International Journal of Innovative
Computing, Information and Control ICIC International (©)2021 ISSN 1349-4198
Volume 17, Number 3, June 2021 pp. 919-932

ELASTIC LIMIT ANALYSIS OF COMPOSED THICK-WALL
CYLINDER CONSIDERING DIFFERENCE
IN TENSION-COMPRESSION STRENGTH

WENGANG Aob?*, ZONGMIN Liu', HUIYAN ZHANG! AND YONGGANG HUANG?

!National Research Base of Intelligent Manufacturing Service
2Chongqing Municipal Key Laboratory of Mechanism Design and Control
for Manufacturing Equipment
Chongqing Technology and Business University
No. 19, Xuefu Avenue, Nan’an District, Chongqging 400067, P. R. China
*Corresponding author: aowg@Qctbu.edu.cn

Received November 2020; revised March 2021

ABSTRACT. Based on the unified strength theory and the principle of equal strength de-
sign, considering the influence of difference in tension-compression strength and inter-
mediate principal stress, the elastic limit analysis and structural parameter calculation
of two- and three-layer composite thick-wall cylinder are carried out, and the calcula-
tion expressions of ultimate internal pressure, stratified radius and interference amount
are obtained respectively. Through the analysis of examples, we can get the influence
of difference in tension-compression strength and intermediate principal stress effect on
the structural strength of composed thick-wall cylinder: when considering difference in
tension-compression strength of materials, the structural strength of composed thick-wall
cylinder increases; the value of intermediate principal stress coefficient increases gradu-
ally from 0 to 1. This research is universal and can provide reference for the strength
analysis and structural design of cold extrusion combining die, high pressure vessel and
barrel.

Keywords: Unified strength theory, Composed thick-wall cylinder, Stratified radius,
Interference amount

1. Introduction. The thick-wall cylinder is a common important component, such as
pressure vessel, high pressure pipeline, composite support, die, chemical equipment, bar-
rel, and many scholars have analyzed the strength and structural parameters of the thick-
wall cylinder [1-9]. If the inner radius of the thick-wall cylinder is determined, to improve
the ultimate bearing capacity, there are many limitations in only increasing the wall thick-
ness or selecting higher strength materials, so the composed thick-wall cylinder can be
adopted to make full use of the strength potential of each layer of thick-wall cylinder ma-
terial by adjusting stress distribution and improve the bearing capacity of the composed
thick-wall cylinder structure [10]. Meanwhile, such components are often made of hard
alloy, high strength steel, composite materials, aluminum alloy, concrete and other ma-
terials with difference in tension-compression strength [17-19]. However, the traditional
strength theory such as Tresca and Mises can only be used for materials with the same
tension-compression strength. In the analysis for the strength and structural parameters
of the combination die that is carried out on the basis of the unified strength theory
[11,12], the influences of the difference in tension-compression strength and the inter-
mediate principal stress influence coefficient of the materials on the structural ultimate
bearing capacity can be considered simultaneously. Considering the effect of intermediate
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principal stress, the different tension-compression strength and modulus of materials, the
work in [3] proposed the unified solutions of elastic limit internal pressure, plastic limit
internal pressure and shakedown limit internal pressure of thick-wall cylinder based on the
unified strength theory. Considering the influence of intermediate principal stress and the
different tension-compression strength, the basic solutions of optimum stratified radius,
sleeve pressure and sleeve interference were investigated based on the unified strength the-
ory [6], and the unified solution of elastic limit internal pressure and plastic limit internal
pressure of composed thick-wall cylinder were obtained.

Furthermore, this paper will be based on the unified strength theory and the principle
of equal strength design [13-16], considering the material pressure of the opposite sex, and
the intermediate principal stress effect and practical factors such as stress state, the inner
cylinder is derived for brittle material or material toughness about two or three layers of
thick wall cylinder elastic limit bearing capacity of structure and optimal parameters such
as delamination radius, interference quantity, give full play to the strength of composite
potential, and reduce the overall size of the structure.

2. Analysis for Yield Conditions of Each Layer of Composed Cylinder Based
on the Unified Strength Theory. The combination die, composite support, high pres-
sure vessel, barrel and other structures can be regarded as composed thick-wall cylinder
for strength analysis, and the inner layer or other layers of cylinder materials of such struc-
tures may be hard alloy, high-strength alloy steel, cast iron, aluminum alloy, composite
material, concrete and other materials with obvious difference in tension-compression
strength. The yield condition can be determined by using the unified strength theory
[11,12]. The mathematical expression of the unified strength theory [6,7] in the principal
stress space is

f:al—l%b(bo—ﬁag):at, if@g% (1)
’ U]_"’C(O'g

f:m(01+bag)—a03:at, if o9 > T a (2)

where oy, 0o and o3 are the first, second and third principal stresses respectively, the
parameter o = o0y/0. < 1 is the ratio of the ultimate tensile strength o; to the ulti-
mate compression strength o, of the material, the parameter b = Qto)m—ot < 1 ig the

Ot—Tp
intermediate stress influence coefficient, and 7, is shear strength of the material.

