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COLD FORMING RESIDUAL STRESSES AND THEIR EFFECT ON THE
ACCURACY OF PCST-FORMING OPERATIONS
By
M. A. Shama, B.Sc.,, Ph.D.°)

PART I

Summary ]

The different scurces. cf residual stresses are
mentioned with particular reference to their ad-
promoting local ship failures. A
for calculating the magnitude and
distribution of cold forming residual stresses, for
any section, is given. The effect of the shape of
stress-strain diagram and the section characteristics
are investigated and discussed. Fusther, the effect
of the different postforming operations, with
particular reference to punching, on the shape of
the formed member is examined theoretically and
experimentaily,

It is concluded that cold forming residual stres-
ses may reach values as high as the yield stress of
the material. Further, the magnitude and distri-
bution cof these stresses depend mainly on the
assumed shape cf the stress-strain diagram, section
characteristics and the degree of bend. It is also
concluded ,that the distribution of these residual
stresses should be taken into consideration, during
the forming stage, in order to improve the accuracy
of the post-forming operations.

verse effect in
simple methed

Introduction

Residual stresses may result from several sources
such as ureven cooling after rclling, storage, bad
handling, welding (1), gas cutting ....etc. In ad-
dition to these sources, cold forming of ship plates
and sections, especially when sharp curvatures are
censidered, introduces additional residual stresses
which are prebably much greater than those re-
sulting from the other sources. These residual
stresses, when superimposed, will result in a cer-
tain stress distribution, which may weaken the
fatigue resistance of the material. Further, these
-residual stresses may have an adverse effect on the
vield strength of the material as well as the buck-
ling strength of columns (2). It ds also shown in

°) Lecturer in Naval Architecture Department Faculty of

Engineering, Alexandria University, United Arab Re-
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reference (3) that residual stresses have a romark-
able influence on initiation and propagation of
brittle fracture. : -

The role of residual stresses in promoting high
stress concentrations or brittleness, and subse-
quently local ship failure, is not fully understood.
Most of the research in this field appears to have
been directed towards measuring the magnitude
and pattern of residual stresses rather than deter-
mining their role in inducing fracture (4). Conse-
quently, in order to assess their adverse effect re-
sidual stresses should be investigated firstly in
terms of their nature and causes, magnitude and
distribution, and secondly, to determine the con-
ditions under which residual stresses may induce
failure.

Apart from structural strength consideraticn, cold
forming residual stresses
able distortions during
assembly stages, if their
any of the post-forming
culting ....

can give rise to consider-
the prefabrication and
distribution is altered by
operations (welding. gas
etc.). As a result, the formed members
(e.g. a frzme and a plate) may not fit properly
during their assembly. However, these distortions
could be reduced or perhaps completcly avoided,
in the ferming stage, by taking into acount the
effect of the subsequent cperations on the shape
cf the foned member. _

The pazer gives a simple methed for calculating

the magnitude and distribution of cold cate=istzs

vesidual stresses across any section using an expo-

nential representation of the stress-strain diagram.
The method is applied to fully and partially sym-
metrical sections, namely, rectangular and T-sec-
tions, and the results are compared with those
obtained from the two alternative simple forms of
stress-stra‘n diagram, namely, idea! plastic znd
linear ha-dening. The sectisns corsidt_?red are: a
rectangular section (300 X 15 mm) and two non-
standard T-sections, (300 % 153 mm, flange 30 X
20 enm) 2nd (300 X 15 mm, flange 150 X 20 mm).

The pzper also examines. theoretically and ex-
rerimentzlly, the change in the shape of a formed
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member due to punching « nctch at its outer edge.
The tested beam (460 X 47.5 X 10 mm) was bent

‘to @ sharp curvature using the three point method

on the Universal Testing Machine, and the change
in shape was measured by the Universel Measuring
Maetroscope. i

3

List of Notaticns

At = total sectional area

t = thickness

tyw = web thickness

tf = flange thickness

d = depth of section

b = f{lange width

h = half depth of section

hy = distance of extreme fibres, in the web

region, from the meutral axis
hs = distance of extreme fibres, in the flange
region, from the neutral axs

