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Introduction : {

In re-rolling industries for light bar and sections, the bars
and sections are given certain specified degree of straightness
[1]. Various types of straightening machines are in use and
they may be classified broadly into three groups viz. cross-roll
straighteners, section straighteners, and stretch straighteners,
based on the basic principles on which they operate. In the
first two categories of machines, the bar is made to pass through
a set of staggered rolls, producing reverse kinematic loading
of the bar, resulting in redistribution of plastic strains, which

“secures the desired straightening.

Though several varicties of very good straightening machines
have been developed by different manufacturers, unfortu-
nately, their design development seems not to be backed up
by a detailed theoretical analysis of the plastic deformation
processes involved therein. Some analysis of residual stress
patterns and power consumption in straightening have been

made by White and Briggs [2], Tselivok and Smirnoff [3] and

Tokunaga [4]; except for the analysis done by Das Talukder

and Johnson [S, 6] and Yu and Johnson ‘[7], no theoretical

investigations have been made of thé straightening processes
and the influences of roll arrangements on the throughput
speed and the degree of straightness of the bars produced.
Below, a detailed analysis of the mechanics involved in the
straightening processes of the bars; which behave both ani-

.- sotropically as well as nonhomogeneously, along with the eval-

uation of degree of straightness of the final product has been
made. Further and closer analysis of the processes in du” ferent
types of machines has been made in Part 2.

General Analysis of Straightening by Reverse Kinematic-

Loading (Curvature Change-resisting Moment Curves)’

Assuming that the stress-strain curves based on tests by Davis
et al [8] as representative curves for ductile behavior of ma-
terials, the relationship between stress o, in reverse loading
and change in longitudinal strain, e [Eig. 1(a)], may be shown
by a family of curves shown in Fig. 1(b), for different initial

‘residual strains ¢,. The results reported in [8] show that the

defined yield point is absent during reverse loading and instead
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Mechanics of Bar Straightening,
Part 1: General Analysis of
Straightening Process

In the following paper, a general analysis of the mechanics involved in the straight-
ening process of bars and sections by reverse kinematic loading has been made.

curves are sharply curved near that region. In the following it
is assumed that:

{a) Yield point stress for an initially unstrained bar is the same
in tension and compression.

(b) Stress-strain relation in reverse loading is bilineal, which
is very close to the results reported in [8]. The assumed
bilineal relationship may be expressed as

o= Ee e< (e, +ce,)
=Ele,+ce] +E' [e—(ey+ce)le=(e,+ce) (1)

where, E and E are clastic and plastic moduli, respectively,
€, is the yield strain in reverse loading for an el¢ment
with no initial residual strain, and cis a constant and ¢-<< 1.

Let a bar with a section, symmetrical about two muiually
perpendicular axes, y and z with initial residual curvature k,
in one of the plane of symmetry be considercd.

Since the bar has an initial curvature k,, the initial resjdual
strains in the fibers at different distances from the z-axis will
be different. Hence for different fibers strain change-stress
curves will be different as shown in Fig. 1(b) corresponding
to a particular strain change, stress must be found out from
the curve of the initial residual strain the particular fiber has.
If the residual strain in the extreme fiber is ¢,;, and the residual
strain in the fiber at a distance y from the z-axis is ¢,, then

&, /(h/2) = e/y = k, )

where h is the depth of the section considered. If, due to
the straightening, the change in curvature in the bar length is
k, then from Fig. 2:

k=2¢/h
and e=2¢y/h 103
f «
K gr=0
B

Change in strain € —=—

Fig. 1 Stress-strain change curves for dilferent Initial residual sjrains
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Fig. 2 Variation of stress across the depth in bending
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Fig. 3 Initial curvature and losding moment

where, € ard ¢, are the change in strain in a fiber at y and

h/2, 1espectively.
If v, is the value of y at elastic-plastic boundary, then from

equafion (3) :
o= Eky s = Ve S Y=Y,
=[E-E’')e, + &y , Ye=<Ilyl=hrs2
where E=[E—E'lck,+E'k
go, the moment M, required to produce the change is given
y

4)

M=NEK+ (1 =NEIL, k=(ky+ck,) -

0=\=1 (5)
=E Lk , k=(k,+ck,)
where A is a parameter dependent on the section parameters
and y.
But

Ye=¢/h (6)

So, A is a function of the section parameters and the change
in curvature.

If the moment required to produce the same curvature change

k in a bar length, having zero initial curvature is represented

by My(k), then from equations (4) and (5)

vt e e

My=[E+(1-NE" KT, 0

from equations (5) and (7)‘

AM=M-My=[1-=NI[E-E’] ck,I. (8)
where M is the extra moment required to produce a particular
curvature, due to initial curvature in the bar. Writing

M/M,=M,E'/E=E’, k/k,=k
where M, and k, are yield moment and yield curvature of an
initially unstrained bar and Af, = EI k,. Equations (5) and (8)
may be expressed as .
M=k :
_=M+(1-=-NE -
AM=c[1-E’][1-Nk,
where, £ =8{/(Ek) =[] = E’'lk,+E'k
Since the unloading frcm the reverse loading is also elastic,
i.e., :

k=<(1+ck,)
k=(+c¢ck,) (9)

7

dk
the moment, which will have to be applied to produce a cur-
vature change k,, in a bar with initial curvature k,, may be
obtained by putting