2.1. Principal stress analysis of thick-wall cylinder. According to Lamé Formula,
three-direction principal stresses (circumferential stress oy, radial stress o,, axial stress
oz) of the thick-wall cylinder can be expressed as

_ RPr*(py —p1) | 7°p1 — R%py

Op = (R? — 12)2 R2 _ 2 (3)

_ R¥%(py—p1) | 7°pr— R’py 4
00 = — (R? — 12)p? R2 _ 42 (4)
oz =m(og +0,) (5)

where p; is the inner wall pressure of the thick-wall cylinder, and py is the outer wall
pressure of the thick-wall cylinder. For the thick-wall cylinder subjected to uniform in-
ternal and external pressure, oy = 0y, 02 = 0z, 03 = 0,. In Formula (5), oz is the
intermediate principal stress (second principal stress), and the value needs to consider
the stress state of the structure: when the structure can be simplified as the plane stress
state, m = 0; when the structure can be simplified as the plane strain state, m = v
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(elastic state); in structural plastic area, based on the condition of the structural volume
remaining unchanged, m = 0.5.

2.2. Failure condition of composed thick-wall cylinder. In Formula (5), according
to oz =m(og+0,) < 1/2(0g + 0,), it can be derived that
0y + ao,
—_— 6

1+« (6)
According to Formula (1) and Formula (6), the yield condition of each layer of the com-
posed cylinder is

oz =m(og+0,) <

1+b—mba mba + «
1+b ' 1w 0T (7)
If the inner layer of the composed cylinder is made of hard alloy, stone and other fragile
materials, it can bear greater compressive stress, while the tensile stress bearing capacity
is very small. Therefore, it is designed so that the circumferential stress at the inner wall
is not greater than zero, and the failure condition is

Op — 0 (8)

When the inner radius of the thick-wall cylinder is fixed, it is not enough to increase
the strength only by increasing the wall thickness and selecting the materials with high-
er strength. However, it is an effective scheme to adjust the stress distribution of the
composed thick-wall cylinder structure to improve the structural strength. The optimum
design of the composed cylinder is to make the equivalent stress of each layer of composed
cylinder reach the allowable stress of material at the same time by adjusting the stratified
radius and interference amount, so as to maximize the strength potential of each layer of
the composed cylinder. In this paper, the strength analysis of two-layer and three-layer
composed thick-wall cylinder structure is carried out. In order to simplify the derivation
process expression, the following parameters are set:

A1:1+b—mba1, Blzl+b+061, 01:1+b—2mba1—a1
A2:1+b—mba2, 32:1+b—|—012, 02:1+b—2mba2—a2
B3:1+b+0é3, 03:1+b—2mba3—a3

where aq, ag, a3 are the tension-compression strength ratios of three-layer composed
thick-wall cylinder material from inside to outside, b is the intermediate principal stress
influence coefficient, and m is the parameter reflecting the structural stress state.

3. Elastic Limit Analysis and Structural Parameter Calculation of Two-Layer
Composed Thick-Wall Cylinder. Under the action of internal pressure, the inner
walls of the inner and outer layers of the composed thick-wall cylinder fail at the same
time, and the strength potentials of the two-layer cylinder materials can be brought into
full play, that is, the composed thick-wall cylinder with the optimum structure in theory.
The stratified radius, elastic limit internal pressure, interference amount, etc., are derived
accordingly.

3.1. Calculation of elastic limit and stratified radius when the inner layer of
cylinder is made of ductile material. If the inner layer of cylinder is made of ductile
material, the inner walls of the inner and outer layers of cylinder are required to yield,
obtaining
1+b—mbay [(r? +1r%) Py —2rq mbaq + o
1+b (r? —r?) 1+b

P, = 051 (9)
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1+ b— mbas R* + r? mbas + 10
1+b  R2— 2] 1+y 7% (10)
In the above two formulae, R, r are the inner radius and outer radius of the composed
cylinder, respectively, and r; is the stratified radius. The compressive stress of the inner
walls of the inner and outer layers of cylinder can be derived as follows from Formulae
(9) and (10) when the composed thick-wall cylinder yields
24, (1 +0) (R? —1r?)r? (1+0)(r? —r?)
3 5 OS2 T+ ) 051
(Bl’l”l + 017”2) (B2R2 + 027”1) (Bﬂ”l + 017“2)
1+0b)(R*—r?
0= BQR)2(+ 027%1)052 (12)

According to Formula (11), the internal pressure P,; on the inner wall of the composed
cylinder is the function of the stratified radius r1; when 9F,;/0r; = 0, the strength of the
composed cylinder is the highest, and the stratified radius r; meets the following equation.

alrf + bﬂ"% +c = 0 (13)

Py = (11)

where
a; = 4A 099 (BlBng + 3102R2 + 01027“2) — 2(31 + 01)0220517“2

b1 = 8A132010'52R2 - 4BQCQ<Bl + 01)051R2T2
CcC1 = —4A132010'52R47"2 — 233(31 + 01)051R47“2
If the influences of the difference in tension-compression strength and the intermediate

principal stress of the material are not considered, ay = as = 1 and b = 0, the expression
of the stratified radius can be derived as

r = s/ 751 /Ry (14)
052
Thus, the unified strength theory is degraded into Tresca yield criterion, which is con-

sistent with the conclusion in [15]; when the inner and outer layers of cylinder are made
of the same material, the stratified radius is calculated as

ri = VRr (15)
which is consistent with the conclusion in [10].

