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UNIFIED SOLUTIONS OF LIMIT INTERNAL PRESSURE FOR THICK-WALLED
CYLINDER WITH DIFFERENT BEHAVIOUR IN TENSION AND COMPRESSION Y

Zhao Junha& Jiang Zhilin Zhang Changguang Cao Xueye
(School of Civil Engineering Chang’an University Xi'an 710061 Ching)

Abstract Thick-walled cylinder is widely used in practical engineerings. If the limit internal pressure is calculated
accurately, it is great significance to prevent accidents and reduce risk. There are many engineering materials that th
tensile strength and tensile modulus arffadent. These dlierences have a significanffect on the ultimate internal
pressure. Previous studies have shown that only considering one aspect of the tension and compression strength and 1
modulus of tension and compression has a certain error with the actual situation. With consideration of the intermediate
principal stress and thefirent elastic modulus andférent strength in tension and compression, elastic and plastic stress
distribution, the unified analytical solutions of the elastic limit internal pressure, the plastic limit internal pressure and the
shakedown limit internal pressure of thick-walled cylinder under internal pressure are deduced based on twin shear unifie
strength theory. The correctness of the calculation results is proved through the verification and comparative analysi:
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with other literatures. The influence of radius ratio, unified strength theory parameter, tension-compression ratio anc
codficient of tensile-compression modulus of materials on the solutions is analyzed. It is shown that each unified solution
increases with increasing the radius ratio and unified strength theory parameter but decreases with increasing the tensio
compression ratio. The elastic limit internal pressure decreases with increasing filgesdeof tension-compression
modulus. When the wall thickness increases to a certain value, the shakedown limit internal pressure decreases wit
increasing the cdgcient of tension-compression modulus. Théalient elastic modulus and strength in tension and
compression have significant influence on the stability of the thick-walled cylinders. The consideration of the intermediate
principal stress féect can make materials give full play to their potential. The variable law of the limit internal pressure
with radius ratio provides reference for selecting reasonable wall thickness. The conclusion furnishes some theoretica
basis for the engineering application of thick-walled cylinders.

Key words thick-walled cylinder, twin shear unified strength theory, strengths in tension and compression, modulus in

tension and compression, limit internal pressure
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Fig. 1 Model of thick-walled cylinder

2.1 BIEARPR 4

P BE ] 1 (10 LT AR B 52 0 e vl T
152 5 A& T Aol Rt B AR IR A (281, S R (O
F L&) N

do o -0y

W-'- r =0 (2)

Arh, bn_E— bip = —o— —é [29-30), {455 [ ¥
SUkye R BT S e R,
RS 900 R S (0 B S, by = =
E* Rl E- 42 B4R b R By 5 52 R I (0 P A e
vy A3 AR R S 155 RN SR L.

=L (3) A=k (4) 43
T anag - apan \ odr ey
(6)
18 — A12821 y 2L ar
15X (6) AT TS
d?u  ag,du u
doy _ %22 " gr T M2
4 ™)
dr Q12 — 12821
Or—0g _ 1 (a22+a21du
I Q18 — d12d21 rodr
app +ap; U 1u
- -—— 8
apo r2 2) ago r2 ( )

A7) Ak @) AKX (2) T#

Ldu?  du ap
rm ra—a—zzu—o 9)

a: N 4 a
2= gk 6 B = [ =
6122 az2

EJr 1-v"
1_ — éﬁﬁ]ﬂ%%’ﬁ: Ty |r=ra = _pr Oy |r=rb =

0, jz%ﬁ (9) BIEE:

_ planap-apap)r’
(agaB — au0) (- 1)
P (a11822 — a12221) l’égf_ﬁ
(aaB + a12) (13 = 1)

(10)



94

AL AL - AN R 1 V5 o] FRT AW B PAY s 58— i 839

$28 (10) RN (6) TN S35y 8

_ p 1-8
(rb/ra)l+ﬁ - (rb/ra)l_ﬂ (ro/r)

p
(rb/ra)1+ﬁ - (rb/ra)l_ﬁ
_ pp
(rb/ra)l+'3 -
Bp
(ro/ra)"™ — (rp/ra)*
b, goARIERERS. 4B =101 E* = E- Al
vt = v B, RORMPRELSZ$r 5 B2 i g A A [
ML Er £ E-wvt v I, RoRMRIRZRLE
2 FE I 3L A AN A 4
A R A oy = T (o + o) m
Jh TR EN SR 0 < m< 1, mfE SR a S
KerfarE, VXA 1882 A E m=1, W

(rp/r)t

(11)

o o

(rp/r)**

7o =5 (1 + ) (12

izl (11) /T En, BN op > 0, FRI N
o < 0. 45E o1 > 02 2 03, NI

o1=0y, Op =0y, 03 =0¢ (13)

T o<l o, < 20 W ()

7, ¥ @2) =t (13) FeA (1a)—,fﬁ
2+2b-ab 2a + ab
2+20 7T 2420
JERE [ TN N AVE I, SEAEE ¢ o= ry A1)
N i R, BENEE r = ry Kb se it NSRS, Al
FAAPER R N IR per #F r = ra AR (12) 530 A

SRINE =

o = 0y (14)

Pe
(ro/ra)¥ = (rp/ra)**

Pe
(rp/ra)*® — (rp/ra)**
_ BPpe

(ro/ra)** = (ro/ra)*?*

BPe
(ro/ra)** — (ro/ra)**
Wk (@s) AT UE N, (14) 15

Pe 15 (B + b5~ 05apb

(rb/ra)hﬁ - (rb/ra)l_ﬁ [(rb/ra) ( 1+b

a + 0.5ab 15 B+ 08— O5a',8b
1+b )+(rb/ra) ( 1+b
a+05ab\|

1+b )|

(rb/ra)l% -

gr =

(rb/ra)hﬁ

(15)
(ro/ra)' 7 +

(rb/ra)lw

(16)

P TR A - BE [ £ (K 58 AR B A s pe

ot [(ro/ra)** = (ro/ra)* ] (1 + b)
(< = 1) (ro/ra)*™ + (x + 1) (rp/ra)

A, k=1 +b-05aeb)g,n=a(050+1).

