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Fig. 1 Schematic diagram of a pressure pipeline with gap under the action of internal water pressure
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Fig.2 Schematic diagram of combined bearing of the
pressure pipeline under the action of high internal
water pressure

Il FRRAS IS NS FEIRIREE A FLE S a4, %

W B e 2 70 SRS [ o JEE R [ R PN S — A PR R

JETEFN A K p, M T B G R m) A, 5K (1) 28

ABL, SECFF M) AT L A TR BB PR A HRSZ 5 N

X I B B A R EL (0, (2) B wr(2) 0, (2) Fl wi(2)) , AT A4y
BRI

0. (2)=cz,y (2)=dz" (11)



314 TR SHAR o5 58 %
0. (2)=ez,y,(2)=f" (12) BRI R AT ot
it(1%)7(12)*,C\d\e\fi/}jﬂ‘7'f#;‘kﬁ%’§&o ‘ uf;= 1 ((KS_I)CR;_dR;—l) (20)
PETRIEE 1 P30 5 Ly b B2l 1 1 py , TR 1 4b 26,

G LA T128 py, py B p, RIFER FNRESR , W]
DL R VR BE 2 0 A S5 ST I T 2R

p32nR,=p,2nR, (13)
IF
R,
Pa=P3 5" (14)
4 3R3

FHE 7 AR ELAE T, e s e P 030 543 ) K A2

fir 8 p, Ml py, TG (2) 2L W B R (1D ACA D
FME SR e dI R VLT R AR

o= PzR:)2 _P3R;2

=C,+C,p;,
aRP-RY) 0s)
( _ )Rr2R!2
=1 {;2 ?2 =D, +D,p;
R -R,
K, C . Cy Dy Dy AR W RN
R/Z R/Z
1= p/; 0!2 ’CZ:_ /2] ”7.’
2R\ -Ry) 2Ry -Ry)
erRIZ erer
Dlz—pz 0ot ol (16)

R;2_R(r)2 2T R;Z—R:)Z
Al , B A1 B 53 B RS2 I Aaf 2R p, A1 O,
RIIL, R R S e IR VAT LR

_ P4R§ _ P3Ry R, _
2 52 2 52
ARI-R)  2AR,-R3)

3

2 2 2 (17)
fem P4R3R;, =_P3R2R3R4 = Fp,
R,-R; R.-R;
A EFoa Az, Al Zom N .
__R,R, F=_R2R3Ri (18)
ARI-R3) Ri-R
M (14) ~ (18) T LA H , R p g, BRI SR
FRASSCIHIARFNE ¢ od e f\pyo

1.3 K#&p,

AR 3G L A AR AR Y B At TR EE - I ELA 22 1]
(AR TE DM O 23R A ps o

T2, W A AT A L S g ) A R O (o (2) A
w(2) 0.2)F w(2) 5 HAR WAL of ol IR UNTF =
FR

o +iu’= %e% (kp(2)-zp'(2)—-w(z))  (19)

PRI PR R RL, st A, (19 KRB Fhr. Y
X I ANA B, S EC N AR s 5 07 LA B, S50 AREL
r, 00 G, x50 Ry FRLA B DAL R ) AR

R ADRAK(19) I 4 p=R] ARG WS 5L

Kl (12) fR A (19) 64 p=R, TR A2
3 AR ST
R (21)
itEP’GrzEr/(z(l +lur))’Kr=3_4:ur0
B B R TR ASTE AR E S Sy
SR AT b Al
_ P 2R, p;(R;—R,)
e T TR (R Ry (22)
Ko, PR R
2 AR TR 2 55 4 i S
R ST 2

Au@zufi—uﬁ33 (23)
a7 20 (20) ~ (23) n # oy an R 2
2Ryps(Ry—Ry) 1 ( 1 pr-1)
E.(R,+R;) ‘2(;5(("s DeR]~dR; ")
%((’ﬂ‘ DeR, _ngl) (24)
F(15) ~ (1) A (24) B AT 15 .
M
p3:ﬁl (25)
o, My M, R AR RN
1”2
M, —— pZROZ(KS+21) (26)
G, (R,-RY)
R ps(,~ 1) 2RY
2= N N
G,(R;—Ry) G(R—Ry)
2 2
26— DR 2R (27)

G.(R3-R}) G,(Ri-R})

W5E ps I B AT A (15) L (17) BT i 2 Bk A
T3 B B A el P X6 1 A R B R R K (g (2)
w(2) @ Fy(2)) o
1.4 RAEEMTRKE

A e 1 L B A R AR Y BET 7 1) BN B R KR
U AT A AR AR (28) L (19) SR AREE S R AR
B SRR N AT 2 S R S o 6 P RS IR Ay
WM,

o’ +0"=4Re(p'(2)),
o’ —o” +2i"" =2¢" (Zp"(2)+ v/ (2))
SIS ST IPAT s

T BT A R TANATE B R BEE 2K
FE B, BUE T RILR I S R B A5 T, Rt , AR 7 £
BTN ECER, 0] 3 55K ik 9 B BEAG IS g AN ARSI A3

28)



