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ARTICLE INFORMATION ABSTRACT

Original Research Paper The current paper deals with the cyclic softening/hardening and strain ratcheting behavior of circular
Received 16 August 2016 steel tubes under repeated inelastic pure bending. A relatively simple mathematical solution is proposed
Accepted 23 November 2016 to tackle the problem. Key physical features involved are the elastic after-effect, accumulated cyclic

Available Online 04 January 2017 (creep type) ovalisation of the cross-section, cyclic plasticity including the Bauschinger effect, cyclic

Keywords: softening/hardening of the material and ratcheting effect. The moment-curvature formulation of the tube

Steel circular tubular is derived in an ovalised configuration. Tvergaard stress-strain relation is used to describe the elasto-
Monotonic and cyclic inelastic pure bending plastic stress—strain relationship of the material. This continuous nonlinear constitutive model
Cyclic softening/ hardening behavior considerably abridges the solution. A combined nonlinear kinematic/nonlinear isotropic hardening rule

is used to describe the cyclic uniaxial stress-strain. The analysis of the low cycle pure inelastic bending
of the tube is performed under a curvature-control regime. The cycle by cycle growth (creep type) in the
ovalization of the cross-section is modeled using a modified version of the Bailey—Norton creep law.
The model predictions are examined against a number of available test data on the inelastic monotonic
and cyclic bending of tubes and reasonable agreements are observed.
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Fig. 1 Schematic strain profiles in a tubular section subject to inelastic
monotonic pure bending

AL s o sy gade o b e o3 G5 i o fagsb 1 S
el

RN

Fig. 2 Schematic stress profiles in a tubular section subject to inelastic
monotonic pure bending

AL o o sl laie o b gde b 43 5 s o s 2 JSb
O 3

&8 olazyb (Al Lied Cod wabald S ki gleas s al
gac glaie o B35 e oy b g 1 Ko Billae gie gl jo 13,5
gy amlys 2 IS llas
S GRS g A 5 4850 slagally 251 slagSs o
Goyial)ly 5l eslaul b aS sl yios cod 3 Jeb sla)l o g lad
by ©jgon cels v S 5 el 9 (15 lsie 4 epy 5 Opy
e=e/ey (1)
2O S GRS g G Byre i S 48y 507 slayl )l e
el ahatio gl 13> cend agl5 O g el s U ) B 0 590
(7) aasly yo a5 ol s 6 51,0 0 am g abold 7 (593 sla IS o
Mpr 5 5 6 510 G259 dag alold gy = 0.5 .ol 00l iy ya5

G0 =0/0, 3

ol G5B U5 el U g 590 Gy o alold
M Las ied 5,050 cov L5 S e o Jols 6l Gk

g Gl

® Schematic

12 o jlesis 16 095 1395 suiml (e Suilse wiie

G555 a5, 5 sl |y Ml e polie 50s sl Jan 5 amse
amd e a3l aliles] slaosls b avylie 10 adig ) i (5 o
2 oNg G S (2 egad 50 SV 5 iz 5l g3l
S 5 5150 2014 Lo 5 alaz losgai e 1525 J31s gzl
syl bsks rdge S gsdge ALl adlas Sy o [17]
I8 sy 930 1y gl (gyemme (5,155 i (Fo,05 gl obye
Al landlas o [18] o)) Ken 5 Sty 2016 Jlo ,o sols
S3U e sladivg (Swigder g odg e e (2l o )13,
alllass go sls Lalls as (g 05 b o |, SSB0AL. )5i55; go¥ s
adsls )3
dolie 10 a8 col o] Silo oo5a YU 4o sadasl)] 8 Slool 4950
Sl )3 gose S8 e 5 SRl ansen sleanT L
59 8 et £k slass iz o Vs sladly) s, ol
s b axzlge 3 zrhae 9,505, o (o2b; Jebow las 5 slojle as
oy Cod aBIS s eadpbel ol bl sla)lS stes e
@ L8, Jelos sl o2k, sladel, sl ooy Sy IS L
alal) ety 2b) sladae 25150 ailioe ;30 s o piny (6 e
Silodnd Sl ajas cpl 5 o3p (P Djgo 8557 S
e ShF enn s Gz (Sustes [ Susicsn slats,
Slp ol sladzely anugs 13 wlaislas mol> & jgod 1) 0ads ) i
oS By )3 3V syl ablie ;o 0ig) ey s e (2l E5S5e
el Cpott] ()5 glas > el alls
A s o Sl o i 83 b3 o 3
49y
D/t < peed lax L-- Vg sl gac S L8, iy cpl e
b s el ) Sl 3 gy LAl et (65 o 30)
Sl o 5 53 4580 Jelod @l 51008 (0 (omyp (el Oj50
odliinl glaz o Al ied cod “Jsjld):-"-'; mels) s, Jeles
el 2 2 Qo cnl yo 8, 54 sloas 5.0l walss
L 5 @l 5 5 e 51 U o sl el o o
ROV U029 ZL;S
Slwly )3 0j9me ST sl pS Sle p oad planil flos @
JOWH PV SN YO PO S SR 351 PRIV N SN
a3 sl yS) ead syl glai,S oo dlg ahais
wile o (3l s (canlis
R j‘awu s 18 las )3, e
S (o S 4°lf)95 abl,
g L Cod LSS e 5 plae el oo @
UV N W VA
Uy elaia S50 5 e o | o) gl ad o o
el ooy aid 558 50 i SO O jgo 4 oS Sl e
abaly Golal p 5uSs IS )L e o phalie (Saboane
Wy ol osisi S5 S e s [19] e e
el o a3 S L o ol dlie 5,8 solyiing

