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Transient Response of Pressurized Cantilever Pipe Subjected to Transverse Impact at Its Tip
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Abstract: In view of the problem of pipe whip,the present paper, taking the effects of internal medium and pressure
into account,derived the large deformation governing equations based on the line element model after deformation.
With the response characteristics of cantilever structure, uncoupled bending moment and axial force of constitutive
equation taken into consideration,the bending behavior of cantilever pipe was described by adopting the experiment-
based relationship of moment and curvature. The numerical simulation shows that this model can precisely simulate
the mechanical process of elasticity, plastic hardening and softening in the initial, middle and late stage of pipe re-
sponse respectively. Some “kinks” may occur at some position of the empty cantilever pipe due to the collapse of
some sections under strong dynamic loading,showing up the “softening” behavior never occurring to solid-web sec-
tions. The internal medium and pressure can effectively impede the partial flattening of pipe section and improve its
critical curvature, thus changing its plastic dynamic response behavior.

Key words: pressurized pipeline; medium; internal pressure; impact; plastic hardening-softening

A% = e i TR TR A A I O R R R A 2 A Tt . A A SR e o ol Al 5 sl 2 e 4
T WA 25 77 A KAR T A5 il w8l g AR Ak, 1T 5 1 A AMEME SR AR N, . A LY T AR R 40 B R (AR B 5 R
JEAETE MG, T8 R F1 A ik i 5 | RS 4 38 AR TR FE 80, I DR AS R0 D0 43 o S5 S8 30 58 R Bl o 3 2k i
—
Y FE HHEA:2015-12-09
ELTWHE HRXARBEEEIH (51208289,11672165) ; + A T 72 B % FH % 5 5 3 16 2 JF ik & 4 5 H (SLDRCE10-MB-04) ;

IR A8 e S 2E AR TR0 H (J131L.G05)

EEE A X Q77 B IR B 1, 3 S 4 e 9 5 1T A9 B 5T, E-mail : feng. liu@sdust. edu. cn



e Journal of Shandong University of Science and Technology
. , I N 51
WA ETALEANREFEEABREH 0 LR

VR RE (B 1) 5 AT D R RE A PR AT LR o — R [ A R R DR A AR T ER ) 46 4 TR 1) A [ R
K IF R ZIE R AR . TR A 8 AR 5 BT 2 W R T e Al HC AT 2 R 0 7 2 — Il B it RS 2R T B O
MR LR e 1. WGy Brazier 1 64 B, 5B PR A Brazier” 00 o X6 730 36 2% J 14 560 1 - 9
PSR AL IR A BRI 5 Bk R AR AT St o TR A 7 T Y 82 R K A DR o R 5] R
BEJE M. Yu'' (Reid ") Prinjat* 4 {1 S U 52 B0 9010 5% T BV A R A0 AR Y o i b el A S 7 T AR 11 A
b 35 B R AT o TR A A T D A i S A A 2 R R OC R LTI AEE T R T T
(¥ P e 42 o 7 AR L Reid A5 %12 B0 45 4873 1 380 98 M B e AT T BB T T S AR I R A R
B8R T 51 S 09 L Bl d8nr o DR AT R AL BT B A B A

(ELASHTE A O T 1R A TR AT X8 A T 8l 1 ) 7 £ 20 f 2 6 R0 R 5 T A0 g 22 A T A A 9
FEAEMA AT I3 o 2B o 8 B % 195 i B S 485030 ol ) 2% 47 O 19 92 38 0F 58 v - Norman™® , Palmer™ LA &
Nishida"* % & B, oI 72 6 575 9 78 A BT 8 51 AR e 2 B B B/ R 342 JE . 8] A Norman'™' | Qasim™”
T Lt 4506 P9 78 U SURUK S T R 7 7K P 0 A8 A T A 92 06 B 5 P 0 KT 1 42 e 2 e 45 Al e o o7 5 b
F8 J 78 2R R o) B A AR AU B8 L O DR AR BB B MR AIR . VA R T AN ) 552 36 U R 3T 92 P A+ 1 A
S5 A R ELY G Z AL 20 R R TR A8 E 3 ) 2 8 n AL B I A R AT S R 20 0 B L AH N SR A SR ) 2 IR A
SRS AT N E R E R O T HERR HAR R R T AT 5 R R BT A BRI g A A
AT WS SCHRRLTL 1 X 23 450308 1 22 F U 1K SF R B9 N FE K 23 S0 A T A8 E R AT 1 R 9 0 I RS
iSRG . BEIEEE SRR A A A7 T RE IE 5 A A BE B A A IR A O A SR AT 8 i Bl AR A
W25 R T A . AN . TR ) e 5 A BE il i) RER 1) 15 7 o DT A SECHR T TE R B RE T

