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Based on elastic-plasticity theory and appropriate mathematical model, stress and strain of
steel bars in arbitrary bending state during the process of straightening is analyzed to deduce
original ratio of curvature, the included angle between original bending plane and inflection
plane and inflection moment. Corresponding resilience is analyzed to come to a conclusion that
rebound plane turn around neutral axis to inflection plane. Roller system configuration of three-
roller equal curvature of hot rolled ribbed steel bar is proposed to solve the problem that the
steel bar rotate around its own axis during the straightening course, so comprehensive circle
straightening is accomplished and straightening precision is improved.

Keywords: Roller straightening, equal curvature, three-roller standstill, resilience.

OCHOBBIBAsICh HA TEOPUHU SJIACTUYHOCTY Y IIACTUYHOCTU ¥ COOTBETCTBYIOIIEH MaTEMATUYECKON
MOJIEJIH, IIPOAHAIM3UPOBAHBI HATPY3KHW W HAPSKEHUS CTAJIBHBIX OPYCKOB B IIPOM3BOJIEHOM
COCTOSTHMHM H3TWba BO BpeMs IIPOIlecca BBHIMIPABJIEHUS [JIST OIIPEIEJIEHHS HCXOMHOTO IOPSIKA
KPHUBUSHBL, yTJIa MEIK/TY HCXOTHOM M3TUOAIOIIEH IIJTOCKOCTHIO M IIJIOCKOCTH U3THOAHUS, M H3THOATOIIET0
MoMeHTa. AHAJIM3 COOTBETCTBYIIUX XaPAKTEPUCTUE dJIACTUIHOCTH TTO3BOJIMJI CI€JIATh BBIBOI, YTO
BO3HHMKAIOIIMHA II0OBOPOT ILJIOCKOCTH IIPOMCXOIUT BOKPYT HEATPAIBHOM OCH K IIOCKOCTH M3TrN0aHMS.
Koudurypaiust cucreMsl poJIMKOB ¢ pABHON KPUBUSHOM 10 OTHOIIEHWIO K TPEM POJIMKAM TOPSIero
peOpPHUCTOro CTATBHOTO OPYCKa, KaK IIPE/II0IaraeTcs, MOKeT PEIUThb 3a/1aUy BPAIIEHUS CTAIHHOTO
OpyCcKa BOKPYT CBOEH OCH B XO/l¢ BBIIPABJICHUs. Taxum 00pa3oM, OCYyIIEeCTBIISAETCS TTOJTHBIA ITUKIT
BBIIIPABJIEHUS, BCJIEJICTBUE UeT0 TOUHOCTb BBIIIPABJIEHUS YJIyUIIaeTCs.

PospaxyHoxk 3ruHaJIbHOrO MOMEHTY Ta AaHaJjli3 eJJAaCTUYHOCTI Ipu NpPaBJIeHHI
oGeproBux BanbuiB. [[3ins Xeowcon, JIo Crouyno

Basyrouncs Ha Teopil eracTUYHOCTI 1 IJTACTUYHOCTI TA BIAIIOBLIHIN MaTeMaTHYHINA MOJIE,
POAHAJII30BAHO HABAHTAMKEHHS TA HAIPYTH CTAJEBUX OPYCKIB y JOBLILHOMY CTAHI 3THHY ITi
Yac mpollecy IPaBJIeHHS JIJIs BUSHAYEHHS BUCX1THOTO ITOPSIIKY KPUBU3HU, KyTa MIK BUCX1THOK
3TUHAJIPHOKI IUIOIIWHOK 1 IJIONIMHOI BUTUHY, a TAKOK 3THHAJIBHOIO MOMEHTY. AHAJI3
BIAMOBIAHUX XAPAKTEPHUCTUK €JIACTUYHOCTI IPU3BIB 0 BHUCHOBKY, IO PE3yJIbTYIOUMA IIOBOPOT
IUIOIIMHY BiIOYBAETHCA HABKOJIO HEMTPAIbHOI ocl 1o miomuan BuruHy. Koudirypaiia cucremu
BAJIBINB 3 KPUBU3HOIO, OJTHAKOBOIO II[0JI0 TPHOX BAJIBIIIE Irapavyoro pebpucToro crajieBoro Opycka,
SIK TIPUITYCKAETHCSI, MOKEe BHUPIIIUTH 3a0a9y 00epPTAHHS CTAJIEBOr0 OPyCcKa HABKOJIO CBOEL OCl Imif
Jac mpaBaeHHs. TakuM YMHOM, peasri3y€eThbCst ITIOBHUM ITUKJI IPABJIEHHS, BHACIIIIOK Y00 TOYHICTD
IIPABJICHHS II1{BUIILYETHCS.
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1. Introduction

