 5 % of the specif ied dimension by means of a sui table measuring instrument.
For the dimensions nor more than 2 mm, the measurement,may be taken to 0.01 mm,
The diam€ter for deternr ining a circular cross sect ionaL area sha1l be ihe rnean value nreasured
in t lvo direct ions inlersect ins nornral  to each other,

6 , 2  T h e  g a u g e  l e n g t h  s h a l l  b e n r e a s u r e d a t l e a s t t o t h e v a l u e o f 0 , l % o f t h e s p e c i f i e d
dinrension t ry  us ing a sui table i r reasur ing inst f l rment .  For  the d inrensions less dran 100 nrm,
the nreasurcnrent  'nay be taken to 0.1nrnr .  In  cas€ of  an extensorneter  having the f ixed gauge
iength is  used,  the t leasurenrcnt  s tec l f ied above,  shal l  be n lade previously  on the extensonreter .
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6.3 The. uppcr and the lower yield point shall be calculated using the following fomrula:

t+oyrelo pornt ' ru-; ;

yteld point d'z=#

upper yield point (kglmm2)

Iower yield potnt (kglmm2)

fdi!'i to o.s.r
r e f e  r  t o  6 , 3 . 2

original  cross-sect ional area (mm2) specif ied in 6,1

For the upper

For the lowet

Both 's, and d& may be written as '!, if there ls no fear of confusion.

6.3. r The upper yield poini shall be determined lrom the maximum load exhibited before
the parallel pofiior of the test piece begins to yleld under the load added gradually on the test
piece. When a testirlg nrachine of the dial indicator type is used, the maximum lbad t 

",(kg)just before dre pointer hal ts for a the or movlng back, shal l  be recotded,

6.3.2 The lower yield point shall be determined, Irom the load reached nearly constant
after the parallel portion of the test piece begins to yield uder the load added gradually on the
test piece. If the testing machine is of the dial indicator type, the load Ps.(kg) at which the
pointer hal ts tef fporal i ly,  or hal ts for a t ime after moving back, shal l  be recorded.

6,4 The proof stress shal l  be calculated using the fol lowiug formula:

d 6 =  
^

Nnere, , . :  pmof stress (kglmm')

& :  load (kg) dbcr ined from the fol towing procedure:
Plot a culve whlch shows the relation between
the ioad and the amount of elongation measured
by an extensometer, and draw a line parallel
to the initial straight portlon of the curve, tlrough
the point on the elongation axls correspondlng to the
specif ied permanent elongat ion ( .  ) .
Thc polDt of lnte(sectlon of the lhe snd the curve
rcp[cscnts thc lon( l  (kg).

,4. :  or lglml cross-scct lonf l l  area 1rn,.r21 sp.cl f tec. l  t , r  6.1

when it is requircd only to ascertain drat the proof stress satisfles the mlnimum speclfled
value, it may be detemrined from the result whedrer the permanent elongatlon is under specified
value or uot, after the load equal to the specified proof stress multiplied by the origirtal cioss-
sectioral area has been applied for 15 seconds to the test piece, and removed.

Remarks: The formula for the proof stress given above shall be express€d as
follows $'hen the value of the specilied perrnanent elongation !=0.2 :
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6,5 When the total elongatlon r % under the load whlch produce6 the specilled permanent
elongatlon. % ls known, the proof stress may be deterrdlned by the followlng method insiead of
that specifled in 6.4.

..4)-i:

where, d.(r): prool stress (kg/mm2) obtatned by totai elongatlol
method

Pr : load (kg) at whlch the total elongatlon under loed
measured by an exlensometer is I %.

/l.: origiml cross-sectional area (mmz) specified tn 6.I

6.6 The tenslle strength slBll be calculated using the following Iormula:

.r- A;
where, d,  :  rensi le srrength (kglmm2)

P-- : tenstle load (kg)

. / l !  :  or iginal  cross-sect lo@l area (mm2) speclf ied rn 6.1

6.7 The readlng of the load to determine the upper yield point, the lower yleld point, the
proof stless or the tensile strcngth shall be made et legst to 0.5 % of the velue. The numedcrl
value of the yleld point, the,proof stress and the tensUe strength shall be rounded off to s
whole number. l.]ut, when the obtained value of the stress is under 10 kg/mm2, th€ numerlcel
value shall Lre so roundeil off as to have two significant flgures.
The numerical values shall be all rouMed olf in accordance with JIS Z 8401-Rules for Rounding
off  of  Numerical  Values.