3.2. Calculation of elastic limit and stratified radius when the inner layer of
cylinder is made of fragile material. If the inner layer of cylinder is made of fragile
material, the failure condition of the inner layer of cylinder is that the circumferential
stress at the inner wall is oy = 0, obtaining

(r* +77) Po —2r{q =0 (16)

Meanwhile the inner wall of the outer layer of cylinder needs to yield, and Formula (10)
is met; the compressive stress between the inner and outer layers of cylinder can be
calculated by Formula (12), while the internal pressure of the composed cylinder is

2(1+0) (R*—1r?)r?
o
(BoR? + Cyr?) (12 +1r2) %
When 0P,,/0r; = 0, the strength of the composed thick-wall cylinder structure is the
highest, and the stratified radius can be thus derived which meets the following equation:

agry +byri +c3 =0 (18)

Peg = (17)

where,
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ay = 4 (By + Cy) R? + 4Cor?

by = 8By R?r?

cy = —4 By R*r?
If the influences of the difference in tension-com-pression strength and the intermediate
principal stress of the material are not considered, oy = ay = 1 and b = 0; the stratified

radius can be calculated as
r= \/\/ (RZ+712)r —r? (19)

3.3. Calculation of interference amount of two-layer composed thick-wall cylin-
der. Based on the previous analysis, the calculation expressions of the elastic limit inter-
nal pressure, the compressive stress between the inner and outer layers of cylinder, and
the stratified radius of the composed thick-wall cylinder are derived, and the calculation
expressions of the sleeving pressure and interference amount between the inner and outer
layers of cylinder can be further derived. The inner radius and outer radius of the two-
layer composed thick-wall cylinder are » and R, respectively; the stratified radius is rq,
and the internal working pressure is P,;(P.2); the compressive stress between inner and
outer layers of cylinder is q. According to the principle of stress superposition

q=PFP + P (20)

In the above formula, P, is the sleeving pressure, and P, is the compressive stress generat-
ed between the inner and outer layers of cylinder under the action of the internal working
pressure. Under the action of the internal working pressure P.; (P.2), the inner layer of
thick-wall cylinder is subjected to joint actions of the internal working pressure P.; (Pes)
and outer surface compressive stress Pj., and the outer layer of cylinder is subjected to
the action of P, at the inner wall. When the deformations of the inner and outer layers
of cylinder at the stratified radius are the same, and the following equation is met
1 R2T1 Ple T%Ple
— 1+ —=——4+1—1n) ——
E, {( 2) R? — 77 (1 =) R? — 73
1 T27"1 (Ple — Pel) 7”27’1P€1 — T’:lgple:|

- —|-qa 1—
El{ (1+m) r? —r2 + v) r? — 2

(21)

where 11, vy are the Poisson’s ratios of the inner and outer layers of cylinder materials,
which can be derived by Formula (21)
P o 2E2 (R2 - T%) T’2T1P51
T B )R+ (v ] (07 = r2) 4 B [(L+ m) rar? + (1= 1) 73] (R? = 73)
From Formulae (12) and (22), ¢ and Py, can be calculated, and substituted into Formula
(20) to calculate the sleeving pressure P;.

(22)

(a) Double cylinder (b) Internal cylinder (c) Outer cylinder

F1cURE 1. Composed thick-wall cylinder
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As shown in Figure 1, the outer radius of the inner layer of cylinder is r; + ¢, and the
inner radius of the outer layer of cylinder is r; — ¢”; when they are sleeved, the outer
surface of the inner cylinder is subjected to the action of the external pressure P;, and
the outer cylinder is subjected to the action of the internal pressure P;. Therefore, the
interference amount is

Piry (1?4 1r? Piry (R2+1?
5 = _ 23
Ey <r$—r2 B \ R (23)

4. Elastic Limit Analysis and Structural Parameter Calculation of Three-Layer
Composed Thick-Wall Cylinder. Under the action of the elastic limit internal working
pressure, if the inner walls of the inner, middle and outer layers of cylinder in the composed
thick-wall cylinder fail at the same time, the strength potentials of the three layers of
cylinder materials can be brought into full play, that is, the composed thick-wall cylinder
with the optimal structure in theory. The stratified radius, elastic limit internal pressure,
interference amount, etc., are derived accordingly.