Xy = distance cf extreme fibres, in the web’
regicn, frem the centroidal axis

Xf = distance of extreme fibres, in the flange
region, from the centroidal axis

x = distance from the centroidal axis

y = distance from neutral axis

e = distance between the centroidal axis and

the neutral axis

Ze = elastic modulus of the section

Z, = first moment of area about the fully
plastic neutral axis

Zp = plastic modulus of the section

K = shape factor

I = second moment of area about centroidal
axis

In = second moment of area about neutral axis

Mp = bending moment

Mp = fully plastic bending moment

= Young’s modulus

I3 = radius of curvature attained by neutral
axis

a = stress

oy = yield stress

o = residual stress

o, = bending stress

€ = gtrain

ey = yield strain

tan aa= rate of linear strain hardening.

Residual Stresses Due To Ccld Bending _
Residual stresses due to cold bending is in effect
the result of two superimposed stress patterns. The
first pattern is due to bending into the plastic range
of the material and is shown in fig. (1.b). The
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Fig. 1. Bending stress distribution.
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cther stress pattern results from the process of
elastic reccvery, or spring back, and is shown in
fig. (L.a). E .

Timoshenko (5) has given a methed for calcul-
ating and measuring residual stresses. The calcul-
ations are based on the assumptions that thz
material is of the ideal plastic type and that the
section is symmetrical about the plane of loading.
Yang, Beedle and Jchnston (2) have analysec.
thecretically and experimentally, the residual stres-
ses in wide flange beams, i.e. H sections, assuming
that the material behaves in an ideal plastic fashior.
Yen (6) has presented a method based on a linezr
herdening stress-strain diagram for calculaticg
residual stresses in cold formed members. He car-
ried out some tests to determine the distributio=
of these residual stresses and claimed that if the

stress-strain  diagram, dimensions of the cross-

section and the change in.curvature are known, th2
residual stress distribution can be calculated. How-
ever, he was mainly concerned with small cu=-
vatures and shallow sections which are not norm-
ally experienced in shipbuilding. The author, iz
reference (7), presented a method for calculating
the distributicn of residual stresses, using the linees
hardening stress-strain diagram. The corresponc-
ing distributicn using an ideal plastic stress-straiz
diagram could be cbtained from the former di-
tribution by considering zero linear rate of straiz
hardening. A summary of the results of these las:
two cases are given in Appendix (I) together wit
the results obtained from the exponential repre
sentation of the stress-strain diagram.

Residual Stress Distribution Using An
Exponential Stress-Strain Diagram.

It is shown in reference (8) that the stress-straiz

diagram could be represented by. the followinz
expressicn: -

. 1/n RN ¢
g =4 c¢ :

[

where a2 = coenstant.
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Fig. 2. Idealisation of stress strain diagam.

This representation is believed to give more
realistic figures- than the other two conventional
forms of the stress-strain diagram, namely, ideal
plastic and linear hardening, see fig. (2), when the
deformations are well within the strain harden-
ing range of the material.

The calculation of residual stresses, using this
representation of stress-strain diagram, is based on
the -following assumptions:

1. Plane sections before bending remain plane and
normal to the neutral axis, i.e.

g = y/f e (2)
2. The sections considered are symmetrical about
the plane of loading and’that the latter passes
through the centroid of the section.
3. The unloading strain pattern is linear.

4. The bending and unloading stress distributions
are uniform across the flange of the T or H
sections. This assumption is valid only for deep
sections with narrow flanges. However, if wide
flange sections are considered, the non-uniform
stress distribution acrcss the flange shouid be
separately investigated.

5. The change in thickness due to plastic bending
is neglected.

It should be noted that the constants of equation
{1)ie. a and n are determined from the mechani-
cal properties of shipbuilding steel, as given by
the stress-strain diagram. The mean values are cal-
culated and are as follows (9).

a=5.3 t/sq. em.
n = 9.0

Method of Calculation
a. Bending Stress Distribution

The bending stress distribution is obtained
directly frem the equation to the shape of the
stress-strain diagram, as follows:

1
n
b =a(%)
where a constant depending on the material pro-
perties.

b. Unloading Stress Distribution

Assuming that unloading is an elastic operation,
the stress distribution is calculated according to
the simple beam theory as follows:

(ve) x =hf: IR 4)
where M . = unloading moment = bending
moment
X = distance from centroidal axis
(eex = the unloading stress at any depth
x from the centroidal axis
I = second moment of area of the sec-

tion about its own centroidal axis.