6.8 The elongation after fracture (elongation) shall be calculated through the followlng folmula:

r-fxroo
elongation after fracture (elongation) (%)

length (m r) beiween the gauge marks measured
according to 6.2, when the tro broken parts oI the
test piece are brought into contact on their
fractured sur{aces, keeping the centre line of each
piece in a stralght llne

gauge lengih (n]m)

l lcnr rksr Whcn a clcordrco (Cl') ls louncl lr thc nrlddle o[ fracturcd lottt of flat
test plece (see Fl8. 2), the dinenslon CP shall not be deducted tn
lrcnsurl lg lhc ( l l$ l | |ncc l rct tvccn thc g'rugc nrnrks Ot rn( l  ()2 l r  calculal .-
tng the elongatlon.

F i g -  2
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6,9.The nunrerlcal value ol the clongatiorr alter fracture (elongation) shall be ro'rnded olf
to a whole Durnbc! in sccordaiqe with JIS Z 8401-Rules lor Roundlng olf of Numerlcsl Values.
But, where tlre gcuge length ls over 100 nrnr, the value may be expressed nrore nrbrutely.

6.10 For the deternrination of the reduction of area, a test plece of round cross-sectlon ahell
be used.

6.1I Tlte reductloo of area shall be calculsted by the lollqwing formulai.

,:_4+xroo
reduction of aree (%)

nrlnlmum closs-sectlorul area (mmz) deesured
according to 6.1, brlnging carelully the ftactuEd
surfaces of the test Diece into contaci

orlglnal cross-sectlonal area (mm2)

6.12 The nunlerlcal value oI the reductlon of elea rhall be rounded off to'e whole numt€r ln
accordaDce with JIS Z 8401-Rule6 for Roundlng off oI Numerlcal Velues.

6. 13 The r$ult of tlre tension test shdll be dlEcllmlnrted by addlng the followlng symbol
dependtng on the position of fracture of the test.plece,

A : when the fracBrre occurs at a posltlon lvlthlir l/4 the gauge length froln the nriddle
point b€tween the gauge marks (Fig. 3, portion A)

B : when the fracaiiire occurs at a po6itlon over l/4 the gauge length from the mlddle
polnt betrveen the gauge marks and rvlthln them (Fig, 3, portion B)

C : when thc fracture occurs at a positlon outslde the gauge marks (Ftg. 3, ponlon C)

The division  , B and C may be considered on the length between the gauge nrarks after
fracture of the te€t plece.

6.14 The results of the test shall be hdicated together wlth the tyPe of the test plecc used.
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Relerence

Assumption ol Value in Fractured Elongstlon (Elorgatton)

When the .coal fractured positlon of a test piece ls tn (B) as defiied ln 6.13, the
v.lqe of tractured elongatlon at $e nrld-polnt betweel the geuge me*s (Ol) atd
(O2) may be assumed from the actual fractured posltton by the folloying prccedutc:

lr ls, , l

;, ;;, ;} ', ' , i:;, ;;;;;;, i;,;:,;
0 ' ;ahc ,

(l) The length between the SaWe marks (O1) and (O2) ls predlvlded tnto suttable equal
f ractlons ard gradiated.

(2) AIter the test, fractured ends of the lractured test plece ere butted to esch other
end en applopriate polnt (A) ls merked on the loqger piece, symmetrlcal to polnt
(O1) on the shorter piece, from the fractuled point (P), thus to determlne the lcngth
between (Ot) and (A).

(3) The length betv,een gauge mark (O2) and point (A) belng alr€ady dlvtded tnto f.ectlons
r, and when 3 is even number, greduetlon r/2, from (A) to (O2) is taken as polnt
(B), ard when , ls an odd number, the mid-poiDt between (a - ll/2 ad (n + lr/2
graduatlon is taken as point (B), to determlne the lergth between (A) trnd (8).

(4) Such an essumed value is calculated by the followlng fortnuLi and should be noted es
"assumed value".


