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Water-conveyance functional reliability analysis of large-scale aqueduct
structures subjected to earthquake excitations

Zhang Wei' ., Wang Bo*®, Xu Jianguo*® , Huang Liang®’
(1. School of Engineering Management and Real Estate, Henan University of Economics and Law, Zhengzhou 450046,
P. R. China;2a. School of Water Science and Engineering; 2b. School of Civil Engineering,
Zhengzhou University, Zhengzhou 450001, P. R. China)

Abstract: Large scale reinforced concrete aqueduct, as a lifeline hydraulic structure, the reliability of its
water transport function is very important. However, on one hand, the mechanical property of concrete is
equipped with remarkable randomness and nonlinearity. On the other hand, the aqueduct structures may
inevitably suffer from uncertain disastrous earthquake actions during service life, posing a great threat to
their service safety. To these ends, the present paper proposed a quantification framework for the water-
conveyance reliability assessment of the aqueduct structures by incorporating the stochastic damage
mechanics model of concrete and the probability density evolution method. The principle and
implementation procedures of the developed framework were illustrated in detail on an actual large-scale RC

aqueduct structure. The results show that the probability density evolution theory can accurately and
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efficiently evaluate the reliability of aqueduct structure water conveyance function. The water-conveyance

reliability varies with the change of pre-defined seismic fortifications, which should be reasonably accounted

for in early design phases.

Keywords: aqueduct; hydraulic function; reliability; random damage evolution; probability density

evolution method; analysis of antiseismic performance

TGS BAT HR L | 5 00 0 O 8 UK 5 22 b
DR 2 F L 0 K SR L R A M Y IE R IR
PUHEHE BT A B A0 s BB R IROK SF R RO
K AR B 2 18] B A A 4 L — RBOR AR 26 45
5o B A ) LR KA R T R L BRI AN /R 5 A Ak
T ZUE X TR SR SRR A T A B B
¥ o S A s 2l o A Ak KT R L 51 e R K R K T
FRME U o 5L 2 A E Ak P . AL itk Y K A b
ARSI ¥4 o 30 ol B IS R AL TR AR S 51 R
TEREEE A IR T 22 J5y 0 R PR Y 5 7 L 5 98
Ve 3, A T g | R R SOR A B A Y R ik B IR
PG o TR ABIE Y A 45 4 1 K A8 AR R 19 30 g i
IO [ JH ok 156 45 e i 7K D S R A R A 22 4 ) 5
i A 2

TEPERE A BTt b, — i B A B AR
20 7 WM A B 1y B 2 (8] 1 4 4% 1) 5 5 R A A BR
{EL X P b B 2200 1 IR BE A RE B B 1 7 S VT A6
MPURYERE ™ AR, HE L T TR T2
MPRBEIR S5 25 & N R B2 L IR BE £ 451
FYERBAFE R R 22 5 . AN WIS K L R B 4
PR R 1000 B9 W0 46 72 S M v] BE S BURE RESH Y
W IR S S M i ak 1800 ~ 550 A, B R IR B
R RHRE AL P ER A5 0 R SR b 45 Al 7R B 2 PR 0
FUMLTRAE T 22 7= Az SR O [R) 4 480 358 e SR A 50T
FCA 53 50 M 752 Sl T A Az Bl o R R AR S P AR
ARESEME E ., H—Jrm. R EE L A S RH LS
JE S A W AR LN T 24T Dy 2 SR P IR ) o
Ay L % UL 4 i S R BB L iy AR ) A R
TE PN S5 R YRR 50 B I 5893 25 R TR Bt = b1 ) 4 BE AL
P55 AR LRAE AL L % T R I Rl 45 A B /K 2 BE AT A6 4
WFFE AT BB R S, P, 2B 3 R AR Bk - B AL
105 J1 AR SR W 45 ) TR B LR RE N R
A REHLIE S AR L S22 A7 0 . AR 45 M B e ] 52
PRI AT J7 1T, B2 )Tz B O R T 2 i AL AR AL
RN 0T SR TR AR ) R BR ) T — 7 B AR

i By b1 I X 6 o TR Rl I ITAPAS R v 7 2PN
SOV G AR A L AL T s O R D S TR A
R GERY AT REPE S B B TR B AT AT B A . 5 BE AL
BREALLT5 1 AR L L M 3 8 Ak 07 0k AR b figg e T
APFEPE AT R AL A 2 R 5 Ok B0 TR HE L O
SR D IVAEE S R S L NI = N R 63 A N ST
R )2 A A Y TR T R T AR B R
5 WU 3 5 R B R AT R 5 4 ) i K ) R T e
I3