SEEIERZ S S i, BER R EE
a1

e A Jey v e o AR T TR AR A A A 0K 3 S i
Wi 1o 3 o PN 3 T 19 JBAK A7 AE T RE LA A] A 7 CRTAIL il i

SEMILB) I AT 7 S e ) AT SR TR TS S RS L |
A N i > ¥ 1Al B b 4 aly A0 15 g o _ .
7j‘j_”:.’[éﬁﬂijbﬁaéﬁtﬁlﬂﬁgﬁﬁ]}ﬁ?j%%c Zliﬁj:l:j:b% l§l1 iﬁ"ﬁﬁﬂﬁi%ﬂlﬂﬁﬂiﬂ‘]%%?ﬁ}f%‘iﬁ
TEE XN FE R A A I R AT B0 DU 52 S 6 4 R Fig. 1 Pressurized cantilever pipeline
22 JEA AN RS2, HE S 3 N U TR) R A R AR T 5 4l O subjected to impact at its tip

i, 22300 FH 7] B 2 B T X e 2R ) R g AT BE A0 .
ORI N B W FE =t DO N TS - N S e D
I 71 5 W S8 50 58 E by 3 AT g LB

1 #EHFEMKE

1.1 BEEREHTRE
FEE 1 PR R Z E b ehdy 1 F (o ER &
IR E . A IE AR VBEJRE RIS B30 R\ L
88 2 Frs FE A BB th iR 0 KB ) 4
AR N S o AL T RN FE X6 I 5 8 0

N; = N,»ﬁ—aNdsl u;, = u,»—}—%ds
v

ds

Q/:Qi+%d5 H /:‘U;‘f‘@ds o @)

ds

B2 BEFRTHRMBENARNEERT
Js Fig.2 Typical element of structure under
P AR 0 3040 T 4 7 750 360 B 9938 0 03 O configuration of large deformation

R

AL—MAJ%@{@—&+M&
as




mmﬁ*ﬁ 52 %365 F3H Vol.36 No.3
%*@ 2017 £ 6 A Jun. 2017

i(NCOS@)*i(QSin@)‘FP(l’)*Hl;/é =0
ds ds
L (Nsind)+ 2 (Qeost)+ p(y)—mw = 0
75 S1n 75 CcOS| Py mw = . )
aM  ,dw
ds —Q=J ds
KD~ ds” HBF IR 0 A B x BhZ I A ww 53 5 BCTE « Fly J7 e ERAiES

PG ) S oy BT T RSP A . MUN Q M IR 6925 B Ay gy, O = 2
R LB R AR AE (LSBT A0 B O A TR ) 22 P T AR 1 1T 0 A TR
50731 0 P 0 58 C2) o B P B B A B s LB R
Jm = mo, [ D* + (a, — 1)d*]/4,
J = mo,[D' + (4a, — 1)d"']/32, (3)
1 o = 0n/0p o
ST D od 5351 B R SMRE RN BE B « p, o S35 85 3OS TR
0 450 30 3 0 e 2 R ) IR A ELC AT ISR 1 2R T R R 4 4 1 v
3 SR 7 A KA B H A 2 B B R e o 0 RSB K R A 3 MR
[ 10 96 o 25 4 0y 3 O 5 92 0 25 49 00 0T o 4 90 2 A S R o 2 )
ST AT 4 BT
By N XK

J cdA . €]

2 N s ) s ) A5 T Tl ) 0 T o B RAR A B T 5 R A B 1) B T o, RIS T S AR BN T oy TR
HB 43 2H A B
6= omt 013 (5)
on = p:Rv/t s o = Ee ; (6)
e=VA+ud)H)"+ (wH? —1, )
Hrr, piRow BHENET VEERRMEMIARLI.
I 52 i 2 A T 2 AT Sk A T R T Y M
25 0k PR AR TR Y T AR DL SR B R Y R 4
A A SR A e Ha R R /
(9 JLART FURA ok A 2Pk 1 A% L 38 2o 1 % 5 IR =X 2R
i =X A I 4 A O el LA HE R IR . ol
i 25 St 0 S A SR A - R SE R B A
By R Nl 4 H 2 2% 1= Ao, B3 R
RV A SRS E R R A - RO R /
Lt I TR ) O B - v T 9 T o b - TRt T
g o BB Al B RO R /ZL/
2R A o ) < 2 (8) A (9D LI >
Jele)s 0 <<k <Tres M3 EEEMBL RURANNTE BRER
M=<Ff()s k. <k<ke Dc>0, (8 Fig. 3 M-k curve for elastic,hardening-softening
Filk)s k> ke Dk =0, behaviour of pressurized pipe




e Journal of Shandong University of Science and Technology

WA ETALEANREFEEABREH 0 LR 53

M,
M, +ELGc— k) e — e = e <,
EI
M=<—Ffi(k.t |c—r|)s
lf}(/cuvL/c/cb ) K<KLI*ZE—A§”,AK<OO
. ZM,
Ky — Ka EI °