Pe = (17)

2.2 IR AT

MW p > pe B, BHEXITERI r = ry &1
AR, BEIBYEAZ SRR AR R re, Wra <1 <re
0[] P JELRE [ 7 Ak T PR MEIRAS, re < <
WipE 2 froi.

rp Yo [H A )5
B [5] 57 40T IR

elastic zone

plastic zone

2 JFRE R fay s B Ay St
Fig. 2 Elastic plastic boundary of thick-walled cylinder

Hi3 (La), X (2)s L (12) 113
dov 2(Q+b)(1-a)o; 2+2b oy

ot 2+m-ab 1 2+m_abr 0 1©
ZITRERIfE A
2(1+b)(e-1
o = 10‘ + Cr~2+2b—ab (19)
bl 04

Forp C A WAL
%é‘?\]ﬁi&)ﬁﬁlﬂﬁ%# Oy |r:ra =-p, ﬂ?%%fé
PEX IR ) 7354

2(1+b)(a-1)
oPe (o 12 o B

p_ Ot _ a’(2+b) ( Ot ) 20
%= 1-a 2+-ba\PT 1 4 (20)

2(1+b)(a—1)
(r/ry) 2+2b-ba
A, ra<r<re
PV FTAA R NS pe BT, NEARA re, AP
AR v ERER (. po K FREITEAS AR v = re &b
(RS PEAR PR A . 5 ra = re ARAZL (17) AT 4R

ot [(o/re)* = (ro/re) ] (1 + b)
(x=mn) (rb/rc)l_ﬁ +(k+1) (rb/rc)l+ﬁ

(21)

Pc =



840 Vi =2

2 EiCd 2017 4 55 49 &

Bl QL) AN (12), AT 3R bEX N T A
e _ Pc 1-8 _
7= (rb/rc)l+ﬁ - (rb/rc)l_ﬁ (ro/")

Pe »
(oIro — (rorg? e/

o = BPc
¢ (rb/rc)l+ﬁ - (rb/rc)l_ﬁ
BPc 148
o — oy ")
K, re<r<ry.

FH T 5 [ i AR BB A AL Py i, B
(20) 5K (22) 75 r = re WAHSE, BOBMEX YAt re 5
WIE p IR N
_ o ], (L+D) (L= ) ((ro/re)*™ — (ro/re)**)
T | Sy ey ey L

2(1+b)(1-) }

(22)
(ro/r)* " +

(re/ra) 2+2b-ba —1 (23)

2.3 ZBMHARBR 4 4
Bl N p HIgRSEIE R, S8 DX Y &8 i 1 40
FRE, e =rp I, JEREG 2 2 PR BOIRAS. K

re = rp FAAK (23) AR MR N K pp A
2(1+b)(1-a)

o
Pp = 1—t(1 (ro/ra) 2+ 2b - ba

- 1] (24)

2, a< 1.
HSCHR [33] AT, @ = 10, SRR PR A
2+2b Iy

pp:2+b oln E (25)

2(1+b)(1-a)
(rb/r ) 2+2b-ba — 1

O<a<l

Ot
1-a
2+2b I
2+b oiln

Pp =

a=1
(26)
H13 (26) AI%N, J3HE[R fA7 ik 219 P AR BRAR 2
I, PR AN [RDA SR R BR N s pp TGS M, 2
FEEE P Hs 9 B A &8 — 5 BRI S HO0 IR PR B
W pp A S

3 REMSH

31 %RNA
JELRE 5 5 I 2 A SR R A AR ST e, AR
JIAT g e e . BN ) = (L) #fE . Nk

N A2 (20) FIZ (22) s, S BRI A] 1R 4 B
WA L S SNV

ot 2(1+b)(e-1
)(r/ra) 2+2b-ba —

oL, = 1(?0[ B (p+ 1-
p
(rb/ra)lw - (rb/ra)l_ﬁ
p
(rb/ra)1+ﬁ - (rb/ra)l_ﬁ
o a(2+hb) ot
le—a_2+2b—ba( " )

2(1+b)(a—1)
(r/ra) 2+2b-ba —

Bp
(rb/ra)l+ﬁ - (rb/ra)l_ﬁ

Bp N
(ro/ra)* = (ro/ra)** (ro/1)™”

A, ra<r<re.

FRVE DX B AR N T A
O_r — pC
“ (ol -
Pc

(rb/rc)lw - (rb/rc)l_ﬁ

p

(rb/ra)1+ﬂ - (rb/ra)l_ﬁ

P N
(rb/ra)l+ﬂ - (rb/ra)l_ﬁ (rb/r)l '
ro_ ﬁpc (28)

= 1-8
7o = ot — (agro?

BPe )
(ro/re)™*” = (ro/re)* ™ (ro/r)™* -
Bp
(ro/ra)*™” = (ro/ra)*™”
Bp
(ro/ra)"™” = (rp/ra)' ™

A, re<r <.