4.1. Calculation of elastic limit and stratified radius when the inner layer of
cylinder is made of ductile material. If the inner layer of cylinder is made of ductile
material, the inner walls of the inner, middle and outer layers of cylinder yield at the
same time, obtaining

1+b—mbay [(r? +1r?) —2r2q mbaq + aq
Py = 24
L+0b { r? —r2 T 3= 081 (24)
14 b— mbas T1—|—T2 q1—2r2q2 mbas +
= 25
1+0b { 2 — 12 14y D79 (25)
(1+b—mbas) ( R2—|—r2) mba3+a3
= 26
(1+b) (R —r2) 1+b 277 (26)

In Formulae (24)-(26), P.3, q1, ¢ are elastic limit internal pressure, compressive stress
between inner and middle layers of cylinder, and compressive stress between middle and
outer layers of cylinder, respectively. According to Formulae (24)-(26), g2, ¢1, P.3 can be
derived as

(1+0)(R%?—13)

— 27
a2 BsR? + Cgrg 053 (27)
245 (1+0) (R*—1r3)r32 (1+0)(r2 —r?)
a1 = 2 2 2 2,753 2 7 052 (28)
(BQ’I“2 + Cg’f’l) (BgR + 037’2) (BQT’Q + Cg?“l)
p._ 1+b 4A Ay (R? —r2) riross 2A, (13 —rH)riog,
7 B2+ Cir? | (BsR2 + Csr2) (Bar2 + Cor?) Bor3 4+ Cor?

+ (rf —1?) 051} (29)

ry in the above three formulae is the stratified radius of the inner layer and middle layer
of thick-wall cylinder, and ry is the stratified radius of the middle layer and outer layer
of thick-wall cylinder. According to Formulae (28) and (29), P.s, ¢; are the functions of
r1, o, and ¢y is the function of ro. Assuming that r; has been determined, the middle
and outer layers of thick-wall cylinder can bear the maximum internal pressure through
adjusting ro, and dq; /0ry = 0; when ¢; is the maximum, 7, meets the following equation:

asry + bsrs +c3 =0 (30)
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where,

as = 41420'53 (BQB3R2 + BgCgR2 + 02037"%) -2 (BZ + CQ) 0320'527"%

bg = SAQBgcQUngQT% — 48303 (BQ + 02) O'SQRQT%

C3 = —4A2B3020'53R4T% — 233 (BQ + 02) 052R47‘%
when the middle layer and outer layer of materials are the same, Ay = A3 and By = Bs,
02 = 03, 0g9 = 0453, to derive

To = RTl (31)
which is consistent with the conclusion in [16]. The above conditions are substituted into
Formula (29), and the elastic limit internal pressure of the composed thick-wall cylinder
is simplified as
241 (14 b) (2A3R + BaR + Cyry) (R — 1) r%g (1+0)(r? —r?)
(Bl?“% + 017“2) (BQR + CQTl)Q 52 Bl’l“% + Cl’l“%

Thus, the elastic limit P,3 of the composed cylinder is the function of the stratified
radius 71, and the calculation expression of r; can be derived through 0F,3/0r; = 0 when
P.3 is the maximum.

If o; = as = 1 and m = 0.5 (plane strain state), A4y = Ay = 1+ 0.5b, By = By =
2+4+b=2A,, Cy = (C5 =0, and the elastic limit of the composed cylinder is simplified as
2(1+b)(R—mr) (1+0)(r? —r?)

052 + 5
BlR 317“1

The stratified radius r; can be derived as

PeS = 0s1 (32)

P = 051 (33)

r = 8 2L Ry (34)
052

which is consistent with the conclusion in [16].

4.2. Calculation of elastic limit and stratified radius when the inner layer of
cylinder is made of fragile material. When the inner layer of cylinder is made of
fragile material, the tensile property is poor, therefore the failure condition of the com-
posed thick-wall cylinder structure is that the circumferential stress of the inner wall is
zero, and
(TQ + T%) Pey — 27”%%
r? —r?

And the inner walls of the middle and outer layers of cylinder yield at the same time,
which can be expressed as Formulae (25) and (26). According to Formulae (25), (26) and
(35), the compressive stresses at the inner walls of the outer, middle and outer layers of
cylinder are

(1+0)(R*—13)

—0 (35)

B 36
2= TBR O 7 (36)
245 (1+b) (R* —13) 13 (1+0b)(r2 —r?)
B 37
O Bord+ o) (Bol? + Cyr}) "™ T B+ Gt O (37)
P 4A5 (1 +b) (R* — r3) 3} 2(1+0b) (r2 —1r2) 2
ed —

38
(Bor2 + Cor?) (BaR2 + Car2) (2 + 12) "2 T (Byr2 + Cor?) (12 + 12) 752 (38)

The middle and outer layers of thick-wall cylinder yield under the action of ¢; if

is deemed as a constant, ¢; becomes the function of r5; when ¢; can be derived from
0q1/0ry = 0 to get the maximum, 7o meets the following equation:

agry +byrs +c4 =0 (39)
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where
ay = 4A20'53 (BngRQ + BQCgR2 + 02037'%) -2 (BQ + 02) OgT%USQ
b4 = 8A2B302R2T%0'53 - 4B3Cg (BQ + 02) R2T%0-5'2
Cy = —4A23302R47“%053 — 2B§ (BQ + 02) R4T%0'52