Steel bars are used for pre-stressing concrete
structural units such as beams and girders, and
forthe construction of suspension bridges among
other application in civil engineering. Roller
straightening machine with two-row staggered
arrangement work rolls to eliminate the
uneven curvature of curved bars after repeated
bending and make the curvature diminish, so
it has the advantage of small residual stress
and stable flatness to be widely used in the
straightening of steel, aluminum alloy and mag-
nesium alloy[1-3]. But with the development
of industry, especially the development of
automatic straightening technology, the tra-
ditional method can’t meet the requirement of
straightening precision. The further research of
elastic-plastic deformation to realize standstill
locking of bar in straightening process, ensure
straightening plane perpendicular, improve
straightening precision, has become urgent
problems for straightening technology [4-6].

The early works were focused on general
analysis of the mechanics involved in the
straightening process of bars and sections[7]. In
recent years, manyresearch achievementsinthe
aspect of bar straightening have been obtained
by researchers. Hamada Ryota, Asakawa Motoo
et al. noticed that higher straightness was not
able to achieved by roller leveler because of the
tilting of bars during straightening. They in-
vestigated roller leveler mechanism by numeri-
cal and experimental analysis to estimate the
limit value of straightness and bar tilting[8].
Kazeem K, Adewole conducted three-dimen-
sional FE simulation of the reverse bending
and straightening of steel bars over three ro-
tating rollers and demonstrated that the bend-
ing simulation procedure employed was able to
predict a maximum bending strain that agreed
with an existing analytical expression[9]. J. S.
Lee et al. performed the optimization of the
roller straightening process for steel cords by
the response surface method. The optimum de-
sign can reduce the residual stress of wire re-
markably and make the bent wire straight[10].
LU Hong et al. proposed a novel way of pre-
dicting the straightening stroke based on
mathematical methods and bending experi-
mental and numerical simulation. The stroke
prediction formula with high precision can be
applied to the straightening stroke prediction
in the high straightness metal bar manufac-
turing process and automatic straightening
machine conveniently[11]. Wilhelm Guericke
presented a material model, which described
the elastic-plastic stress-strain course of cyclic
tension-compression deformation with variable
amplitudes[12]. The material model can be ap-
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Fig. 1. The coordinate system on the cross-sec-
tion

plied as a subsystem in a roller straightening
process model and it has been successfully used
in practice.

The original bending of bar may be any shape, may
be at any surface. This article is concerned with the
calculation of bending moment and rebound direction
while original bending plane is at any angle to inflection
plane. Under definite inflection ratio of curvature, the
calculation formula of inflection bending moment is
deduced while original bending plane is at any angle to
inflection plane (straightening plane). The conclusion
that bouncing plane tend toward inflection plane
gradually is drawn, this provide theory basis for the
any direction bending of bars in slab edge combination
roll system.

2. Stress strain and bouncing of any
section of bar

During the straightening of bars, for any
infinitesimal section of steel bars, we assume
the original curvature to be Ao, inflection
curvature to be A» . Choose a section perpendic-
ular to neutral axis at any part of infinitesimal
section and build coordinate system shown in
Figure 1.

Assume original bending plane is x’o’Z/,
inflection (straightening) plane is yoz (the
straightening direction is along the negative
of y-axis), the included angle between x'o0'z’
and xoz plane is a, the included angle between
original bending plane and inflection plane is
y. Any infinitesimal area of the section can be
represented by rdrd0 , shown in Figure 2. Due
to the symmetry of circle section, the bending
moment of half section only need to be calcu-
lated.

For the strain of any infinitesimal area, it
can be calculated into two parts.