(ro/r)* +

(ro/r)"

oY ) 27)

(ro/r)** -

(ro/r)** -

(rb/rc)l_ﬁ
(ro/r)** —

(ro/0)" 7 +

(ro/0)"* -

(ro/r)**

32 REM
L GLIR ATV T, JEERE G £ A e A DRI B 4% N 71T

W SR AR A (1326 gy = ra fRANZ (27) CIEE
ALTRAR N ) A
o7=0
A G L
o= Pl2vb-ba
(rb/ra)l i (rb/ra)hﬁ
(ro/ra)¥? — (rp/ra)**

2(1+b)0't
2+ 2b-ba

g,

(29)




94

AL AL - AN R 1 V5 o] FRT AW B PAY s 58— i 841

X (29) W50, o1 = 0of =0, 03 = Tyr 02 = 07 =
S(ot v )= Son Moy < 0T g
HEN S (La). A A7 JEERE 5] R 7 58 A D 4 Jm AN o U DUHT
FIBRYEAR I, Kk i oy RN (1a), AT R
WH p M
_2(1+b)(1+a+h)
Pe= ab + 2o .
(rb/ra)1+ﬂ - (rb/ra)l_ﬁ o
(k= 1) (/1) + (c + 1) (Fo/r) ™

FIUA NS, J5ERE [ 5 BT 52 (1) N s AN e A eIk
PIEIVEAR BRORZS B85, 5 HE R 3 JR AN RE H BB
(IEAVEAR T, T B B 1) 22 SE AR A IS pm A

(30)

Pm = min{pp, pi} (31)

4 BRHIIESSH O

4.1 RRYIR L IEE

H T B UEA A R IERATE, WA S R 55
Mk [13,17, 24T LR, M a =1, b= 0 Ff, WBIZG—
o S PR IR A TrescarfE U, K AR (17) it
(26) %3

e [(ro/ra)* = (ro/ra)* |

T B/ G L (32

Iy
Pp = oiln —
Y

Pe

ASCIE A5 B (32) 5 3CHR [17] AT &5 BRAH

¥ p = LA (17) #1:X (26) 1

o (L+0) [(ro/ra)* - 1]

T (1-a)(X+b)+(L+b+a)(/ra)? (33)
[ 2(1+b)(1-a) }

Pe

t
pp_l—a/

ASCIRA AR (33) 15 3R [24] s 45 R AH

(rb/ra) 2+2b-ba — 1

[F].
SCHR [13] SR 5 e b AR S AR ], (H phy R
SEIR B AR ) oty SEDEIST [ FT AN 7 A 1 SR PR AR
TERIR R A IS py FTHSE N
. 2(1+b)oy (2+b)a r2+r12
70T 2+2b-ab "|2+20-ab 1Z2-12
_2(1+b)(n+1)
T a+b)(n+n)

(34)

(35)

A
n=alb+2)/2+2b-ab)
ne = (2 +r2)/(r2-r2)
¥ p =1 (30)77
_ (ro/ra)* -1 )
C (L-a)(L+Db)+ (L+a+b)(rp/ra)?

2(1+b)(1+ a+b)
ab + 2a

K (29) 1K (30) 1Ak i 5 45 R 515 1F )5 SCHk
[13] &5 FAHTR], A0 4 G mr IR Ak i e B A 7] (1)
JELRE [ 5 22 58 VR AT g AT A, B X (35) 52X (36)
AH .

A ITAT45 R 18 T MBI e 2 A He A5
SN, PTAR A A AN IR e} JELRE [ 5 ) i A R
P 9 P 0 PR PN s % 2 s A R P TS R A BT A, A
SCHTER ST IR BT fife v A Ay R [ 1) 2 P e AT IR 4
—fiE.

4.2 fERYXT LI IE

Shy 56 UE AR SCER R 4 B AT &R, SR FH SCk
[17,34-36] X B PR TN ) oy A3 (20)
H1(22) Mg BRPERL BR A He A 2 (17) F1 (26) EAT 5
1iE.

FEATCUE B ER ) B g 25 5 5 50k [34] HEAT EE
. HHSCHR [34] UM OGS4, ARy BRAR B ME, JE
T4 SIS, K H ABAQUS #AH:, B A4 2 7E N
J& p=11645kPalEH IR I S) oy, W4T, =
0.1m, #hFE4E r, = 0.2m, #PERUE E = 240 MPa i
fatt v = 0.2, Prhrsm IR o = 1.4 kPa $7 k35 L
a =049, Z—smEHIESE b I 0, 0.551 1; bR [k
ZHHL, ARICPPEFVERIE ET = E- = 240MPa
AL v = v = 0.2, IR ERRERE g = 1, 431
bzl 3 firR.