ST WS TR £ A K T RE AT S A A5 A
kKA B 2Z T A 5 2, DA R TR 38 Ml 235 4y Oy 4] L 3 T
BEALAG A5 3“7 £ 7 S IR B - g 2 P RE BE AL A
2R VR AR AL L JF 45 A M 0 R A ke
ST R T 45 4 fi oK T BE AT R Y A 5 kL IR
R S5 R 1k KA 1) B S0 588 T A 45 A e K ) g
[DER R A RSN 45 30

1 EEEHRE

1.1 EEBARTOER

KA I 2k TR R O R K A TR O O A 2
LR 1 R 3T OpenSEES # 57 HiA R ot 43
PRl Wil 2 frs . fE di s b, 2 R i 29 xR
BE A J1 25 AT R (0 5 ), 24 0 IX TR BB R R R E 1
PR T 3 2 29 AR SR A [ B 0 A A A R Y
Bauschinger %00 . M1 FHUR Al B 550 {4 )2 76 K
Tt TR 58 B UL, 07 5 B8 45 4 1 TR - 4 R
Fr2F R A B AL . U 5 R g 2 R S R (AR
BEALAS £ A 65 IR BE - LR SRIE f..0 (C50) . fon
(C30) fo.s (C30) FNZEA B JE LU ¢ S5t 4 A BEALAE

LA REEE A E X WK L,
28.00 } 28.00 } 28.00
v 128.77

HSB—
MG 112.608

1 B E

Fig.1 Schematic of the aqueduct structure



146 K5 x;E £

FROP E O

% 42 %

BB BB RB=

55 Jﬁ ”L o7
3y Fi
B2 EEERTHE

Fig. 2 Finite element model of the aqueduct

R EEFEHOENEE

Table 1 Random variables of aqueduct structure

Fifi 1L A2 ¥E 5 5 A I3 A A
Sen (FEED) 50 MPa 0.15 1E &5 A1
Seor (ZEEIFD 30 MPa 0.17 B
fes (FTELFO 30 MPa 0.17 1B A
¢ 0.05 0. 20 X EOE S

R T 5 WA A5 1k K AR PR R B B 8
A A i 17 R L 400 FH 5 0 R T 1 3 i 2
I B9 283 M F 89 Chi Chi M52 9%, IF 5 b 52
B0 0 3 A 2 0. 2. WY BEORE 1 b A — B0
Jilh o MR Sl R R 0 R AR R A N ) R
7Ty S AN A 3 R 4 FTR . A G A R SRR
5 b [ 45, A R S R T, A T
R v U A 4 7 W S 3 A B4 R B R LR SR L E
Ui OpenSEES - 57071, 3 F £F 4 %2 o 50 #E 57 Al
SR A PR oA, MBI K R 2. 21 m, SR BT
TSR R R K AR 2 A B S K AR G I A 4
¥4 8y 77 W 107 1) 5 0]

2
15
1
0.5
0
=05
-1
-15;

TN EE/(m-s %)

5 10 15 25 30 35 40

20
Bf1E)/s
B 3 Chi Chi it 5 fn i B B 72 i 2% (0. 2¢)
Fig.3 Chi Chi earthquake time history curve (0.2g)

1.2 BHEMHREERBRITER

TR 235 A SR FH T A 2tk R 2 R e 4
BEMYPERE R 40 mm, TERAZ 0. 06 MPa /K i Jj LA &
K FF 40 mm #1745 31 40~60 mm B [/ F£40 mm
=R IAE T B fRE TR A KRR BE
T R PR A5 A IR H s AT EOR . i 5 P, 1k kA
J& 7 mm, U JB &2 B 3R 0 LA 24250 R 8.
15 mm, &5 50 mm, ffi 28 I8 I 45 (9 e TF K EE AR /N T
FEEE A 1Y S A, 38 B AT I A A A RS TR £

TE 1B KA P AR BRI T3 i H B . 1k K Al 2R T A
BT AR LUR M BT SRS fE ) T 1K B 1A E 2L
Ho 1R 5 IS AR IR BE 18R ] GB UK 2

=)

I BE/ (m-s2)
o v A o ®

=

0.5 1 1.5 2 2.5 3 3.5 4
E: - BJEH &=5% " - et &=2%
4 Chi Chi i3 3 & B & K73 (0. 2g)
Fig.4 Chi Chi earthquake acceleration response

spectrum (0.2g)

240

100 _ | 40 _ 100
[
K
e e
TEARIBE kK / -
1057 Giif
ORRLI ) & —60x5x4 280

BEL s 9 55| \BHEARG R
wREsEl | / M10

£
X%Z,Jﬁ%ﬁ%ﬁiﬁg/ /E/ mer

B 5 BELWEKTER(HSA:mm)
Fig.5 Sketch of the rubber water stop (unit: mm)