In general, the elastic limit internal pressure and stratified radius of the three-layer com-
posed thick-wall cylinder are solved according to the following processes: first, taking the
value of r; from small to large according to the small difference within a certain range;
then calculating the corresponding 75 through Formulae (30) or (39), and calculating the
corresponding P,z (P.4) through Formulae (33) and (38); the maximum of P.3 (P,4) is the
elastic limit internal pressure of the composed thick-wall cylinder, and the correspond-
ing 1, ro are two stratified radii of the composed thick-wall cylinder; finally, ¢;, g2 are
calculated according to Formulae (27), (28) or (36), (37).

4.3. Calculation of interference amount of three-layer composed thick-wall
cylinder. The inner radius and outer radius of three-layer composed thick-wall cylinder
are r and R, respectively, and 71, 79, g2, ¢1 and P.3 (P.4) have been calculated through the
previous section. Analysis is performed in the sequence of first sleeving the middle and
outer layers of cylinder, and then sleeving the inner layer of cylinder, and the compressive
stress q; between the inner layer and middle layer of cylinder and the compressive stress
g2 between the middle layer and the outer layer of cylinder can be respectively expressed
as

@ =P+ Py (40)
G2 = Py + Py + Po, (41)

where P is the sleeving compressive stress between the inner layer and middle layer of
cylinder, and P, is the sleeving compressive stress between the middle layer and outer
layer of cylinder; P, is the compressive stress generated at the inner wall of the middle
layer of cylinder under the action of internal working pressure, and P, is the compressive
stress generated at the inner wall of the outer layer of cylinder under the action of internal
working pressure; P, is the compressive stress generated at the inner wall of the outer
layer of cylinder under the action of P;. Under the action of P, if the displacement of
the outer surface of the middle layer of cylinder is equal to that of the inner wall of the
outer layer of cylinder, then the following equation is met

1 R2P21 TgPQl

— TS

s {( Rl S OO =

1 T%(PQl—Pl) T%Pl—rgpgl

=—|-q AT (1) L2 42

g | TG oy IR (42)

Derive according to Formula (42)
2E3 (R* —r3) riP

Py 5 r5) ribt (43)

"B [(T+vs) B2+ (1 —w3)rd] (r3 —r}) + Es [(1 4+ v2) r? + (1 — v2) 3] (R? —r3)

Under the action of internal working pressure P, (P.3 or P,.4), if the displacement of
the outer surface of the inner layer of cylinder is equal to that of the inner wall of the
middle layer of cylinder, and the displacement of the outer surface of the middle layer of
cylinder is equal to that of the inner wall of the outer layer of cylinder, then the following
equation set is met

1 ) 75 (Pre — Ps,) riPre — 13 Pac

— 1 1 — ) L te "2 2
T R B
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1 Pe_Ple T’ZPE—T‘%PR
- —|a Te T e L (1 oy, e T e 44
El _( + Vl) 7”% — 7”2 + ( Vl) 7"% _ T% ( )
1 [ R2P2€ T2P26
— |l T2 1
T L e R G e
1 [ 7’2<P2—P1) 7’2P1 _7.2p2
— — |- SLAtse S el — 17 e 27 ‘e 45
E2 I ( +V2> 7"%—7"% +( VQ) 7"%—7’% ( )
Derive according to Formula (45)
po_ 2F5 (R2 — r%) T%Ple (46)
* B [(14vs) B2+ (1—v3) 73] (13— 13) + Bs [(1+v2) 1} + (1 — o) r3] (R? — 1)
Suppose P, = nP;., and substitute it into Formula (44) and derive
r2—r2)r2p,
P, 2Bald ) (47)

- Es [(1—}—1/1)7’2 (r%—r%)+(1—y1)(r%r§—r‘11)]+E1 [(1+u2)7"§ (7"%—7"2)—1—(1—1/2)(7"11—7"%7‘2)—ang (r%—ﬂ)]

Py, Py, Py, can be calculated through Formulae (43), (47), (46).

First, the middle layer of cylinder is sleeved with the outer layer of cylinder, the sum
of the outer radius shrinkage of the middle layer of cylinder under the action of external
pressure P, and the inner radius growth of the outer layer of cylinder under the action
of internal pressure is the interference amount between the middle and outer layers of
cylinder. According to Lamé Formula, the interference amount can be calculated as

follows:
Pory (12412 Pyry [ R? 412
5y — _ 48

2 E, (r% —r} vy )t Es; \ R?—1r3 T (48)

Second, when the inner and middle layers of cylinder are sleeved, the outer radius of the
inner layer of cylinder shrinks under the action of the external pressure Py, and the inner
radius of the middle layer of cylinder grows under the actions of the internal pressure P,
and external pressure P;. As shown in Figure 2, the sum of the outer radius shrinkage of
the inner layer of cylinder and the inner radius growth of the middle layer of cylinder is the
interference amount between the inner and middle layers of cylinder, and the expression
is derived according to Lamé Formula as