X (26) AT, S HIES4 b I 0, 0.5
ML, YRR NI py 22004 1.164, 1.289,
1.362kPa.7E N JE p = 1.1645kPafE I T, b = 0 It}
JEEEF A AL T o8 AR MRS, b= 05 F1 1 i 4b T3
IPRIRAS, BAVEIX 42437170 0.149 m, 0.139 mA K]
30, AR, ASCUFERER ) B ) 5 SR [34]
HE AU, SR B AR IR TG K s ZEREIX, A
SCVRSE A 1) Y ) 55 SRR [34] U045 SIS BE
PRI IR s b BN RMELI, %Y 7 P AR AR R
ERANIR], o BRI ) 32 1 RO R, A i
B, MAENE p=1.1645kPafE T, BEFE b [

P

Ot (36)



842 Vi =2

EiCd 2017 4 55 49 &

K JEBER £ 58 42 BRI AS HeAL R s MRS

HIBPEX AR/, SCHR [34] BUEBUE R
RSO R A o) /o FINEIHIE 0.958 ~ 1.060
2, —HYEHEF, B (20) FI (22) 1T

20

Eq.(20) b=1 Eq.(20) 5=0

<
ey
=
5 » 3]
08Y  Eq.20)5=0.5
Eq.(22) b=0.5
sl O RefBaIb=1
' O Ref[34] h=0.5
O Ref[34] h=0
O 1 1 1 1
0.10 0.12 0.14 0.16 0.18 0.20

r/m
P 3 A4 A5 SR [34] LE#L

Fig. 3 Comparison between the results in this paper and the Ref.[34]

B AT EE RS SR [17] vHEEA R ST [35] 1
B2 L L SCHR [36]FLAC AU APl 4 SR L, sk
1. % 2 KW 4 fros. e Sk [17] R Tresca
HEN, AR BRSO TE, 2L rp/ra = 2, Py
PEEMIR oy = 5.77MPa SCHR [35] 1 IR He 5 I
P RN IR, 0 [ AT AT T R e, 15 L
N s, AR TR R E R o = 2128 MPa
ik [36] kTG0 — A FLS K ] FLAC B, #ql
PR EH SRR RPN e, AR AR SR, AR b
ro/fa = 2, YRR E = 240 MPa AL v = 0.2,
HJic=10kPa WEHM ¢ = 200, HILFIFHTHL
GRPER IR o = L4KPa $7RSRIZ L @ = 0.49; B Bk
SR, AL RV ET = E- = 240MPa
WAL v = v =02, BIf B ERE B =1.

HR 1 nJ 0, fr R R B A R BE R,
ARSCVF R YEEAR BR P H S SCR [17] 2R, I
PEBR YR ELAE 3 0 1.00 FIER 2 AT 401, S B

&1 ANITREER 53 [17] ki
Tab.1 Comparison between the calculated results in this paper
and the Ref.[17]

5 b pMPa Ref.[17] be/ Pl Po/MPa Ref[17] o/
pe/MPa pp/MPa
0.5 2.31 231 1.00
110 216 2.16 1.00 4.00 4.00 1.00
15 1.92 1.92 1.00

% 2 AT R R 53R [35] (LR
Table 2 Comparison between the calculat
this paper and the Ref.[35]

ed results in

Ref[35]
p/r b /MPa /P%
2 P p,/MPa Po/Po
0.3 82.755 0.951
1.035 05 87.847 86.974 1.010
0.7 92.186 1.060
0.3 87.399 0.951
1.037 o5 92.777 91.947 1.009
0.7 97.359 1.059
0.3 92.034 0.978
1039 o5 97.697 94.079 1.038
0.7 102522 1.090
0.8
..g
g -A-"
0.6 | g ig-"©
"'8:‘/ gL g
8 ot g
_ . O Ref[36] FLAC b=1
L o Eq.(17) b=1
; O Ref[36] FLAC b=0.5
R - == Eq(17)b=0.5
Y O Ref[36] FLAC h=0
—— Eq(17)b=0
0‘, 1 1 1
1.0 1.5 2.0 25 3.0
rp/¥a
(a) S AR PR Py

(a) Elastic limit internal pressure

20
O Ref[36] FLAC h=1
----- Eq.(26) b=1 R
16 F © Ref[36] FLAC h=0.5 o -
-—- Eq.(26) h=0.5 D.--,'o’
O Ref[36] FLAC h=0 N d
121 —— Eq.(26) b=0 g7
g .8
< >
0.8 5ig
04 P2
0 . . .
1.0 15 2.0 25 3.0
rb/ra
(OEDERINNES

(b) Plastic limit internal pressure

4 ASCUHET AR5 3K [36] Hhis

results of Ref.[36]

Fig.4 Comparison between the calculated results in this paper and the



94

AL AL - AN R 1 V5 o] FRT AW B PAY s 58— i 843

WS bk 0.3, 0.5, 0.7 2 35ty 88 4% B Y
JE 53Tk [35] 16 45 AL LB 5> A 0.96, 1.02
K 1.07, Ui b BUAS [RIE IS 0 PR A s 11 45 SR A
SR, HSCHR [35] H ) FAR I RO LU AT A 2
$ b =05Hg— BRI I 4050, PIEH
AIRHRZNAEETEIRS N b=0. & ry/ra=1.25
AbJE 9.34% HARIATE 0.04%-4.24%2 1], —HWI&r
B i b, R 1L 3K 2, K 4(a). I 4(b) B TR
ZAE FARSCARIIERTE; A HE AL T
J i BEANTR] 7 H A A (] B v ) = . g R R
AR M T SN R RE T R 5] fay i S AR
B P s, ACAS ST T S ST TR AR T A T A Sy JELRE [5] 5 222
SEPE BT IS —fiRt.

4.3 BEREN N2

KHSCHR [34] 8, e R ra=01m,
AhPAT = 0.2m, PLPRREENIR o = L4kPa filk
SR @ = 0.49, TN IEAL R RE B = 05. G5 —
PR SE b M 0, 0.5, 1, Hial (17) w15 # kAR
B T pe 439124 0.70, 0 .78, 0.83 kRari =\, (26) [ 13
IPER RN pp 237008 1.16, 1.29, 1.36 kPap k1]
HI{EANIE p = 1.00kPafEH T, B b4 0, 0.5, 1%
HEE [5] 7 S AL T BB RS s SRR A SRR A T A28 1) B
1 o SHIN ) o BEEAE 1 ARG W1 ] 5(a)
Piss HIBTERES NN ) o 512N T) o B
At r KA 5(b) B BVERRFRRES R
BN D) o 5N D) o B4R ¢ (AR
Kl 5(c) Fi.