552 KBS, 55 = s WK A TR DR ERL A8 TE I K S LRI 5 315
JE M5 G, MY SIEA SO S R RS RTA

T ANTE B A, TR A T R B A R T S R
S JE W ELS U B 13, DL, A SORE SR i 5 ) Rl A
BpR B (12) A (28) 5 15 21 1 AU [l 45 B
153 B 4 B A S T SR AR LA SR i e 2 T
T TN A %7 737 0 K 31 FF42 % 7 (14 328 o 5>,
AR SOOI SRt A G R 7 48 T8 P K R A i 288
336 R0 0 e A TR I s SCHR 31 1% FBL 2 P 4 7 4
Fe 0 s ST AN
TRBE L )2 T R N K AR A = A 42 1) B g e
4 JCIR I AR ERE T O IR ) N ) e AT 0, HiAR
[ 18 137348 o Al it (29 ) 3K A -
ol = PRy (29)
P
1.5 BEEasiERItE
FELA 43 PH 238 2 4 B 2 R FH N 7K R T B R )
G T AT R B 1 17 7 5 B AR S T A i KA [
3 A BT 2 e g T AT SR A
2= 20770 100% (30)
0y
T 2o, FP R A A Ee KFR AT IS T 5 0 M BT (BH
) AR PN K R g B fe R ) i N 7, AT A
A GOME,

_ PoRy
0= R R, (31)

2 HEBEERERR

SIS EIUEIT At S AR R,
R, 3B 3.00,3.03 m, B4} JE 1 >4 30 mm ; VR % 1- 35
FEIZEW SPFCEAR R, Ry 4 51 3.030 5.3.600 0 m, I
BEPRTE L =R, - R,=0.5 mm; BHMEF A1 42 R=5R=
15 m; Fiffe) TRLEEE - L 1 AR R A B2 50
E=206 GPa, E=20 GPa, E=8 GPa, 1=0.300,=0.167 , ;=
0.250; S0 EFAN AT TREE 2 RN A 4242 17 5,10 .20 56
43 s B I R A RN A4y B 25 S AR T AR ) 4 1 A1
NIE 11 R B AES BG4 BT ot T TR
TCR BRI T OLA 25 0L, DIt S e EETR E 1 37 1] 7
AT 5 A B 25 ) o AT TRBE - TC B T B B Ay A
TR IR0 o 22 2 R RE [0 3 41 S P 454 1 2435
B, A B R AR Y BB S B R R R £ K
A, AT 3E L 28 UM B0 7 (Lamé ff) 2947 5 66 7k 3
B B AT A0 3 )2 SRR RE B 37 1 AH ELAE FH  RIR A Sk
[24] v Z2 J22 JERBE (B £ 19 07 3 43 B 7 vk 0 A 73R A, B Jm
A 3 T 24 B N A T2 SR A VB Sl Ul
R IGR AR .

BRI 7 vk (R T ABAQUS #4F ) BEA T X5 b7 1) 5 (1 A 411
(BT SR BE L R 22 BRAE R 0 B9 100 , LA U] 3 i
7N ARFY R ] 4 BEEC T m, LA A MIN 0 5 BT H e i
P B IS AR Al A 5 LA R — 4R SR BT,
Aof SR FH 7 BRI , TRAEE 1 )2 DR FH 3 5 O,
N RFCR A (10) KA 5 [ Sl s S8t i
] 2 3R, AR Y 5R PR S AR 5 AR 904 9 0 it
TN K (pg=2 MPa) Ji5 S EUR AT i B8 [ 0 ) 40 A, 45
RBIR SR FASCO B FEE A 5 2% A5 A e fe K
FR[A] 8 SI(EAH 22 4.70 MPa, [l 70 HH 2R AH 22 3.54%, P
FHEFAET I ZURE 1 R0 584 SNERIA
A 2R A), BRSO 58 55 PG 7 12 T4 1 ok
ARSIy TSR kb o2 LT, AT — R
JE FEIHAR SO 25 SR AR AR P 5 SR N AHAT o

3 ENEEHREERER

Fig.3 Numerical model of pressure pipeline
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Research on the Combined Load—Bearing Mechanism of Deeply Buried Pressure Pipelines

Under High Internal Water Pressure
LIU Yijie, ZHANG thui*, HUANG Bensheng, YANG Fengjie, YUAN Mingdao, XU Yunqian

(Guangdong Research Institute of Water Resources and Hydropower, Guangzhou 510610, China)

Abstract:

Objective This study accurately calculates the stress and deformation fields of deep-buried pressure pipelines subjected to high internal water

pressure, with a specific focus on the influence of fractures in the concrete layer. The mechanisms of load transfer and distribution within the pipe-

line bearing system are elucidated by considering various influencing factors, including internal water pressure levels, the interlayer gap between

structural components, and the geological categories of the surrounding rock.