The unloading stress at the extreme fibres is
given by:

e — M. X )
Ie
x” -
Hence: (ve)xp = "X : eee. (B)

The bending moment (cr unloadmcr mome'xt) is
~alculated as follows:

'l"h1 ) .
M= [ o-y-dA ... (6)
—h,
Substituing for o from (1), we get:
+'hl n +1
\f = 2 j y n -dA (7)
A
Substituting equation (7) into (4) we get:
Th1 +1 d_A] X
pon e [ M T o
P n —-hf)

Equation 18) represents the unloading stress distri-

bution as function of the distance x and in terms of:

da = elementary area at a depth y from
neutral axis

h; and h» = the distances of the two extreme f'bres
from the meutral axis and are deter-
mined from the two equilibrium con-

ditions:
AT AT . -
fodA=0ad Jo-y'dA=0 o (9)
[e] o]
It should be noted that for fully symmeirical

sections, such as a rectangular section or an I sec-
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Fig. 3. Residual stress distribution.

ticn, the neutral axis coincides with the centroidal
axis.-On the other hand, fcr partially symmetrical
sections, such as T section, the neutral axis does
nct coincide with the centroidal axis. .
For a T section the values of h; or h. (i.e. the
positien cf neutral axis) are determined from the
fecrce equilibrium condition i.e.

hl hg

JodA = f o-dA . (10)

. 0O o
Assuming that the web area is greater than the
flange area, equaticn (10) beccmes:
h ) ho-tf ho
Jooty dy = f oty tdy T+ Joo brdy.. (11)
° ho-t¢

where: b = width of flange.
Substituing fer o} frem equation (3) and integ-
rating equation (11), we obtain, after replacing
. hg by
=d —h1
the value of hl, to be given by:
v‘\
’ d In
h = —_ - — —_— e e
=S L= ) Py (12)
* From Fig. (o), it should be noted that:
y =xTe

hIZX\v+e

c. Residual Stress Distribution

The residual stress distribution is the resultant
of the bending and unloading stress distributions.
At any depth y from the neutral axis, it is given

by:
(0r)y = (ob)y — (ve)x
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(13)

wherer o0 and (v, ) are the residud and
bending stress at a distance y from the
see fig. (3).

Substituting equaticns (3) and (8) into equation

(13}, we get:
‘T'hl
j a
—ha

Ie

The sign == represents the web and flange regons

respectively, when the web is subjected to tecsile
bending stresses, as shown in fig. (8).

Applying equation (14) for. the rectangular and

reutral axis,

1
y .n
a (X

IF.

dA} :

(or)y ==

:1|>—-

P

- {14)

T secticns, the residual stress -distributions are
given by:
i. Rectangular section:
1 2n—1
: . y.,n 2 ant n v
4 = =z a(— =—  -h e
Cc)y Y Ty Bin I
/ . {13)
Equation (15) is cbtained frem (14) by replac-
cing:
dA = tdy :
and h; = ha=h.

ii. T section
The web and the flange are treated separately.
Fer the web, replace dA =ty dy and for the
flange, dA = bdy.
Equation (14) becomes:

+ (b+ty) (he—tf)

It is noted that the residual stress disiribution

depends on the shape of the stress
section characteristics and the radius of cumva

P

-strain diagram,
ture
attained.



COLD FORMING RESiDUAL STRESSES AND THEIR EFFECT ON THE
ACCURACY OF POST-FORMING OPERATIONS
| oy
M. A Shama, B.Sc, Ph.D.®)

L PART IL

Analysis Of Residual Stress Calculasions.’

The residual stress distribution has been cal-
culated for three different sections, zs given in
Appendix (I), using the three reprssentations
of the stress-strain diagram, namely, ideal
plastic, linear hardening and exponzntial”The
results of the first two cases are bzsad on the
analysis given in reference (7) and are sum-
marised in Appendix (I). The compzarison be-
tween the three forms of stress-strain diagram
is shown graphically in figs. (4, 5, §. The nu-
merical distribution of residual stresses across
the T section (300 X 15 mm -+ FL 150 X 15
mm) is given in Table (II).