P17’1 7’2 + 7'% P17"1 (1 + 1/2) 7'% + (1 — VQ) T% 27"17’§P21
o = -+

313 TR0

(49)

(a) Triple cylinder (b) Internal cylinder (c) Middle cylinder (d) Middle cylinder (e) Oulc.r cylinder

FIGURE 2. Three-layer composed thick-wall cylinder



928 W. AO, Z. LIU, H. ZHANG AND Y. HUANG

5. Application Example. There is a high pressure vessel with the inner radius and
outer radius of 20 mm and 62.5 mm, which can be simplified as three-layer composed
thick-wall cylinder structure: the inner layer is made of fragile material, and F; = 722
GPa, pu; = 0.22, oy = 3000 MPa; the parameters of middle and outer layers of materials
are Fy = 197 GPa, puy = 0.3, 0o = 1456 MPa, E3 = 200 GPa, usz = 0.3, 03 = 1226 MPa,
and the elastic limit internal pressure, stratified radius and interference amount of the
structure are calculated.

5.1. Ultimate bearing capacity and structural parameter calculation of com-
posed thick-wall cylinder. Procedures are prepared as per Section 3 and Section 4 and
used for calculating the ultimate bearing capacity, stratified radius, interference amount
and other structural parameters of the composed thick-wall cylinder based on unified
strength theory. First, irrespective of the difference in tension-compression strength
and intermediate principal stress of the material, a; = a3 = 1, b = 0, and the uni-
fied strength theory is degraded into Tresca yield criterion, obtaining the limit internal
pressure P, = 986.9 MPa, stratified radius r; = 26.43 mm, r, = 42.43 mm and interfer-
ence amount ¢; = 0.145 mm, d, = 0.126 mm of the composed thick-wall cylinder. Such
results are very close to the optimal solutions obtained in [7] when the outer radius of
inner layer of thick-wall cylinder is taken as 25 mm. If the inner radius and outer radius of
the inner layer of thick-wall cylinder are predefined as 20 mm, 25 mm, P, = 983.63 MPa,
ro = 41.3 mm, §; = 0.116 mm, d, = 0.178 mm can be calculated according to the method
herein, which is almost identical to the result obtained in [7] by Lagrange optimization
algorithm.

When only considering the influence of intermediate principal stress of the composed
thick-wall cylinder structure, take ay = ay = 1, § = 0.366, degrade into Mises yield
criterion, and then obtain elastic limit internal pressure P, = 1135.6 MPa, stratified
radius r; = 26.27 mm, r, = 42.30 mm, interference amount 6; = 0.166 mm, d, = 0.143
mm. Compared with strength analysis by Tresca yield criterion, the bearing capacity
is promoted by 15%. When considering the influences of both difference in tension-
compression strength and intermediate principal stress of the material, a; = 0.7, ap =
0.85, b = 0.366 can be taken, and the bearing capacity of the thick-wall cylinder structure
is P, = 1247.6 MPa.

5.2. Parameter influence analysis. The elastic limit internal pressure of the composed
thick-wall cylinder based on the unified strength theory is influenced by the coefficient
of the difference in tension-compression strength o and the intermediate principal stress
influence coefficient b of the material; if @ and b in Section 5.1 vary, the elastic limit
internal pressure of the composed thick-wall cylinder will vary. When the ratio of the inner
radius to the outer radius is R/r = 3 — 10, and the intermediate principal stress influence
coefficient is b = 0 — 1, whether to consider the difference in tension-compression strength
(ap = 0.7, ay = 0.85) of the material or not consider the difference in tension-compression
strength (ce = a3 = 1) of the material, the growth rate of the elastic limit internal pressure
of the composed thick-wall cylinder is as shown in Table 1.

According to Figure 3(a), when oy = a3 = 1, R/r = 3, the elastic limit internal pres-
sure of the composed thick-wall cylinder is increased from 957.6 MPa to 1,266.6 MPa
with b gradually increased from 0 to 1, and the growth rate is 32.3%; according to Figure
3(b), when ap = 0.7, a3 = 0.85, R/r = 3, the elastic limit internal pressure of the com-
posed thick-wall cylinder is increased from 1,074.1 MPa to 1,355.4 MPa with b gradually
increased from 0 to 1, and the growth rate is 26.2%.