HH &l 5(a) AT, SRMERRBDIRAS T, RN ) o
RN ST o BIBEAE v (BTN, BESE— i
FEFRIRZ 4 b B3GR s eh K&l 5() nl 4, SR
RET, BYEX IR N ) o BEAE r B3GR 1
K, BVEX IR N ) o BEEAR ¢ B KITT0)S,
IAVEDR S DX B4R 1] B ) o JIREYAR v IR KT
W, IRYEDCPAT re A S8 — R BRI 2240 b [
KA B[] B g R WA B 48— iR fE BB 24 b
(IBERIHEC, b RO, KR 7o P i (1 4 PR 26 7
E SN R TR SV ¥ A 0 i 2 S 9 LA
IEVED AR re BN, BR ) Y ) BB R s HH KT 5(c)
AL, BRVERRBRIRAS R, BRI N ) o B4R 1 13
KIMHER, PRI o BEEAR ¢ P3G KN, R
BN ) og SRR ) o BIBEAE G — oS B S 4L
b RSSO, Ui REA b R34 AR B Y 5
MR [0 . ) org MIAR RN JJ o B

2.0

stress / kPa

(@) AR KPR A IR B g 23 A1

(a) Stress distribution in elastic limit state

stress / kPa

(b) S IE VAR AN R ) 73 A1

(b) Stress distribution in elastic-plastic state

stress / kPa

() ZBPERR BRARZS I8 B g 4341
(c) Stress distribution in plastic limit state
Kl 5 g, BB MRURAS R R 3 A

Fig.5 Stress distribution in elastic and plastic limit state

4.4 BERRAEBSE S

KH (7)) 5307 pe/o BEARLE rp/ras H—5ik
FEFRS S A by B RSRE LE o SR AR R 5 B
AR, 45 R WA 6 k.

M 6 1T LAG i, 2 2 RE 3 R (0 A kL — 2
Pe/ot Bl ro/ra G KGR, W4 g =16, X ry/ra



844 7 2 e i 2017 4 ¥ 49 &
M 1.6 38 KF) 2 Bf pe/oy KT 17.51% {H ry/r, 3 07 —
KREISEGR pefo A LEABENTE TP A2, L o -0z
HHAN B (AN I It 398 B JEE At v B R 7 P 3 e A 06F & y-075
<+ b=1

PR PR 2 SRR (A (0 PN AR 12—, MR R
G o G55 BB S8 b NS, pe/ore B B I K
MAN, T4 ro/ra=2.4, B M 1L KF] 1.6 pe/o
/N T 13.78% H Rl A EEJE G, B X pe/o (M5
Wik 2% P e(c) A1 6 (d) AT 40, pe/os Bl b )
WM, W4 B =1.6.a =04, b )\ 0ZZ4LF] 1 I}

0 1 1 1 1
12 1.6 2.0 24 28 3.2
b/ra

(@a=1,b=04>1

r/ra

(b)a=1,b=0p8<1

0.7

0.6

W

0.4F

tires

0.2 04 0.6 0.8

(€)rp/ra=2,8=05

(dyrp/ra=2,=16

6 pe/ot 5 rp/ra, @, b, B IR R
Fig.6 Correlation ofpe/ot with rp/ra, @, b andp

Pe/oe B KT 14.30% Bt o (I8 KM, 14 8 =
1.6, b = 05, @ M 0.6 BILE] 1 B pe/oe /DT
805% A A B P R 32 g MRy R B AN [

5ROV JELRE 5 5 1R R AN SR A B RE ). DAL, )R
E.i!%uﬁﬁ%%fﬁ&lﬁ%*ﬁﬁif 2 LSRRI s R 5
ANT] P s AREEE AN ) B v ] 32 Y g )5

4.5 BIERIRAERI SIS

H = (26) AT, BEIR N po/oe AR LD
Mo/fas S SREFIRSHL b PR LL o BH K,
HARC W 7 P,

HE 7(@) 7T, pp/oy B o HIBGKIECDN, BE
Fo/fa IBE KT 2 rp/ra = 2, @ M 0.6 424051 1
B po/oe /N T 7.78% 4 a = 0.4, rp/ra M 1.6 4L
B 2 1 ppfoy WK T 59.15% 2 rp/ra WK B EH
I, pp/oe IR B HTALSE, S I0RE I CARE

0 L L L L
12 1.6 2.0 24 28 3.2
b/¥a

(@)b=05

K7 pp/ot 5 rp/ra, o, b [AIRISE AR

Fig. 7 Correlation ofpp /o with rp/ra, @ andb



% 4 AL AL - AN R 1 V5 o] FRT AW B PAY s 58— i 845
25
-+ b=0
200 T 505
- =075
~+ b=1

)
i
L.OF
0.5
3 . . . .
12 16 2.0 24 28 3.2
"[7/"(7
(b)a =04

B 7 po/ot 5 ro/ra, @, b HIFOER (55)

Fig.7 Correlation ofop/o with rp/ra, @ andb (continued)