The results are summarised as follows:

1. Rectangular Section: .
Fig. (4.2) shows the residual stress distribu-
tion for an ideal plastic stress-sirain dia-
gram. It is shown that the distribution is
symmetrical about the neutral axis of the
section. The residual stress at the neutral
axis reaches the yield stress of the material.
Further, the residual stress distribution 1is
not affected by the degree of band.

Fig. (4.b) shows the residual siress distri-
bufion for a stress-strain diagrzm having
linear strain hardening range. i: is shown
that the maximum residual strsss occurs
either at the neutral axis or at th2 extreme
fibres. If the elastic core is considzred, when
calculating residual stress distribution, the
residual stress becomes zero at the neutral
axis of the section..

It is also shown -that the meagnitude of
residual stresses are lower than the cor-
responding values calculated according to
an ideal plastié stress-strain diagram. The
ratio between the corresponding values, for
the two distributions, is given by:

1— e 59785
= .
i.e. the difference is of the order of 1.2 %b.

Fig. (4.c) shows the residual stress distri-
bution for an exponential stress-strain dia-

°} Lecturer in Naval Architecture Department Faculty of

Engincering, Alexandria University, Unitad Arab Re-
public.
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gram. It is shown that the residual stress
at the neutral axis is zero, (because the
elastic core is taken into account). Further,
it is shown that the distribution depends on
the degree of bend.

s

2. T sections = & -
The residual stress distribution for ideal
plastic stress-strain diagram, as shown in
_figs. (5.a) and (6.a), is not symmetrical about
the neutral axis of the section. Further, the
residual stress near the neutral axis, on
both sides, may be as high as the yield stress
of the material. It is also shown that residual
stresses near the neutral axis are higher than
those at the extreme fibres.

The residual stress. distribution for a
stress-strain- diagram h'éi/'i'ﬁg linear strain
hardening range as shown in figs. (5.b) and
(6.b) depend in magnitude on the degree of
bend. Further, the extreme fibre residual
stresses may be higher than those attained
near the neutral axis. It is also shown that
the characteristics of the section have a great
influence on the magnitude and distribution
of residual stresses.

The residual stress distribution for an ex-
ponential stress-strain diagram, as shown in
figs. (5.¢) and (6.c), gives the magnitude of
tne extreme fibre residual stresses, which
are shown to be less than the corresponding
values obtained from the other two forms oi
stress-strain diagram. Further, it is shown
‘that the magnitude and distribution of re-
sidual stresses depend on the degree of bend
as well as the section characteristics.

From these results and analysis it is rather
difficult to state which stress-strain diagram
gives more realistic values for the distrib.:-
tion and magnitude of cold forming residuz!
stresses since this conclusion could only =
verified experimentally.

"Effect Of Post-Forming Operations On The
Shape Of A Formed Meémber

The subsequent operations on any forme=
member, such as punching, welding ... et: .
will cause a redistribution of the cold formir.g



residual stresses. As a result, the shape of the vature due to punching, dniling or machining
formed member will change since the section a notch at the outer edge of a beam will be

will be subjected to bending moment and nor- considered.

mal force. This change in shape could be cal- The change in curvature could be calculated
culated in terms of the change in curvature at from the bending moment resultmg from the
each point and also for each operation. unbalanced distribution of.residual stresses as

In the following analysis, the change in cur- follows:
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i araa

— (17)
Pr EI
where: Mr = relieved bending moment, and
is given by: -
ve
Mr =, | o -dA-Y (18)
yrooo T _._“_4:
and
LI the change in the curvature of- -
Pr
neutral axis
and I = second moment of area at the
’ section under consideration, and
is given by: o
I =1+ Az '—'(afy‘-’ + 1)

second moment of area about
original neutral axis of section
total sectional area of section

where I

N P

tral axis and final neutral axis
(after notching)

sectional area of notch

second moment of notch area
about its own centroidal axis
Subsututmo (18) into (17) we get:

©y Z( op AAy>
R |

where: y, and y2 determine the depth of notch
y = distance of centroid of notch from
new neutral axis
For a rectangular section, equation (19) could
be sim_plified as follows:

ORI~
I

(19)

Yo _
112 Ay -y
7w @h—ay)y " 0)
y1
where: y = depth of notch = y»—1y,
2h = depth of section

For the sake of accuracy, the change in cur-

vature could be calculated-by dividing the depth |

of notch into n division, given by:

Ay
8y = n} .
Substituting 8y into equatiéh (20), we get:
1 12y o 5 |
1 123 h—( = 1)=2
= g h—G =1
i=1 [Zh—isyp ~°r (21)
where i = 1,2, 3 ...n
— . 3y
= h— - —_—
y i—1)-

It should be noted that when welding or gas
cutting operations are considered, additiona! re-
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crease or decrease the expected change in shape.