According to Figures 3(a) and 3(b), the elastic limit internal pressure of the composed
thick-wall cylinder will increase continuously with the increase of the ratio of inner radius
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TABLE 1. Bearing capacity growth rate (percentage) of composed thick-
wall cylinder considering the difference in tension-compression strength

R/r{b=0|b=025[b=05|0=075|b=1
3 1217 | 10.38 8.99 7.90 7.01
4 11329 | 11.56 10.21 9.14 8.27
5 | 14.13 | 1245 11.13 10.09 | 9.24
6 |14.80| 13.15 11.86 10.84 | 10.00
7 | 1534 13.72 12.45 11.44 | 10.62
8 [15.79| 14.19 12.94 11.95 | 11.13
9 116.17| 14.59 13.36 12.37 | 11.56
10 |16.49 | 14.93 13.72 12.74 | 11.94
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TABLE 2. Variation of bearing capacity of the composed thick-wall cylinder
with the ratio of inner radius to outer radius irrespective of the difference
in tension-compression strength (percentage)

R/r [b=0]b=025|b=05|b=0.75|b=1| Average
3—4 [21.47] 21.61 21.73 21.82 |21.90| 21.71
4—5 11328 | 13.38 13.45 13.52 | 13.57 | 13.44
5—6 | 9.14 | 9.218 9.27 9.322 9.36 9.26
6—7 1| 6.73 6.80 6.84 6.88 6.91 6.83
7T—8 | 5.20 5.25 5.29 5.32 5.34 5.28
8§ —=9 | 4.15 4.20 4.23 4.25 4.28 4.22
9—10| 341 3.44 3.47 3.49 3.51 3.47

to outer radius. Table 2 shows that, irrespective of the difference in tension-compression
strength of the material, the bearing capacity of the composed thick-wall cylinder is
averagely increased by 21.71% when the ratio of the inner radius to the outer radius is
R/r =3 — 4, and average increase rate is gradually reduced to 3.47% when the ratio of
the inner radius to the outer radius is R/r = 9 — 10; Table 3 shows that, considering
the difference in tension-compression strength of the material, the bearing capacity of the
composed thick-wall cylinder is averagely increased by 23.05% when the ratio of the inner
radius to the outer radius is R/r = 3 — 4, and the average increase rate is gradually
reduced to 3.79% when the ratio of the inner radius to the outer radius is R/r = 9 — 10.
According to the above analysis, when the ratio of the inner radius to the outer radius
is small, increasing the wall thickness of the composed thick-wall cylinder can obviously
promote the structural bearing capacity, but the effect will gradually weaken with the
increase of the wall thickness, as shown in Tables 2 and 3.

TABLE 3. Variation of bearing capacity of the composed thick-wall cylinder
with the ratio of inner radius to outer radius considering the difference in
tension-compression strength (percentage)

R/r |b=0{b=025b=05]|b=0.75|b=1| Average
3—4 (2268 2291 23.08 23.22 | 23.34| 23.05
4—5 1412 | 14.28 14.41 14.51 | 14.59 | 14.38
5—6 | 9.78 9.90 9.99 10.07 | 10.13 | 997
6—7 | 724 7.33 7.41 7.46 7.51 7.39
7T—8 | 5.61 5.69 2.75 5.79 5.83 2.73
8—=9 | 4.50 4.56 4.61 4.65 4.68 4.60
9—10]| 3.70 3.75 3.80 3.83 3.86 3.79

6. Conclusion. Based on the unified strength theory, considering the influences of the
intermediate principal stress and the difference in tension-compression strength of the
material, the unified solutions of the elastic limit internal pressure, stratified radius and
interference amount of the two-layer and three-layer composed thick-wall cylinders with
the inner layer made of fragile material and ductile material have been derived herein, and
the unified solutions are degraded into the specific solutions based on the unified strength
theory (such as Tresca and Mises yield criteria) through o and b. For the unified solutions
of elastic limit internal pressure of the composed thick-wall cylinder, the influence of the
difference in tension-compression strength of the material is considered by parameter «,



ELASTIC LIMIT ANALYSIS OF COMPOSED THICK-WALL CYLINDER 931

the influence of the intermediate principal stress is considered by parameter b, and the
influence of structural wall thickness is considered by the ratio of inner radius to outer
radius. See the following for details.

1) Considering the difference in tension-compression strength of the material, the bearing
capacity growth rate of the composed thick-wall cylinder is related to the intermediate
principal stress coefficient b and the ratio R/r of the inner radius to the outer radius,
and the value is 7.01% — 16.49%.

2) With the intermediate principal stress influence coefficient b = 0 — 1, when R/r = 3,
and considering the difference in tension-compression strength of the material, the
bearing capacity of the composed thick-wall cylinder is increased by 26.2%; when not
considering the difference in tension-compression strength of the material, the bearing
capacity is increased by 32.3%, and continues to increase with the increase of R/r.

3) With constant increase of the ratio of inner radius to outer radius, the efficiency that
the bearing capacity of the composed thick-wall cylinder is increased with the increase
of the overall wall thickness of the structure, is lowered quickly; after the three-layer
composed thick-wall cylinder is R/r = 6, the efficiency that the strength is improved
by increasing the wall thickness, becomes very low.

The analysis shows that, the coefficient difference in tension-compression strength «
and the intermediate principal stress influence coefficient b of the material have significant
influences on the bearing capacity of the composed thick-wall cylinder, and the strength
potential of the material can be brought into full play by using the unified strength
theory and considering the influences of the parameters a and b, so as to reduce the
size of the composed thick-wall cylinder structure. The plastic limit internal pressure
and structural parameters of the composed thick-wall cylinder based on the proposed
method will be investigated, and the influence of the coefficient difference in tension-
compression strength and intermediate principal stress influence coefficient on the plastic
limit of composed thick-wall cylinder will be analyzed in the further research work.