A v R (5] AT P S R A PR AR 8RR D0, W] EH I R
GrEEEE. I 7 (o) WA, pe/oe B b FHE T Y
s % rp/ra = 2.4, b )\ 0 B4LE] 1 0 py/oe HERT
14.71% A SRR TR AR S S 56 A 2 b i BAIE
YU 33 (1) i JSE AR T, A7 R (53] 7 1) 52 017 1% 0 B el
SR,

4.6 REWRAENSE S

KH K (26). 7 (30) &3 (31) 74T pm/o BlF
L ro/ras S5 HR S5 by PIRHRE L o S5
JEA R R AL B AR, 45 R 8 TR,

HH &l 8(a) FH 1 8 (b) W45, X [F]— 4 ek (1) J5LRE [
T2, pm/ore B ro/ra MIBE KT K, W14 B = 1.6, rp/ra
M 1.6 38K F 2 I pm/o BEK T 42.28% 24 ry/ra 14
KEI—EMEG, pm/oc BEHE T PR AEHALSAEA
BIEHL T, —ERE RN, e R AR pm/o
PEY B ICoR, MEEJERGINE]— 2 {H)5, pm/o b B
AR RN, W14 ro/ra = 2.4, B N 1 85K%)] 1.6
i pm/o /N T 13.78%. i1 & 8(c) A1 8 (d) 715,

12 16 20 24 2.8 32
rb/ra

(@a=1,b=04>1

pm/U't

12 1.6 20 24 28 32
7b/ra

(0)a=1b=0p<1

1.0
09F
L oost
£ —o b=0
—O— b=0.25
07p A b=05
—— b=0.75
—0— b=1
06 ; : ;
02 0.4 0.6 0.8
(24
(©)rp/ra=2,=05
1.0
09F
5 0.8
g 7 T =0
—O— b=0.25
22— h=0.5
07F
—-— b=0.75
—— b=1
06 1 1 1
02 0.4 0.6 0.8

(dyrp/ra=2,8=16

K 8 pm/ot 55 ro/ra, a, b, B RIS R

Fig. 8 Correlation ofoy /ot with ryp/ra, @, bandg

Pm/o B b (3G KGR, W4 B = 16,0 =04, b
MO AZALE] 1 B pm/o KT 13.90% % L& (1] 3
I 3 R NAT A R 7 R4S B 7850 K M b, p
ro/fa ANEIS, pm/o B o« BTN, W4 B = 1.6,
b=05, o M 0.6784L3 1 I pm/o 98/ T 11.03%
Wi BH 2 FE P 5 1 LU R 48 K 22 52 AR Y R pm/ ot



846 i 7 ¥ i 2017 4 %5 49 &
y\ﬁﬁ?ﬁﬁj\ﬂ]ﬂqﬂ%fl’ El/‘]{’é? ﬁlé International Journal of Engineering014, 12(4): 335-342

2 Zamani J, Soltani B, Aghaei M. Analytical investigation of elas-
5 2%5 'lo/l:\. tic thin-walled cylinder and truncated cone shell intersection un-

der internal pressurelournal of Pressure Vessel Technolpg914,
(1) FEF BTG o S, I & ) = 136(5); 051201

RN R AR TR i B A JEAS B AN R (R 52 W, A S 3 ERM, Wi, R RAE. RSB N ERE R AR A AR N
PR P A TR R [ 125 (g Bk A B P T o S A FTITHEL. V6 A8 K 2E 24 4], 2015, 49(9): 8-13 (Wang Jianmei,

R NN u Miao Kejun, Xu Junliang, et al. Steady-state creep stress calculation
bR W E&f{ﬁﬂﬁ bR W iR Eﬁéﬁ#ﬁﬁ lﬁiﬂg}ﬁ%ﬂ' ’ of thick-walled cylinder under non-uniform loadournal of Xi'an
VA AT IR A Sk o A A S R AN [R) e I o DU () i A Jiaotong University2015, 49(9): 8-13 (in Chinese))
fifts W5 SCERAT ELEGALE, VB T A HHE A IE 4 Zhu Q, Zhao JH, Zhang CG, et al. Elastic-brittle-plastic analysis of
Eﬁ%‘ﬁ double-layered combined thick-walled cylinder under internal pres-

N e sure.Journal of Pressure Vessel Technolpg916, 138(1): 011201
(2) ‘ﬁﬁ*& EE W T f@f&"*& bR W EE ﬁm*& bR 'j\] 5 Zare HR, Darijani H. A novel autofrettage method for strengthening

B $IBEEARLE ro/ra ARG RITIG s 2B 508 K 51—
SEAEIR AR L SRR R A I S8 AR B P s R
A B P9 s (R S i A TP RS, DAL S B TR )
ARG %A AR L £ PR L.

(3) FAERR PR A s S E R A s 5 22 58 B R A
Js s B R B LE o FOSE KT/, BHIA G B
J 558 P PR AN [ 2 AW B P TS PR - SR A /) 5 o o 56
AR 2 b R0, 525 18 v 1e] T g 1
S T AR B3 5 (1 52 0 SE RSB, T A
FHAPERE; 5 PEAR R N s Bl 7 B R 80 g (1K
My, HEJFEAE— g JE I IR, S R 8 g Xt
EM PR IS TC R, R RN B e e, %
ST MBI A TS B P A 2R K B B K, B
M B < LI R AR A AN ) ) i e A PR A T
CMEFE MM EHPERE, B > 1IN AN FE R AR &
(IAN TR S AR R i S B e 2 s DAL et
R 63 i TEAT 22 5 Wk 23 I 2% FE AR PR 7 s 5 B
ZESE PR R ANR] K ) 32 8 7 1R R