Strain of x’0’z’ plane

g’ = A,rcos(a —0) (1)
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Fig. 2. Any infinitesimal area of the section

Strain of yoz plane
" =A,rsin6 2)

where, Ao is original curvature; Aw. is inflec-
tion curvature.
The whole strain is

e=¢ +¢&" = Ayrcos(a —0)+ A,rsind

=r[(4,sina + A, )sin 6 + (4, cosa)cosO] (3)

L\e/t_m: Aocosa , b= Aosina + Aw,
c=+a’>+?b*, tan A = a /b, then the following

formulae are obtained.
(A, sina + A,)sin 6 + (A, cosa)cosO = c-sin(A + 0)
& =rcsin(A + 0) (4)

For perfect elastic-plastic material, when
g > ¢t (¢ =resin(A +0)), o = o,, accordingly

£ £
arcsin(-+) — A <60 <7 — A —arcsin(-—)
cr cr

When r = R (R is radius of bar), the area of
& > ¢, can be gained as follows

arcsin(g—t) —A<O0<m—-—A-— arcsin(g—t)
cR cR

g—t S r S R
csin(A +0) . o
The force exerted on any infinitesimal area
(rdrd@) is

dF = E-c-r-sin(A +0)-rdrd0 5)

The bending moment which is exerted on x
axis by the force is

dM = dF -rsin@ = Ecr® sin(A + 0)sin 0drdo
(6)

During straightening, for any circular cross
section D, stresse(x,y)is continuous at the
section. For any infinitesimal closed region
dA, dA=rdrdd. dF:=yoc(x,y)dA and
dFy = xo(x,y)dA denote the static moments
this stress about x-axis and y-axis respectively.
Take these elements as integrand expressions
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Fig. 3. The region map of the first type deformation

and perform integration at closed interval D to
obtain static moment as

F = ff yo(x,y)dA

F, = f [ xo(x, y)da

The stress of this circular section is

F= f f o(x,y)dA

Then the center of circular section stress is

denoted as
» f f xo(x, y)dA
Yx—_v_ Do
F
fD o(x, y)dA
o JJyotwmaa

X

YT T jfa(x,y)dA

The included acute angle between bouncing
plane and inflection plane is denoted as f8

x F
B = arctan(=) = arctan(—%) (8)

y F,
For upper half circular section, the calcula-
tion of bending moment and bouncing can be

divided into the following two strained condi-
tions.

(1) arcsin(g—t) —A>0
cR

2) arcsin(i) —A<O0
cR

3. Calculation of inflection moment
and analysis of resilience under the
first condition

3.1 Calculation of Inflection Moment

Under the first condition, that is meet the
condition ofarcsin(e:/cR)— A > 0, plastic de-
formed area of upper half section does not in-
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tersect x axis and integral domain can be dis-
tributed into four parts, which is shown in Fig-
ure 3, the dashed area represents the plastic
deformed area.

The stress and bending moment correspond
with upper half section can be expressed as the
following four parts.

(1) Integral domain D1

0<0< arcsin(i) —A
cR
0<r<R
The stress correspond with this domain is
o, = Ecrsin(A + 0)

The bending stress is

M, = [[am =
Dy

arcsin(g—‘)—A R
_ f R fo ECsin(A + 0)r® sin 0drd6

0
arcsin(g—')—A R
—EC f & " sin(A + 0)sin 0dO f ridr
0 0
(2) Integral domain D2

arcsin(g—t) —A<O0<nm—-—A-— arcsin(g—t)
cR cR

£
0<r< L

~ " csin(A+06)
The stress correspond with this domain is

o, = Ecrsin(A +0)

The bending stress is

M, = [[dm =
D,

_ n—A—arcsin(:—}'i’) csin(A+0) 3 3 o3
= f ECsin(A + 0)r°® sin 0drd0
0

arcsin(g—t)fA
cR

&t

€,

ﬂ*Afarcsin(g—t) Tt
— EC TR Sin(A + 0) sin 6d6 f csin(4+0) 37

aresin(—£)—A 0
cR

(3) Integral domain Ds (the upper half

dashed area)

arcsin(g—t) —A<O0<rmr—-A-— arcsin(g—‘)
cR cR

g—tg r S R
csin(A + 0)