! Elastoplastic

? Local or global instability
® Proportional limit

* Tvergaard

758


https://dorl.net/dor/20.1001.1.10275940.1395.16.12.20.5
https://mme.modares.ac.ir/article-15-2757-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-03-20 ]

[ DOR: 20.1001.1.10275940.1395.16.12.20.5 ]

OO 9 (53wine Jozxo Alagay Ol )5 QIS Jo b 53V9d slalg) ablio Slad a eLTI)l e Hired (L) Judxi
gz iy ya3 ((10) abasly) 0,08 55 abasly Gobusl 52 4oy f cdA=0 @)
— nke 1/n 4
0=0p(—+1-n) (10) _
Opr oydA=M 3
A

SVgbous el N g cd wlas ol )| oo ol o o8
b, ©)pon sng S 5o (10) alal; (1) alal, ) eslinul b ol
e s 15 (11)
G=Mme+1-n)/n (11)
P ST Gy ples b3l plpe 4 Bromll
Sy 4 dmg Al 0 a5 0gd 0y,  SWghcoue 0dgde
islej] sloesls ulul 5 Gy (goue Jlake § 09 oo atiys Gr = Ep/E
ol Jo b cnlpln 0o Comay o bl digai (55) 2 A5uSy (2uiS
o3 8l s BN il (12)
Gr= % = (né1 +1- n)%_1 (12)
3l ool s )lad g LautS 4l o adly sla )b gl ey o ) 51,8
oy e o855 557 25 e | cosls S o e e
A (hte GRS 5 G pslie (5 L88 4l o o 058 e eolicl (11)
el 0als ai8 F
G, = (ne+1-m)*/ (13)
G, =—(—ng+1-n)/? (14)
Ol jlad g S 5o Bpr ol e &Sl B3 Ll
alie Jol5 job 4y iS5 JLad jo ol a5l 51,8 mllas L3, ¢ il
A 5o s g wlyS ahilie W jeme p Grlate (S0 )6 e Bl
2 Oshse By pas (B jeme 5l (15 T Cusdse (8 (nl 85
ner G555 Oeglaio o (152 o 4yl o Al 1 S8 Gl
el (15) alasl) &y guodsy € o0

=07 (15)
ety wealss (14) 5 (13) sloabel, ;o (15) abal (6 iyl L

G, =0 n+1-n)/n (16)

G, =—(-n0-n+1-—n)" 7

il g &ly sl s oyl el ) clls L5 akie She Ceand
1ld palys 0dgue
=07 (18)
il wanly (5) alslee ;o (18) b (15) 5 (9) Luly, 5,5l L
_ 256m
Tam+1)3(A—n%)

{ —osp[ (=187 + 1= n)n| ny/T— Ay +

OSp[ (-n0-n+1- n)]

4
n|J1-4n%—q 1—p—2r)2 dn +

fl/[G nl- n\/l 4n?—gq 1——n dn+
(€]

05p [(n@ n+1l-— n)n] .

4
n|vi-4n*—q ,1—p—2n2 dn +

Osp[(nG) n+1— n)] N dn} (19)

|

:QT)QdS
_ R
M=My M, n=p
a+b a’ +b
= ,= 20
5 ., R > (20)
759

59 (X 97 slse oo 51 oL g5 o) hans 232 A (T o o8
L (3 USt) ol gl 52 cnl jo G5 0 g o) e I Y alalé
weudls panlys (3) 5 (2) w¥olee yo (1) alal) 6,108
fapr-EdAZO Q)

4

Lapr ‘oydA=M (5)

ol Gebate ghaie (S B e p ) o ol Sl o
Syoe e (St 4 e ol e b sl s S a
oS sgbe alby eadb idn ghaie clle sl Ay o)z, SVolee 1)
Mie Jo ) ol o (Satiy 050) opls el ol
DB g

ol Gyt s ) SSsS 5 2 iS5 5 20 3 U o
Ao bl (SIS (chn ) 2SS S8 207 (155 827 es
Oy @ P san SasS kb 4 Syp skl cos plge 4 M (288
05 ) aats ey e (2 5 S b oy ISl Sy L
gl o pan ghate (25 S5 8 4 A3 S5 k8 Cund Glye 4
(Sl pules 3 IS 3illas
=p-b «a’ =q-a (6)

2 bl ol &8 culy (s 6L e alols 3 IS gillas
9l ge 41,5 1155 )3 (7) alaly Billas oddany g ©)j90 4 Sloslne
n=y/2b ™

Oy |y AA o Slall wab e Sl oy gae gl

g 5 Oyl

a=m-b b’

dA = 2m,/b?% — y2dy
1
dA =2m(\/b2 —y2%2 —q ,bz —Fyz)dy [yl <b' (8)

Ll e (8) abayly o @) abal) 6,85 L
dA = 4mb?,/1 — 4nZdn
05p<Inl<p

4
dA=4mb?| J1—-4n2—q l—p—n dn

[nl <0.5p 9)
e Do 4 cwls a5l 5108 GRS g S abayl ) eyl o
Y

b'<|yl<b

dA=2xdy

a

—
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used for validation of the current monotonic analytical solution.
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Fig. 4 Comparison of the ovalization-curvature curves from the
experiments conducted by [22] with Eq. (25)
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Fig. 15 A Q-Q plot of the ovalization at k=0 in any half-cycle between
the predictions of Eq. (38) with the corresponding experimental data
from [24]
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Fig. 16 A Q-Q plot of the ovalization at maximum and minimum
curvatures in any half-cycle between the predictions of Eq. (38) with
the corresponding experimental data from [24]
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