Methods The bearing behavior of pressure pipes was simplified as a plane strain problem, and the stress and deformation fields were solved using

the power series method of complex function theory. The core of this approach lies in determining the potential functions for the steel lining and

surrounding rock layers, as well as the contact stresses between each structural layer. 1) Considering the presence of an interlayer gap, the bearing

process was divided into two stages: the free bearing stage and the joint bearing stage. During the free bearing stage, only the steel lining under-

went radial expansion under internal water pressure until its outer boundary came into contact with the inner boundary of the concrete layer. At
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this stage, the corresponding internal water pressure and the form of the steel lining potential function were determined based on the prescribed
deformation value at the outer boundary of the steel lining. 2) In the joint bearing stage, when the internal water pressure exceeded a critical
threshold, the steel lining and concrete layer achieved complete contact and continued to expand simultaneously. At this point, the concrete layer
and surrounding rock acted as an external constraint system and jointly supported a portion of the internal water pressure. 3) Under high internal
water pressure, the concrete layer experienced significant circumferential tensile stress, which inevitably led to the formation of radial cracks and
the loss of circumferential load-bearing capacity. In this case, the concrete layer transmitted only radial loads and was therefore modeled as an
equivalent spring layer with a defined stiffness coefficient. 4) Based on the deformation compatibility conditions among the steel lining, concrete
layer, and surrounding rock during the joint bearing stage, the contact stresses and the forms of the potential functions between the structural lay-
ers were determined. 5) The final stress distribution and deformation characteristics of the pressure pipe structure were obtained, which enabled
the calculation of the load-sharing ratio of the surrounding rock by applying the superposition principle of elasticity theory.

Results and Discussions This study investigated the influence of internal water pressure, the gap size between structural layers, and the classifica-
tion of surrounding rock on the joint load-bearing behavior of pressure pipelines. Comparative analyses were conducted with and without consid-
eration of concrete cracking effects. The key findings were summarized as follows: 1) Internal water pressure induced radial expansion of the
pressure pipeline, and its effects, manifested as stress increments and deformations, diminished progressively outward from the inner boundary.
When the interlayer gap was small, the external concrete layer and surrounding rock bore a significant portion of the internal water pressure.
Therefore, in engineering design, if the surrounding rock is structurally sound and stable and the quality of concrete filling is ensured, the thick-
ness of the steel lining can be appropriately reduced to optimize construction costs. 2) When cracks developed in the concrete layer, leading to the
loss of circumferential load—bearing capacity, the corresponding internal water pressure was redistributed between the steel lining and surround-
ing rock based on their respective stiffness characteristics. This redistribution resulted in increased radial stress, deformation, and circumferential
stress in both components. Due to its high stiffness and direct exposure to internal water pressure, the steel lining assumed a larger share of the
load, while the contribution of the surrounding rock decreased. The extent of this redistribution depended on the overall structural parameters and
the magnitude of the applied internal water pressure. 3) Given that the deformation of the steel lining under internal water pressure typically oc-
curred at the millimeter scale, even minor interlayer gaps significantly affected load transfer and distribution within the composite system formed
by the steel lining, concrete layer, and surrounding rock. For example, based on the parameters adopted in this study, the load-sharing ratio of the
surrounding rock decreased from 71.31% under zero-gap conditions (¢ = 0 mm) to 44.35% when the gap increased to 1 mm. 4) The classification
of the surrounding rock had a significant influence on the load-sharing ratio of the surrounding rock. Without considering concrete cracking, the
difference in circumferential tensile stress in the steel lining between Class Il and Class V surrounding rock conditions reached 40.93 MPa, with
a corresponding difference of 20.56% in the load-sharing ratio of the surrounding rock. When concrete cracking was considered, these differences
became more pronounced, as the maximum difference in circumferential stress increased to 118.03 MPa, radial deformation differed by up to 1.6
mm, and the load-sharing ratio of the surrounding rock varied by as much as 59.31%. These results indicated that Class V surrounding rock con-
tributed minimally to resistance against internal water pressure under such conditions, implying that the steel lining became the primary load-
bearing component. Reinforcement measures such as grouting were required to enhance the contribution of the surrounding rock.

Conclusions A power series solution method based on complex variable functions was proposed to address the calculation problem of load trans-
fer and distribution in deep-buried pressure pipelines under high internal water pressure conditions. The stress state, deformation at any position
of the bearing structure, and the surrounding rock load-sharing ratio can be accurately determined by solving the potential functions of the steel
liner and surrounding rock, as well as the contact stresses between to address the calculation challenges associated with load transfer and distribu-
tion in deep-buried pressure pipelines subjected to high internal water pressure, the bearing components. The proposed method accounted for the
reduction in circumferential bearing capacity caused by cracking of the concrete layer by representing it as a spring layer characterized by a spe-
cific stiffness coefficient. Based on this modeling approach, the variation patterns of the joint bearing sharing ratio under different internal water
pressures, gap sizes, and surrounding rock types were systematically investigated. The proposed analytical calculation method adopts a framework-
based approach, allowing for high adaptability. In addition, supplementary conditions can be incorporated based on specific engineering characteris-
tics, enabling targeted and refined analysis.

Key words: deep—buried pressure pipeline; steel lining—concrete—surrounding rock; sharing rate of surrounding rock; high internal hydraulic pres-

sure; gap; surrounding rock type
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