AR ST HE 3 10 3] M IR P9 s 28— i T ot
— SR E A, A5 B T AR R SR | B
BRI, FLBCE MR G BRALOB PR, B3
HARM R R PE QAR 46 & Bauschingefiih 4%,
ARSI BT I DI 6 AR, AL
VAR CAT TR PR« AOGIR K A FLAC,
ABAQUS B AU S RBEAT T XL #r, X T
[Fi) I 25 R o s i FEE AN TA] - ar FRAS B AN [ K v ) 32
TR B R, 15 ) FLAC B0 ABAQUS
BAFI) —UOT R — D A R

%

2 % X W
1 Sharma R, Aggarwal AK, Sharma S, et al. Thermo creep tran-
sition in functionally graded thick-walled circular cylinder under

external pressureAnnals of the Faculty Engineering Hunedoara-

and design of thick-walled cylindersMaterials & Design 2016,
105: 366-374

6 Pankaj T. Elastic-plastic transition stresses in a transversely isotropic

thick-walled cylinder subjected to internal pressure and steady-state

temperatureThermal Science2009, 13(4): 107-118

. T GRS R A AR R S [ ). @

Sk W RHE KA, 2014 (Li Wei. The design and optimization of

ultra-high pressure vessel based on FEM. [Master Thesis]. Baotou:

University of Science and Technology of the Inner Mongol, 2014 (in

Chinese))

RIS, TRAR), T AREEE . S s g 88 0 PR 481 eohf 1 ) 11

SRS, K50 )) TR, 2015, 36(s2): 131-134 (Kuang Linyuan, Su

Dongchuan, Wang Donghui, et al.ffect of interference tolerance

on stress of penetration of reactor pressure veddetlear Power

Engineering 2015, 36(s2): 131-134 (in Chinese))

Aeffy, RIS, TR CRE. XUZLH A 5 BE 5 5 560 ) 28 P A P P9 s

Gi—fi. TFEJ1%, 2015, 32(9): 68-75 (Zhu Qian, Zhao Junhai,

Zhang Changguang, et al. Elastic-brittle-plastic unified solutions

of limit internal pressure for double-layered combined thick-walled

cylinder. Engineering Mechani¢®015, 32(9): 68-75 (in Chinese))

10 Aafg. i M SN A AR s D IAB ST, (iR 3], 1M e
T K2%, 2015 (Jiao Jian. The experimental study on burst pres-
sure of UHP reaction tube. [Master Thesis]. Guangzhou: South
China University of Technology, 2015 (in Chinese))

11 RFAR, A TEIAR. FATRN Ty 5 18 o 5 B 5 AT 5. HLAE T A2 554,

2016, 52(17): 168-175 (Zhu Ruilin, Zhu Guolin. Study on autofret-

taged thick-walled cylinders with thermal pre-stressdsurnal of

Mechanical Engineering2016, 52(17): 168-175 (in Chinese))

ARAR SR, BT G BEE N IR B fR 1 e SR ek A B e

I3HT. S35 2T, 2004, 25(4): 490-495 (Xu Shuangiang, Yu Mao-

hong. Elasto-brittle-plastic carrying capacity analysis for a thick

walled cylinder under unified theory criteriorChinese Quarterly

of Mechanics2004, 25(4): 490-495 (in Chinese))

IRFESE, ATk, SRR R 22 5 1)K G — R AT AR BILAR AR

274, 2004, 40(9): 23-27 (Xu Shuangiang, Yu Maohong. Unified

analytical solution to shakedown problem of thick-walled cylinder.

Chinese Journal of Mechanical Engineerjigp04, 40(9): 23-27 (in

Chinese))

14 W5, BT, IR IEAR AR ISR I3 £ (K95 57 53 £ 9.

N 127 244), 2013, 30(3): 378-383(Yang Yuzhou, Qian Linfang,

12

13

=P
=¥ (5]



ARBIHE AL AN [ A 1 VB B3] R A B P s 58— %

847

Xu Yadong, et al. Fatigue failure analysis of composite material
tube. Chinese Journal of Applied Mechanj@)13, 30(3): 378-383
(in Chinese))

15 e N RN 43 b5 Mg 2 2 ¥ . GB50010-20108 &t 14514
VOHRNYE. bt o E SOV L, 2010 (The People’s Repub-
lic of China Ministry of Housing and Urban-Rural Development.
GB 50010-2010 Code for design of concrete structures. Beijing:
China Construction Industry Publishing House, 2010 (in Chinese))

16 i, S s AN RIS BB 45 4 (R AR 2 1 22 AT e, [
0], R ER K2, 2007(He Xiaoting. Study on nonlinear me-
chanics behavior of elasticstructure wittfdrent tension and com-
pression moduli. [PhD Thesis]. Chongging: Chongging University.
College of Civil Engineering, 2007 (in Chinese))

17 W%, BRI, £, AR AN RS S SAL P ) B A
JEA3Hr. HUR 28R 5 TR 243, 2009, 5(2): 239-243 (Yang Zhao,
Chen Haiming, Wang Lixin. Analysis on the deformation of cylin-
der in perfectly plastic material with fierent elastic modulus in ten-
sion and compressiorChinese Journal of Underground Space and
Engineering 2009, 5(2): 239-243 (in Chinese))

18 FA R, WRENAE. AL 5 BE fa (K AP AT A S L AR P .
27244k, 2010, 42(1): 56-64 (Yin Youquan, Chen Chaowei. The an-
alytical solutions of thick-walled cylinder of softening material and
its stability. Chinese Journal of Theoretical and Applied Mechanics
2010, 42(1): 56-64 (in Chinese))