9

(10)

s s i 390 0 P IR SR AL A = B B R B I B B R 5 e, LML SR SO B IR 2 BT RS A T fil R

FI
St bk A% O B A DR ST S R AR
JQ =Ft).M=0, x=1L,

w=0,0w =0, z=0,
lw(z,l):O,w(IJ):OsPi:ﬁo t =0,

VA EghJy s il o i R T T AR IS Ak bR
TR RE TR B I8 T N R BRI 5 T

TS 2 5O AR TR T LB R 5 ol "
F A8 T AR S o A 23R T B Bl T s 4 BERSHEBREEE
1.2 BE#EABNEH FESkK#® Fig.4 Discrete model of cantilever pressurized pipe

TSRS 7 B o T L BT B AR T U
By 550> o+ 1A GOBE AR 4 BR .
P 7 B (2 B B OB A -

(N.y 080, — N, cosd, )— [M ~ M, =M )

sinf;y, — ds
i

- sing, }+

i+1

] [Msingiﬂ _ Msin@i]
dS,+1 dS,

(Mi+1 * M;) _ (Mi — Mifl )

coslii
dsi ' ds;

—m;. ll, - O;
(Nz’+l Sin0i+1 - N,‘Sina‘ )— [ C()S@, }*

J |: (Wi — wi) _ (wi — we

1) .. .
& cosli o Cosﬁ,}*m,.w,:O,z:O,ly...,no
Sit1 Si

A

. o Wi+ — Wi .
sinf;, = - - - Gd=1,....,n),
ds; + i —u)® + (wip —w;)
d*f +ui+17ui
* ) 2
ds; +u,+1—u,) +(wi+1_wl‘)

cosf =

ds; i BEIRE K.
Syl iy 7 22 AR TR pb 3R ) HOR R

o= i )

dsi +wipr —w) (w1 — 2w; + wiy )— (wivy —w;) (uie1 — 2u; + uisy)

Ki

[(wipr —w)' 4+ s/ +ury —u,)" 77

F R LD I A I X i R AT 22 73 2 BN TSR A 5 72 . RCETE ¢ BRI A4S 5 7 pin ek

w! N TR T —BER " W2 AR wl el

(1)

(12

(13)

(14

(15)

TR



mmﬁ*ﬁ 54 %365 F3H Vol.36 No.3
%*@ 2017 £ 6 A Jun. 2017

Wl = ul (AD* 4 20! —ul |

wit' = Wl (AD? + 2w! — w! " [

W FRAFHIOLAS ! ool SATTHEE o IR E & LB R ey (GRC14) ~ (15)) 5 il I 0425 40 A 305 AR

P79 A 56 28 (SR C6) ~ (O FEATIHR s SRAF R A 1 )5 iz 2 B (GRA2)D B E] wf™ w!™ o R,
BV AT A R 7 B R A 4 S A sl ) 1 g e

2 BREREEERREETHEIE

g ¥ 2 AR IR VB R SO R I A A TR AL L BCSCHR L1 L TP iR U 2 25 06 7 A A S B AT
Hop A% D =25 mm JBEE r = 1 mm K L = 1.25 m . 5o bR ST 50 7 iR T HEE L o RS S
208 GPa, Ji liR 58 B 480 MPa, i fi 38 551 MPa,

R 558 W o 53 L 37 A4 1T 9 2 8 3 A o OCELAT AR R 9 P e 40 CJo P ) A FE/K (P9 15 MPa)
T PEAT B AT SO 25 R - il R OC R N AL 5 R L X R S A T BN FEK (TR 15 MPa) (YD =T
0, HLAER T 9 P B8R A R AR AT O B S R 20 900 1. 25032 A 4.0 m 'y A, TR R T A E i ol R
P 1) S 30 BT 5 H B e /0 B IR Reid S50 Bt ok 2 481 HE AT 159 FEL )y S 0 T S 00 4 S B0 48 o 3 S A BF 5 )
ol 46 28, FLE R D R A B 6 BTk, s O T R el e BT S IR 1. 0 ke SRS D T R
g o S BT SR B T I O ARE M AR IR = 41, Ar = 5.0 s SEATRUME AL

o (16)