It should also be realised that apart from the
local distortions resulting from the change in
curvature, there will be a corresponding distor-
tion at the outer end of the frame as shown
in figs: (7, 8). The accumulative effect of this
type of error is believed to be one of the major
factors affecting misfit between prefabricated
sections.leading. to increased assembly times and
rectification costs. Therefore, in order to obviate
this source of error, the expected change in
curvature should be taken)nto account during
the forming stage, however these corrections
are difficult to mcorporate into the present
methods of- cold forming. When rnumerically
controlled forming machines (7) are used,
these corrections.could be easily. incorporated
into the forming data. '

In order to asses the degree oi change in
curvature, a test was carried out ¢ a rectan-
gular section beam.

Test Procedure And Resuits
The main objective of this test is 10 show the
effect of punching a notch at the outer edge on
the shape of a cold formed member.

a. Test Spécimen.
A rectangular section beam (450 X 47.5 X
10.0 mm) is cut from a 10.0 mr steel plate.
The length and depth of the specimen were
limited by the capacity of thz available
bending and measuring devices.

b. Bending
The test beam is bent to a sharg curvature,
as shown in figs. (9, 10) on thz Universal
Testing Machine, in the Materiz]l Testing
Laboratory. The bending is perisrmed usin
the 3-point method.

I

Measurements -

Two alternative measurements i-- the arzie

0, see fig. (10), are taken on the Zzam usizg

the Universal Measuring Metrcscope, Czrl

Zeiss, of the Metrolooy Laboraz:zv, as ioi-

lows:

i. By measuring the angle betwezz the to
tangent lines AB and CD, see Zg. (10)

ii. By measuring the angle betwesz the t0
normal lines AE and C¥

d. Notching : : o ¥

The beam is notched at the ou:zr edge »f

the bent part for a depth of 2.3
fig. (11) in four stages as follows:

mm.
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Fig. 7. Frame shape and curvature distribution.
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Fig. 8. Distorted frame shape.

first notch is rectangular and of depth
7.0 mm.

second notch is triangular and of depth
7.0 mm.

third notch is rectangular and of depth
7.0 mm.

fourth notch is rectangular and of depth
7.5 mm. .

The two alternative measurements (i) and
(ii) are taken before and after punching each
notch.

Test Results
The results of this test are given in terms
of the change in the angle 9, see fig. (10)
for each notch. This is because the available
instruments and equipment cannot directly
measure the change in curvature at the
punched section. '

It should be realised that a punched hole
at the outer edge will not only change the
curvature at the punched section, but it will

Fig. 10. Shape of bent beam.

HOTEH N2 1
- - 2
~ ~ 3

- 4

oUTER __ LDEE

Fig. 11. Notching. T
also change the curvature at every section
along the bent part of the beam. Conse-
quently, the change in the angle 8 does not
bear any direct relation to the change in
curvature at the punched section. In effect
it represents the sum of the change in cur-
vature at every section of the curved part
ie.

* 1
dé = [ d(—)ds ’
o P o
where: s = length of curved part

A silmmary of the test results is given in the
following table:

. Notch No.
‘ 1 2 3 4
Depth
(mm) 7.0 7.0 7.0 7.5
Change in .
angle ¢ 18 | — 17 | —43° | + 44

The initial value of the angle 6, before notcing
is = 30° 37" 30”. '

From the above results it is concluded that:
i, Punching a notch at the outer edge of a
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corld tormed MEMmDEr Causes d 1oCul dapplu-
ciable change in curvature.

jii. The shape, position and dimensions of the
notch have a great effect on the subsequent
change in shape.

- iii. At a certain depth of the notch, the change
in curvaturé changes sign. This indicates
that the resi!dual stresses change sign across
the depth of section.