Acknowledgments. This paper is supported by National Natural Science Foundation of
China (62003062), the MOST Science and Technology Partnership Program (K'Y2018020
06), Science and Technology Research Project of Chongqing Municipal Education Com-
mission (KJZD-M201900801, KJQN201900831), Chonqqing Natural Science Foundation
of China (cstc2020jcyj-msxmX0077), High-level Talents Research Project of CTBU (19530
13, 1956030, ZDPTTD201918), Key Platform Open Project of CTBU (KFJJ2019062, KF
JJ2017075).

REFERENCES

[1] S. Wang, J. Zhao, Z. Jiang and Q. Zhu, Solution of ultimate bearing capacity for a double-layered
thick-walled cylinder with different tension and compression characteristics, Chinese Quarterly of
Mechanics, vol.40, no.3, pp.603-612, 2019.

[2] Z. Jiang, J. Zhao, M. Lii and L. Zhang, Unified solution of limit internal pressure for double-layered
thick-walled cylinder based on bilinear hardening model, Engineering Mechanics, vol.35, no.A01,
pp.6-12, 2018.

[3] J. Zhao, Z. Jiang, C. Zhang and X. Cao, Unified solutions of limit internal pressure for thick-walled
cylinder with different behaviour in tension and compression, Chinese Journal of Theoretical and
Applied Mechanics, vol.49, no.4, pp.836-847, 2017.

[4] T. Apatay and W. Mack, On the optimum design of rotating two-layered composite tubes subject
to internal heating or pressure, Forschung im Ingenieurwesen, vol.79, nos.3-4, pp.109-122, 2015.

[5] T. Waffenschmidt and A. Menzel, Extremal states of energy of a double-layered thick-walled tube-
application to residually stressed arteries, Journal of the Mechanical Behavior of Biomedical Mate-
rials, vol.29, pp.635-654, 2014.



932

(6]

W. AO, Z. LIU, H. ZHANG AND Y. HUANG

J. Zhao, Q. Zhu, C. Zhang and S. Wang, Elastic-plastic unified solutions for combined thick wall
cylinder based on unified strength theory, Chinese Journal of Solid Mechanics, vol.35, no.1, pp.63-70,
2014.

G. Yuan, H. Liu and Z.-M. Wang, Optimum design of compound cylinders with sintered carbide
inner liner under ultrahigh pressure, Engineering Mechanics, vol.28, no.1, pp.212-218, 2011.

L. Qian, Q. Liu, C. Wang et al., Optimization analysis of autofrettage pressure for thick walled
cylinders, China Mechanical Engineering, vol.23, no.4, pp.474-479, 2012.

T. Lin and X. Hu, Limit pressures for thick wall cylinders based on the triple shear unified criterion,
Journal of Fuzhou University (Natural Science), vol.34, no.5, pp.727-731, 2006.

M. H. Yu, Unified Strength Theory and Its Applications, Springer Press, Berlin, 2004.

M. H. Yu, Generalized Plasticity, Springer Press, Berlin, 2006.

B. Y. Xu and X. S. Liu, Application of Elastic-Plastic Mechanics, Tsinghua University Press, Beijing,
China, 1995.

Y. C. Li, L. Sun and B. Teng, Wave action on double-cylinder structure with perforated outer wall,
Ship-Building of China, vol.43, no.1, pp.322-329, 2002.

M. H. Fan, Y. S. Jiao and Z. X. Cai, An analytical solution for stress and displacement in casing-
cement combined cylinder under non-uniform loading, Advanced Materials Research, vols.291-294,
pp-2133-2138, 2011.

W. Ao and X. Wang, Application of unified strength theory in design of prestressed combination
die, Forging and Stamping Technology, vol.35, no.6, pp.124-127, 2010.

W. Ao, X. Zhang and T. Wu, Design of three-layer prestressed combination die considering diversity
in tensile and compressive strength of material, Journal of Plasticity Engineering, vol.18, no.1, pp.72-
75, 80, 2011.

Y. Zhang, Y. Yang and R. Yang, Distribution path optimization method of gas cylinder based on
genetic-tabu hybrid algorithm, International Journal of Innovative Computing, Information and
Control, vol.15, no.2, pp.773-782, 2019.

M. Kamran, X. Pu, N. Ahmed and A. A. G. Hanif, Numerical dynamic axial crushing of bi-tubular
metallic cylindrical tubes with stiffeners, ICIC Express Letters, Part B: Applications, vol.8, no.12,
pp-1595-1601, 2017.

Y. Feng, L. Liu and Y. Chen, Numerical analysis of fractional-order variable section cantilever beams,
ICIC Express Letters, vol.13, no.7, pp.547-555, 2019.