400

‘/'/ ..... ~
4 .
350 P S
7 oo
300F 4 .
'/ .................................... \~\~

250 0~ e s
T /T~ z
cawf N, 2
= ., o

"..' =]
= 150 =
— Empty
L === Sand 6t
100 == Water 15Mpa
50 5t
s s s s s s s s " ‘ ‘ ‘ ‘
0 12 3 4 5 6 7 8 9 0 10 20 30 40 50
x/(1/m) Time/ms
E5 LG EZE-HEERM Bo SEmERNNEML
Fig.5 M curve of pressurized pipe directly from experiment'" Fig. 6 Time history of impactforce loaded at tip

7Y T A A A R A7 i A o AR R R [ 20 AR T il 2 . X b S R R i R L N AR E
T AR AL o 2 o 2 B 08 [ i A KB B SR MR L s T L SR X 7 T 8 s A il 2R A0 A i £k L AT Al EE K
P, 5.0 ms iF %0, 78 B 2 5 T o 0. 275 m il A L E L HIMR S R T REENRRME e, = 1.25 m " £
AF O AR T ) R 2t A 2 AT R R AR I AR T R BT, B R NL R A N HE R ks AL BRIV B
0.50.,0. 875 m # 1 b , [7] B 28 5 #1009 Jd 350 2 R0 A B “ G595 " AT o0 . 1 RS R o AR v B A B & L
ko kg OB AL B S5 43 B R AR IR ST A B . 4T A AR Y A BESR L L B L IR I RE I T AE R L A
TE RIS TR UG S | O SR Ak R I ATk = AR AR B Y 9 B LA = A B B A S S T R R R
KRB,

9~10 43945 T IR K (TR 15 MPa) F40 0 59 45 38 76 18 o 806 B B4k 20 28 £k 5
SCHR (12 4 x5 i 2K T 98 T 42 1) T A ) 8 A B A 9 P 8 o 7 3 R o iy 2 AR 0l e i 6, 2 BT
25 i 9 A o S 2 AR RS Bl RS AT I BRI AR B G S e T 4 A ) Y e R L X LR L 7,
PR R 0 350 At B2 A 0 BT R B A AT N



e Journal of Shandong University of Science and Technology
HABETRNAERAINRERECERIFH AR 55

/(1/m)

-0.6 -0.4 -02 0 0.2 04 06 08 1.0

x/L
EB7 ZHEEHRTRL B8 Z=EHEESMRMESHHLE
Fig. 7 Instantaneous deformed shapes of empty pipe Fig. 8 Instantaneous curvature distribution of pipe

XF P 11 ~12 755 A il 70 A it 4 0k B o 3% [T 5 o b o IR T 00 ) o) 7 5 e o A A B R SE AT 3 )

P Hole St 3203, 2 A1 4.0 mo ' AROR R AR RO G . W] A R 1] 2 S T A1 o Al 48 T 4 43 22 S

S L r S P i Al AR L S A T BT BT B AL B B A B s A R N Y 2 S R L A N T

A TR 3 308 3ok A AR T )2 R i AR TR ) 75 A A DA (A G 0 i A AR A A DA D A il A 253 R 2 T 5 T
S5 K8 4 R R SR Bl g e AT R

0F—dt=5.0 ms
-0.1}
-0.2¢
2 03}
-0.4F
-0.5¢
-0.6
-0.4 -0.2 0 0.2 04 0.6 0.8 1.0 -0.4 -0.2 0 0.2 04 0.6 0.8 1.0
x/L x/L
B9 WA 15 MPa £ 1 B8 B2 T #h & E10 NEAPEHNEESHIATEMLE
Fig. 9 Instantaneous deformed shapes of pipe Fig. 10 Instantaneous deformed shapes of pipe
10
) g
3 Fl
x/L x/L
11 MEkIN1S MPaEAE EEMHLBESGHHLE 12 AR@EDPEHEESHZ M ZES Tk
Fig. 11 Instantaneous curvature distribution of pipe Fig. 12 Instantaneous curvature distribution of pipe