It should be realised that a quéntitative com-
parison between the above results and the cor-
responding calculated values is only possible
when the change in curvature at the punched
section could be deduced from the change in
the angle 9. Alternatively, this comparison is
possible when the curvature at the punched
section could be measured before and after
punching.

CONCLUSIONS

The following are the main conclusions drawn

up from the theoretical and experimental re-

sults:

1. The magnitude and distribution of residual
stresses depend upon the section character-
istics, shape of stress-strain diagram and the
radius of curvature.

2. Cold forming residual stresses, at the extre-
me- fibres and near the neutral axis, may
reach values as high as the vield stress of
the material. ‘ ‘

3. For partially symmetrical sections, ie. T
sections, the tip residual stresses depend on
the ratio of flange area to web area; the
higher this ratio is, the higher the tip resid-
ual stresses will be.

4. The effect of welding, gas cutting, punching

. etc, on the shape of a cold formed mem-
ber should be taken into account during the
forming stage, as these operations have
remarkable influence on the final shape of
the member.

5. Tests should be conducted to throw some
light on the actual distribution of cold form-
ing residual stresses and to assess the ac-

curacy of the different post-forming oper-
ations.
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Appendix (I)

Calculation of Residual Stress Distribution

for Rectangular and Tee Sections

The sections considered are:

1. Rectangular section 300 X 15 mm.
Non standard T section 300 X 15 mm
+ Fl. 50 X 20 mm.
3. Non standard T section 300 X 15 mm
-+ F1. 150 X 20 mm. :

The characteristics of these sect1ons are given
in Table (1).

For each section, the residual stress disiribu-
tion is calculated using the three assumed Zo-ms
of stress-strain diagram. The calculations are
based on the analysis given in the text (for the
exponential stress-strain diagram) and in re-
ference (7), (for the ideal plastic and linear
hardening stress-strain diagrams). The results
of these calculations are given in Table (III} for
both the web and flange regicns. The mathe-
matical expressions used for these calculz:ions
are summarised as follows:

1. Rectangular section
A general solution for residual stress distri-
bution, valid for the ideal plastic and linear
hardening stress-strain diagrams is given in
reference (7). The distribution of residual
stresses for the ideal plastic stress-strain dia-
gram is obtained from the general solution
by replacing zero for the linear raie of
strain hardening ie. tan « = 0. The berding

stress distribution is as given in reiernce
(10), 1.e



op = = (oy——eytana'*‘%tana) 1y

The sign = depends on the direction of bend-
ing.
The unloading elastic stress at any depth x

-1in expression (4).

where e = dlstance between centroidal
and neutral axes
The residual stress distribu’tion is given by:

. Linear hardening stre&—stram d1aorarn

. from the centroidal’axis is given by: or [ oy==®=D x Fy ' (8)
(ve)x = = _1\]:{_1_ x @) where D = [oy—eytan o] T [Mp(l —
' tana)+In tan « e
~ where: M =Mp (1— tag %)% Intana 3) E P I
. X P p—_ tana Mpl tana 4 Intana
and is given in reference (10). T, (1—-) —1,
Hence{‘(oe) x= & [Mp(l— tag a) + Ideal plastmfstreis—stram dlagram:
e
Intana].__ ) "r/"y=+(1+_w——— 'y) (9)
c. Exponential stress-strain diagram:
From the above expressions, the residual stress From equation (16) in the text, substitute
distribution is given by: for a = 5.3 and n = 9. The residual stress ’
a. Linear hardening stress-strain diagram: distribution is then simplified to:
« k B 0.111
oploy= = —22 )(1 — 5 Y ©) o =A=By =Cy (10)
b. Ideal plastic stress—strain diagram: 5.03 2.111 2.111
or I where: A == {twhi —bhs +(b+tyw)
T :t(l-——--y) (6) p0.111 -
oy h _ 2111 e
c. Exponential stress-strain diagram: (h:—tf) ] T
Substituting a = 5.3 and n = 9 in equation 0111
(15) in the text, the residual stress distribu- B =153 /
tion is given by: C=Ale P
0.111 0.111
B y _/h y The residual stress distribution for the non-
or T =& [5‘3 (7) — 7.5 (T) _h_] () standard T section (300 X 15 mm =+ Fl. 150
9. T section X 20 mm) is given in Table (II) for three
For the T section, substitute for x = y — e radii of curvature.
TABLE 1
Sections Characteristics
ITEM Rectangular 5 CM Flange 15 CM Flange
section T section T section
Deptn = d CM 30.0 30.0 30.0
Web thickness = tyw CM 1.5 1.5 1.5 °
Flange width = b CM - 5.0 15.0
Flange thickness = tf CM - 2.0 2.0
Sectional Area = ATCM? 45.0 52.0 72.0
Distance of extreme fibres :
from centroidal axis = Xy CM 15.0 16.9 20.25
Second moment of area = Ie CM* 3375.0 4563.7 4652.5
Sectional Modulus = Ze CM3 225.0 270.0 229.7
Plastic Modulus = Zp CM? 337.5 427.1C 372.0
Shape Factor = K 1.50 1.5681 1.617
Second moment of area about .
neutral axis = I CM?* 3375.0 4573.32 . 5665.5
Sectional Modulus about
neutral axis = Zn CM3 225.0 254.0 236.5
Distance between centroidal
axis and neutral axis —= e CM 0.00 0.43 3.75
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TABLE [I