MdM<0 (i0)

.=.I,

M=k =&
in equation (9) (Fig. 3); let .the corresponding value of the

moment be A7, and it may be expressed as

M, = 1+q(k) amn
Evidently < ’
2(0)=0 (12)
The corresponding curvature change &, is given by
k= l+q9+k, (13)
From equations (9), (10), and (13)
Ki=lc+ ((1-N (1-E)) 'K, (14)
So, from equations (13) and (14)
1=[{(1-N (1-E)) "' =1 -k, (15)

But X is a function of k and so of k, and k, = %,. For example
for a circular section

2 = i -
1-A=1 e sin™'(17k) + (P - 1)'*(12-2)/k*  (16)
The variation of (1 —\) with lf,. for a circular section, is shown
in Fig. 4. It can be observed from equation (16) that for circular
sections A

' 1=M1)=0 and 1-X(e)=1
]
]

loading moment (at mid-span)
bending moment required to
produce curvature change X in
a bar with no initial curvature
highest moment developed in
the plane of initial curvature
value of y at elastic-plastic

Nomenclature
¢ = a constant
E = elastic modulus for the material
of the bar M, =
E’ = plastic modulus for the material Mo =
of the bar
"~ h = depth of a section of the bar
-k = change in curvature in the bar my =
length K
k, = initial residual curvature o
k; = final residual curvature boundary
k, = highest value of k, due to varia- € = change in strain
tion in M, ¢, = initial residual strain
"k, = highest value k; due to early ¢/ = particular value of ¢,
' unloading ¢, = yield strain in tension or
M = bending moment required to compression
. produce curvature change k o = normal stress

e
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a function of curvature

n*,= a function of curvature for par-
«  ticular value of &,

a dimensionless parameter

varying between 0 and 1

a dimensionless parameter < 1

angle between the plane of

loading and plane of initial cur-

vature

a parameter, defined in the text

L~

Dy >
I won

T}

"

£=

All varjables with a bar over them are

. nondimensionalized variables defined in

the text.
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Fig. 5

and the value of A quickly approaches 1. Again, since E'<<1
from equation (15), it can be seen that unless &, is near about
1 i.e., for higher values of &,

p<<k, , (17)

Loading for Straightening

If a length of a bar has an initial residual curvature &,, then
to straighten it, i.e., to have final residual curvature equal to
zero, a loading moment in reverse direction (assumed positiv c)
must be applied to have an additional residual curvature &, in
the reverse direction (assumed positive), so that the resulting
curvature is zero. It can be seen from Fig. 3, that a kinematic
loading with curvature given by equation (13) will bring the
final residual curvature to zero value. So, the straightening
process basically involves the application of a kinematic load-
ing given by equation (13) to the section inyolved.

In the following, unless otherwise mentioned the plane of
loading will always be assumed to be vertical for convenience
of analysis and a positive change in curvature (loosely men-
tioned as ‘‘curvature’’) will always mean that it is opposite in
nature to the initial curvature of the bar length to be straight-
ened. Let the principal plane of initial curvature (osculating
plane) make an angle 6 with the plane of loading. If 4, is the
initial curvature in the osculating plane, then initial curvature
k,, in the plane of loading is (Fig. 5) .’ ;

k,=k, cos 0 (18)

So, the change in curvature due to. l\memauc loading is (Fig.
6)
E,=1+q+E,cosa (19)

IfE_,, << (1 +7),then for values of ¢ in'therange —r/2<f=<n/
2, k., has the opposite sign of &, so the change of curvature
is g

Fi=[1+n+ ik 12(1+7)>0, —=<0=<T  (20)

i
The corresponding moment developed at the section con-
sidered will be a positive loading moinent given by
=M (k, E,l)Iz.H,,,I _355 21
where M(k, k,,) represents the function relating resisting mo-
ment, change in curvature k, for initial curvature k. If @ is
thc range (20), then X, has thc same sign as k, and so

ky=1+9—I1kul, 2<9<? (22)
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Fig. 6 Effect of variaticn of the angle belween the loading planc and
osculating plane on the loading moment developed

1=
I oS
g >
= <
L 'l I% i - R——— ._L
T ¢ T n 3y A 2n 8

2

(b} Krtlz (1+M)

Fig. 7 Variation of loading moment with the angle between locding
plane and osculating plane

and the corresponding moment developed will increase the
initial curvature and loading will produce a negative moment.
However, the moment developed will be given by
A_!] =] +5- IE,[[, (I +T,‘)2 II,I'
3r

50<— (23)

=[l+9- Mﬂlt Tayls 2

=1"_follf¢:'+q, 0= Ikrl I= {I +7 _Afﬂ l;- l+q]
which is fully elastic. If however, &, =(l +1), then

- T ™
A{|=Af(k. krl)lr'l"“?"'r,] ' 505" {24}

B B
PR e ir
M,=Mi(k, krl)li-lfﬂl-l—m <0< (25)

e 2
and M, <M(k,k)z-%,
The nature of variation of M, with the value of 0 has been
shown in Fig. 7, for 1k, 1 <(1+%) and 1k, =(1+1). Thus,
M,=M, (k. 0) (26)

If a length of a bar is moved through a system of staggered
rolls in a straightening machine, then except for the end rolls,
which may be considered as ‘‘support rolls’’ for the bcam
length of the bar, all other rolls will apply kinematic loading
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