The stress correspond with this domain is
O3 =0,

The bending stress is
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M, = [[ o, sin0r’drdo -
Dy

n—A—arcsin(%) R . 5
= . . 0,sinfr°drdf
arcsin(—%)—A —
cR csin(A+0)

n—A—arcsin(%) . R
= “* o,sin6do f

L&
arcsin(—)—A
(CR)

. ridr
'
csin(A+0)

(4) Integral domain D4

T—A— arcsin(g—t) <0<rw
cR
0<r<R
The stress correspond with this domain is
o, = Ecrsin(A + 0)
The bending stress is

M, = [[am =
D,

T R
_ fo ECsin(A + 0)r® sin 0drdo

T —A—arcsin(g—’)
cR

T R
— EC . sin(A + 0)sin 0d6 fo ridr

71— A—aresin(—%)
cR

Total bending moment of the circular sec-
tion is
M=25M,

4
i=1

4 £,4/(cR)* —¢&}
_ EcR Cos A - arcsin(&) —cosA + %
2 cR (¢R)

40 R — 2
AORE 08 o a iRy 7 o
C

3.2 Analysis of Resilience

Corresponding to the four integral domains
divided by the upper half section under the sta-
tus of arcsin(e, /cR)— A >0, Fxconsists of
the four parts

FxIZL/,;/\de
szzi!de

(10)
F, = [[or*sinodrdo
D3
Fx4 = de
I
Where dFxis
dFx = Ecr® sin(A + 0)sin 6drdo
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-
I
™
e

|
iR

= £ cos A arcsin(—%) 5
4 ¢R (cR)

4 £,4/(cR)* — &
cR in(= fcosAit( ) t]Jr

2.2 2
%cos AJ(cR)* — ¢/ (11)

Corresponding Fy, consists of the four parts

F, = [[dF,
Dy
F, = [[dF,

12)
F, :f o,r’ cos0drdo
D.

:(/é dF,

Ecr® sin(A + 0) cos0drd6 .

Where, dF, =
4
F, :ZF.W
4 £4J(cR)® — ¢}
¢R* | . () sin A (cR) Cly

= £ sin A arcsin(—%) 5
4 cR (cR)

4 2.2 2
%sin AJ(cRy? —&? (13)
C

Accordingly

B = arctan(i) = arctan(ﬂ) =
Y (14)

A):A
cos A

= arctan(

4. Calculation of inflection moment
and analysis of resilience under the
second condition

4.1 Calculation of Inflection Moment

Under the second condition, that is meet
the condition ofarcsin(e:/cR) — A <0, plastic
deformed area of upper half section intersects
x axis. The deformation region of upper half
section includes the elastic region and elastic-
plastic region, so corresponding stress regions
include elastic stress region and the region that
fails to elastic limit. Therefore the integral do-
main of upper half section can be distributed into
five parts, shown in Figure 4, and the dashed
area represents the plastic deformed area.

The stress and bending moment correspond
with the section can be expressed as the follow-
ing five parts,
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Fig. 4. The region map of the second type defor-
mation

(1) Integral domain Dn
0<0<7m—A—arcsin(s, /cR)

g
0<r< L

T csin(A +0)
The stress correspond with this domain is
o, = Ecrsin(A +6)

The bending stress is

M, = [[am =

Dll

T—A— arcsm( - (A+6) 3
= f f sin ECsin(A + 0)sin 0r°drd0

(2) Integral domain Da22
0<0<m—A-— arcsin(i)
cR

£
m <r<R
The stress correspond with this domain is
Oy = Gt
The bending stress is
M, = [[ o, sin0r’drdo =

DZZ

n—A—arcsin(%) A R 9
= th “ sin Odef redr
0

&
csin(A+0)

(3) Integral domain Dss
. € . &
7 — A —arcsin(—+) <0 <7 — A + arcsin(—)
cR cR
0<r<R

The stress correspond with this domain is
o, = Ecrsin(A +0)

The bending stress is
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M, = [[am =

DSS

n—A+arcsin(%) R . 3 .
= f ECsin(A + 6)r® sin 0drd6
7—A—arcsin(—%) 0
cR .
7r—A+arcsin(&—’)

_ cR’ o3 3 R 3
= EC <7 sin(A + 60)sin 0d0 . r’dr

7—A-—arcsin(—%
(cR)

(4) Integral domain Das

Vg —A+arcs'1n(8—‘) <0<rm
cR
0<r< &
csin(A +0)

The stress correspond with this domain is
o, = Ecrsin(A + 0)

The bending stress is

M, = [[am =

D44

g
T t

_ j;csin(A+9) ECsin(A + 0)r® sin 6drd6

anJrarcsin(C—')
cR

S .