19 BRPUF, ZHa2, 5KAG M. 25T = SH00 2 S0 R i JERE [ 1)
PR 77 5347, PRBH TR 5%+ #k, 2016, 38(5): 556-559 (Chen
Sili, Li Yanyu, Zhang Jingyu. Limit stress analysis for thick-wall
cylinder based on triparameter and twifi strength theory.Jour-
nal of Shenyang University of Technolog®16, 38(5): 556-559 (in
Chinese))

20 I ZR, f9Mg, AR BIARTE R L FGM i 45 BE il
MVEAR. R ZER, 2012, 37(3): 379-384 (Hu Xiangdong, Shu
Chang, She Siyuan. Elasto-plastic analytical solution for function-
ally graded material frozensoil wall with parabolic property under
uniform load.Journal of China Coal Societp012, 37(3): 379-384
(in Chinese))

21 W 2R, f9¥. 508 FGM RRbE R XUHRE R I R 45 BE Y ) 373
Mr. THREJ1%, 2014, 31(1): 145-153 (Hu Xiangdong, Shu Chang.
Stress field analysis of functionally graded material frozen soil wall
in double-row-pipe shaft freezingeEngineering Mechani¢2014,
31(1): 145-153 (in Chinese))

22 Zhu Ruilin, Zhu Guolin. On autofrettage of cylinders by limiting cir-
cumferential residual stress based on Mises yield critedonrnal
of Theoretical and Applied Mechanij013, 51(3): 697-710

23 BREz, X Axh, AR, JEEEIR 15 Y s A .

E HLbk AR, 2012, 23(4): 474-479(Qian Lingyun, Liu Quankun,
Wang Chengyong, et al. Optimization analysis of autofrettage pres-
sure for thick walled cylinder. China Mechanical Engineering
2012, 23(4): 474-479 (in Chinese))

24 FABHE, TRk, A, B BEANSEAL R 5B [ fa7 (1 5t

— MR, Ji2p 5 seik, 1999, 21(6): 45-47 (Zhao Junhai, Zhang
Yonggiang, Li Jianchun, et al. Unified limit solutions of materials
with different tension and compression strengMeschanics in En-
gineering 1999, 21(6): 45-47 (in Chinese))
25 BRIEE, MWUH . BE TG0 —oREE HR% R R AR AN R HUAR
HEA& S S35, TR %, 2007, 24(10): 105-111 (Chen Changfu,
Xiao Shujun. Bearing capacity of aggregate pile witffetient ra-
tio of tension modulus to compression modulus based on unified
strength theoryEngineering Mechani¢2007, 24(10): 105-111 (in
Chinese))
I, RRIAE, ZE A AN [RIR R 1 SRR BRS8N
222247, 2016, 33(3): 378-383 (Cao Xueye, Zhao Junhai, Li Yan, et
al. Analysis of thick-walled spherical shell withfférent behaviour

26

in tension and compressio@hinese Journal of Applied Mechanijcs
2016, 33(3): 378-383 (in Chinese))
27 Yu MH. Unified Strength Theory and its Applications. Berlin:
Springer Press, 2004
Mok, JMFEFE. R SR ) 2, dbnt WO R AL, 1995

(Xu Bingye, Liu Xinsheng. Application of Elastic-Plastic Mechan-

28

ics. Beijing: Tsinghua University Press, 1995 (in Chinese))

BT R HEOKA . AN RIS E PRSI SRR e, sk AL, bt o

[ 4 i i At, 1986 (Amu Barr Chu Miyang C A. Elastic Theory
with Different Moduli in Tension and Compression. Wu Ruifeng,
Zhang Yunzhen, Trans. Beijing: China Railway Press, 1986 (in Chi-

29

nese))

30 MR . B D2 i AT Ok, bt SRR Tl AL,
1994 (Chen Ziyin. Analytical Method for Rock Mechanical Analy-
sis. Beijing China Coal Industry Publishing Hous&994 (in Chi-
nese))

31 A%, WS N . Abat B AL, 1998 (Yu Mao-
hong. Twin-Shear Theory and Its Applications. Beijing: Science
Press, 1998 (in Chinese))

32 BRI, RAT, IRHOGAE. FET G B R K 1 J B[ i
VLG iR G4 ) 242447, 2014, 35(1): 63-70 (Zhao Junhai, Zhu
Qian, Zhang Changguang, et al. Elastic-plastic unified solutions for
combined thick wall cylinder based on unified strength theGiyi-
nese Journal of Solid Mechanic014, 35(1): 63-70 (in Chinese))

33 AR, ARHAR. G0 o S IRAE )R RE B T B s b O R HT. BL
MR HHAR, 2013, 32(8): 1200-1206(Zou Shaoming, Zhu Ruilin.
Application of the unified strength theory in autofrettage of the
thick wall cylinder shell. Mechanical Science and Technology for
Aerospace Engineerin@013, 32(8): 1200-1206 (in Chinese))

34 Lin C, Li YM. A return mapping algorithm for unified strength the-
ory model. International Journal for Numerical Methods in Engi-
neering 2015, 104(8): 749-766

35 Wang LZ, Zhang YQ. Plastic collapse analysis of thin-walled pipes
based on unified yield criteriorinternational Journal of Mechani-
cal Sciences2011, 53(5): 348-354

36 Yu MH, Li JC. Computational Plasticity. Hangzhou: Zhejiang Uni-
versity Press, 2012