Residual Stress Distribution For The T Section
(300 X 15 mm, FL. 150 X 20 mm)
Using An Exponential Stress-Strain Diagram

4N

Location Distance or /‘,y
{  from i
t NA p = 800 CM p =400 CM p= 200 CM
0o -+ 0.1963 + 0.2115 + 0.2290
1 +-1.0891 + 1.1762 + 1.2710
2 + 1.0539 -+ 1.1379 -+ 1.2300
Web 4 + 0.9093 + 0.9840 + 1.0630
Region 8 + 0.5423 + 0.5885 .. + 0.6370
12 + 0.1403 + 0.1575 " + 0.1660
16 —0.2777 —0.2935 —0.3210
21.95 —0.9147 —0.9855 —1.0630
- 0 + 6.1963 +0.5115 + 0.2290-
1 — 0.6965 — 0.7532 — 0.8135
Flange 2 —0.6613 — 0.7149 — 0.7720
Region 4 — 0.5167 . — 0.5610 — 0.6030
6 —0.3387 —0.3715 —0.3980
8.05 —0.1497 — 0.1655 —0.1790
TABLE 1]
MATHEMATICAL EXPRESSIONS FOR RESIDUAL STRESS DISTRIBUTION
STRESS STRAIN VIAGRAM
SECTION Y IDEAL  PLASTIC iLINEAR HARDE NING EXPONENTIAL
’ Ior
(em) r/ad
o.111
Rectangular| 200} ¥ 1.0 3 0.1y 10.98830.0988y | £1A7TTY 3 0.4509y
o111
300x15 (400| * 1.0 ¥ 0.13 +0.988 3 0.0988Y 11.0883 3 o.14 Y
mm
a. 11
800) £1.0 3 01y to.988 7 0.0988Y | £1.008y 3501293y
Webit1.04 10.0936Yy |11.048 30.135'Yy ¥ o tit
Tee  [*°0|FL |30.96 00936 3 |F0.928 o35y | O0%1= LI7T7y 30184y
300 x15 Webl 1,04 5 0.0936y [+1.038 5 0.113 y ot
oom - + - 0.
™ 400icy 70961009364 [F0.94 *o0.113y 00472110884  30-1095Y
Fla.ng e
1Webl t1.04 7 0.0936y | 1033 30.4034 , ot1_
53;’20 800{f, 0.9 5 00926 4 10.94510-102‘% 0.0436 £1.008Y  30.1012Y
Webl*1.29950.08Y T1.503 30.135 ottt
Tee 20018 o 008 3 10.4745420.13553 0.229 £1ITTY 5 0.1345Y
300x15 ;
Web+4.299 3 0.08Y *1.39330.107 oM
F;::ge 4001F1 13 6701 % 0.08 § :0.53310.107% 0215 L1.088Y 304243
150220 |g00 Webl £1.299 008y 11.34 3 0.093y o198
mm F1. {5 0.701 £ 0.08Y F0.63810.093y 0.1963 £ 1.008Y Fo-1152y