—A-+arcsin(—
T (cR)

sin(A4 + 0)sin 6do fo csin(A+0) 3

(5) Integral domain Dss
. €
7 —A+aresin(--)<0<rx
cR

g—tg r S R
csin(A + 0)

The stress correspond with this domain is
Oy = =0,

The bending stress is
M, =~ [[ o, sinor*drdo
D5

. I
n—A+arcsin(£—‘) &
cR

csin(A+0)

o, sinOr*drdo

b4

R
= o, singdo [, r’dr

n—A+arcsin(S—’) —_—
cR csin(A+0)

Total bending moment of the circular sec-

tion is
5
M=2) M, =
i=1
60,¢° + 80, R*c® —3ER*c*
=t t6c3 cos Ay/(cR)* — ¢ +
2 3
L‘? - LI sinA(ﬂ)2 —2cosAcot Al +
3¢ sin A g,
EcR* €
+ cos A arcsin(—-
(cR) (15)
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4.2 Analysis of Resilience

Corresponding to the five integral domains
divided by the upper half section under the sta-
tus of arcsin(e, /cR) — A < 0, Fx consists of the

five parts
F, = ‘[):u[.de
F, = { f o,r’ sin 0drdo
F,= f f dF, (16)
D33
F,= [ 4 dF,
F, = —ffatr sin 6drd6
D55

Where dFx = Ecr® sin(A + 0)sin 0drd0
Correspondingly

5 5 R2 2 6 2

F=2 Fi= %COS ARy —¢ +

- c

i

+ EcR cos A - arcsin(g—t) +
ce®| 1 ) (cR)’
+?{sinA_ZCOSACOtA_SmA. o (17)
Similarly, Fyis made up of the following five
parts
F, y1 = f f dEu
Dll
F,= ff o,r” cos0drdo
DZZ
Ey= [[aF, (18)
DSS
F, = [[dF,
D44
F,= —ffatr cos 0drd0
D55
Therefore

5
Fy = ;Fl/i =
5 R2 2 6 2
= 2% iZt Iiés sin A\J(cR)” — ¢, +
c

4

+ sin A - arcsin(g—t) + (19)
3 2
+Gt8; COSA.@_#—ZSinAcotA
3¢ g, sin” A

B = arctan(i) = arctan(ﬂ) (20)
y F,
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5. Straightening roller system configu-
ration design of three-roller equal
curvature

The requirements for roller system by rea-
sonable straightening process adopting parallel
roll system are unify the residual error of bar to
achieve equal curvature, during straightening
the bar does not revolve on its axis to ensure two
mutually perpendicular straightening plane do
not change and truly realize two dimensional
straightening. The structure of roller system
presented in this paper is shown in Figure5.
Large deformation is exerted on the bar to
unify the residual error of bar to achieve equal
curvature and the bar does not rotate during
the process of straightening. The straightening
effect is achieved by the repeated deformation
in the two straightening planes and the bend-
ing state belongs to the second strain state.

Take the bar with elastic module
E = 2.06x1011 Pa, yield stress 0=4x108 Pa
and radius R=6 mm for example, the bending
moment can be obtained, shown in Figure 6,
when inflection curvature ratio is 3,4 and 5 re-
spectively under the condition of original cur-
vature ratio is 3. The included angle between
resilience plane and inflection plane varies
with the included angle between original bend-
ing plane and inflection plane, shown in Fig. 7.

It is shown in Figure 6 that under the defi-
nite original curvature ratio, inflection-bending
moment increases with the increase of inflection
curvature and decreases with the increase of
included angle between original bending plane
and inflection plane. When original bending
plane and inflection plane are in the same plane,
the inflection bending moment reaches its maxi-
mum. When the included angle between original
plane and inflection plane is 900 (namely they
are perpendicular), the inflection moment reach-
es its minimum under the same conditions.