5 SRS T8 PN M J5 S5 R T >R FH S 6 N R ) R -l R OC AR A R A I S i AT O L TSR S H B A
EHEKRAZCIZ ) f . BOE TR T Hoa il Oy A5 mT LA o A 40 78 1 4 T 7 8 o e 20 T 9 3 g i



msﬂﬁ*ﬁ 56 %365 F3H Vol.36 No.3
%*@ 2017 £ 6 A Jun. 2017

PR . T A X PG A T AR SR R 25 DL R it F A A B A BE T 1) 9 0 A1 G B L B S T A BRI FE T K P R i 2R
PEBRAS BN AT RS2 o BB T 3R W L v R 2 A T TE AR A TN S U o o - o s AR A AT o L TR
SR By o 1 b, 2 DR TE S TUAS BT 194 2R 2% DA T 7 (9 R 404 B BB L4515 7. N e o A ) AT LU &L
I 48K TR P14 Jg 08 et - A AR 2 5880 DA T vy 48 TE ™ I 7 oy 23 el 45 JHL 25 oty A Ay i S M o i SR AR T AR K
.

s SRR TR ) B 50 0 B A T DR Ay SRR I SRR A D AL RV A 2R R AR T L HE Bl g i e AR v Al g R
AAEFFIARIKY- o PRt Ay 7 A 3 58 I SR B8 25 R Rty g ok S 1 o T AT 8 o T TR i ] S 78 T g )3
o AR v AR A B R 1 il g 2 0 R e A B S 4 A O AT BB AE I I S 9T 3 5 2 R 1 e A 7 4
TG . A5 R RIEFE R X w1 3 A 25 RE -k g A L e S B AT A R A T SR AR E L R
P, T DA AU 4 7 T A e 10 A Ay 10 1 R SR BT R A

Btk & mas Kk $ 2 x4 (Dr. LI Qingming) & A # (2 4) 521, £ &8 A AE AN
RTRERSH AR 72 HEFLTIRT, EBH.

S 23K
[1lkEA . BBAE,RZAR.F BELALEIANAREEREEREH SHIR[]]. S F#E,2004,34(1):23-31.
ZHANG Shanyuan, LU Guoyun, CHENG Guogiang., et al. The advances on research of the impact damage and failure of
empty and half-filled tubes[J]. Advances in Mechanics,2004,34(1);23-31.
[2]JONES N,BRICH R S. Low-velocity impact of pressurized pipelines[ J . International Journal of Impact Engineering. 2010,
37(2):207-219.
[3]YU T X,REID S R, WANG B. Hardening-Softening behavior of tubular cantilever beams[ ] ]. International Journal of Me-
chanical Science,1993,35(12) :1021-1033.
[4]REID SR,YU T X,YANG J L,et al. Dynamic elastic-plastic behavior of whipping pipes: Experiments and theoretical model
[J]. International Journal of Impact Engineering,1996,18(7) :703-733.
[5]REID SR,WANG B,ALEYAASIN M. Structural modeling and testing of failed high energy pipe runs: 2D and 3D pipe whip
[J]. International Journal of Pressure Vessels and Piping,2011,88(2):189-197.
[6JPRINJA N K,CHITKARA N R. Post collapse cross-sectional flattening of thick pipes in plastic bending[J]. Nuclear Engi-
neering Design,1984,83.113-121.
[7JPALMER A C,NEILSON A, SIVADASAN S. Impact resistance of pipelines and the loss-of-containment limit state[ J].
Journal of Pipeline Integrity,2003,2(4) :231-240.
[8]NISHIDA M, TANAKA K. Experimental study of perforation and cracking of water filled aluminum tubes impacted by steel
spheres [ J]. International Journal of Impact Engineering,2006,32(12) :2000-2016.
[9]JSHAH Q H.. Experimental and numerical study on the orthogonal and oblique impact on water filled pipes[]J]. International
Journal of Impact Engineering,2011,38(4) :330-338.
[10]JLU G Y,ZHANG S Y,LEIJ P,et al. Dynamic responses and damages of water-filled pre-pressurized metal tube impacted
by mass[J]. International Journal of Impact Engineering,2007,34(8) :1594-1601.
(X% XA& HEL.F NAEANREET WA FTAGERALI] L AAEKFFROEAHF I .2016.35
(3):40-45.
LIU Feng, WU Yuelei, YANG Yuchao,et al. Experimental study on the flexural behaviour of pipeline with internal medium
and pressure[ J]. Journal of Shandong University of Science and Technology (Natural Science) ,2016,35(3) ;40-45.
[12]XI F,LIU F,LI Q M. Large deflection response of an elastic, perfectly plastic cantilever beam subjected to a step loading

[J]. International Journal of Impact Engineering,2012,48:33-45.
(FTHERB.BHET)