It is shown in Figure 7 that during the pro-
cess of inflection straightening, under the defi-
nite original curvature ratio, the included angle
between resilience plane and inflection plane
decreases with the increase of inflection cur-
vature ratio and increases with the increase of
included angle between original bending plane
and inflection plane. Namely in the definite
original bending degree, the more the reverse
bending degree, the more the resilience plane
is prone to reverse bending plane; the more the
included angle between original bending plane
and inflection plane, the more the included angle
between resilience plane and inflection plane.

The included angle between resilience plane
and inflection plane is far smaller than the in-
cluded angle between original bending plane
and reverse bending plane. This phenomena
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Fig. 5. Sketch map of straightening roller sys-
tem; I — leading equipment, 2 — three-roller
straightening system, 3 — horizontal straighten-
ing system, 4 — vertical straightening system,
5 — draw off roll, 6 — bar
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Fig. 6. The relationship of recurvate curvature
ratio and bending moment
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Fig. 7. The relationship of recurvate curvature
ratio and resilience

shows that rebound plane turn around neutral
axis to inflection plane during the resilience
process of bar. So it can be deduced that during
the repeated inflection straightening of bar in
a fixed plane, the bending of infinitesimal sec-
tion of the bar in each plane tend toward the
same plane, that is inflection plane. For roll
straighter, the inflection plane is immovable
and the bending of each direction tends toward
the same plane.

Take the bar with original curvature ratio
C,=20, C,=24, C;=28 and C,= 3.0 for
example and assume the initial angle a between

Functional materials, 23, 1, 2016
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Table 1. Relationship of inflection frequency
and rebound

G,
n 2.00 | 2.40 | 2.80 | 3.00
8
1 16.55 17.86 18.94 19.41
2 8.76 8.92 9.02 9.06
3 4.26 4.34 4.39 4.42
4 2.56 2.59 2.61 2.63
5 1.72 1.74 1.75 1.76
6 1.25 1.26 1.26 1.27
7 0.95 0.96 0.96 0.96

Fig.8. The implementation of straightening
scheme

original bending plane and inflection plane is 60
degree, the included angle B between resilience
plane and inflection plane after every infection is
listed in Table 1, where n is inflection times.

It is displayed in Table 1 that the included
angle between resilience plane and inflection
plane decreases rapidly for any bar of original
curvature ratio during the inflection process of
7 times, the influence that original curvature on
resilience is small, the included angle between
resilience plane and inflection plane decreases
to a very small value after the inflection pro-
cess of 7 times. This indicates that the bending
plane has unified to inflection plane basically
after the inflection process of 7 times.

Therefore, it can be deduced that by using
slab edge combination roller system to straight-
en bars and adopting appropriate roll numbers
and inflection curvature, in two straightening
planes which is perpendicular to one another,
whatever the original bending degree and bend-
ing status are, the goal that bars can bend in
arbitrary direction can be achieved completely
as long as the bar does not rotate around its
own axis during straightening course.

Based on above research and analysis, tak-
ing bars with 12 mm diameter as objects, we
conducted experiments in the straightening

Functional materials, 23, 1, 2016

mechanism shown in Figure 8. The results
show that after bars passing through three-
roller system, the circumferential rotation
phenomenon has been eliminated. The imple-
mentation of two-dimensional straightening
in perpendicular direction of bars at any axial
cross section has been guaranteed and thus the
straightening precision can be improved.

6. Conclusions

In view of calculation of inflection moment
and confirmation of resilience plane at any direc-
tion bending of bars for slab edge combination
roll system, reasonable mathematical model is
established in this paper to deduce calculation
expressions of inflection moment while original
bending plane is at angle to inflection plane
and ascertain corresponding resilience orienta-
tion. The significant conclusions that resilience
plane turn around bar’s axis to inflection plane
and the turning angle increases with the in-
crease of inflection curvature ratio are drawn.
Thus the goal that bar can bend in any direc-
tion can be achieved by adopting appropriate
roll numbers and inflection curvature.
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