PRI LKA SRR AR D 6. 1 MPaL JARR HE N
0.49, %N 1X10° kg/m’ . 1EA RITHI AL
R A BT A B AR 1kl o = 1) W J3E 2 BUAE
6.1 MPa,

1.3 BEIBENRGEEXRER

A WF SR T, 1R BE L B LA 05 A g 45 280 T Ak
A 4 TG M B R TR 6 - bR A L RN A 2R 4 A L 4
PES . R T 8 P 2R A UL U 5 A TR L
DU PR 5T 25 FE IR BE 1 A1 RE BE AL 52 00 T 84 245 44
IKINREFTHEPERL A . ANk — e, AR IR BE - A —
IR AR BT R o B 6 T 7 /Y JF 1B o 3 2
e HLEOR ol ot 3 IR DA AR S5 1 R ) — B AR G
Z 1 3 2 5% A UL B 4 B AL T 2R, T T A VR O
SRR AL 7 38 A LA

A 2o ol LB 1 Bt ML DT 2R T H 458 1 3 8

N
D:Q—E:%Eme—m S8
i=1

A, N



%4

TRBR 5 < WU R AR R T K AL R A 45 M K 2 e T S AT 147

AP A TR R A, IR AR s RN 1E
Iy 204 T T BT 2L 9 s S AR R N Ry R SR A,
R R PR R KRN A s H( )RR Heaviside PR
e WO AER,

FAAbadd bbb Ahtd
$
> %
T

Blo ZBNREH T REE
Fig. 6 Microscale random fracture model
A S S B08 T 05 . 0405 7 T i BE AL AR 2y
S )
1
D:JH[e—A (x) 1dx (2

Krp D IR BE 805 55 A (o) Ry — Yk Wiy 24 07 728
BEALY s o Ry 28 [ AR FR

ST TR 05 7 T L R
) — YR AT A 4G 5C FR T R Gk

o= 0—D)«E;«(e—¢") (3)

R o HREE I < E, AR ) B B
e” IR EE T IV S

VMR SR 7 B 0 2 ek e R
B 12 = ol N A W S AP B s A K= <X B o

fi
B7 BEI-—HBHGEAHXER

Fig. 7 One-dimensional damage constitutive

relationship of concrete

R T 248 X 305 3 4 0 £
BB (2) R 5 W 24 51 5 803 P I 25 2 J A
S50 90 R B 24 R L B 0
Bk A

1
D:JH[}’E*A () ]dx 4)

Arbey g R A
N T AR B TR I Al 235 44 B HIL 45 1) b 7 v 17 23 B
RS L RIAR R, SR 1 Ak G2 B U ASE U1 08 205 g 4% 30

ek A T 57 H e A BTG A R
2 EESNBKINGE R E S A

2.1 EREHENEHITHNMEEEERELAE

5 EZE B Re  R A U 1 B AL T
W VERE S5 H 32 B R T LR h
MW?) U() +CW U + f(T,U@) = F(¥.1)

(5)

MR C G 550 g 18 HE 235 ) 1Y J5T k6 R B JE
W U (o U o F U (o) 43 530 g 305 R 495 4 W 9 £ o 3k
JIE BB FIE R O s f (UL o) L F () 43 31k 6 s 4%
PR T RO ff 3R s = (W, W o, W)
hy VA 5 A B I T A BE LS BOR B s Ry SRR B
BLAZ 5 1950 I 1]

WX =(X, . X, e, X070 g 45 4 rp %
) M) 7 S DU A4 Hh ARE 56 < 1 D B A &5 4 B ML B0y
M 17 14 AR 56 2% 85 3 2 A £k o T

apX\F(’}ral/lvt) _'_X((/Jal‘) apxw(faﬁbat) =0 (6)
Jt dx
A X (Par) g Wi 7k B T S
K6 B 1
Ppxw (o) | oo = 8(x— x0) pu(P) (7)

K x, B x MPTERE .0C « ) 2h Dirac delta PR%L,
2 (6) BRI | SCHE A5 B i AL Oy 72 B s 1 A

5 ALy ) 1 (4 ARE 34 5 I ST ) 000 38 A R A L e R A

(5~ (7, AT FRAG U il 245 44y i) 07 S 14 AE 3 %8

px(l'yl’) :J pxq;(l‘,()[lyl‘)dgb (8)
2y
PETIAS B 25 5 BT Xy B PE A 45 1 I8 722w 5 B2
R(t) :J px(x,t)dx 9
X{‘Xlim

2.2 SRFFEEMFTENLEHRAR

R T I TR ARE 2 %% R e Ak 5k A Y R 5 A T S
S3AT B IE P 43 ) SR F 58 R S U 1S 400 RN ARE A8
JE AL T vt B R 45 R 1 B AL 3D g e B, O i AT
XFELAF 5T . R GF Ml 22 1 a5 7 325000, 4 4k i B
200 A B AR F M A o 48 T 8 25 T MR 230 %% 1 Tk
J7 ik W BENLZS K4 53 BT - 9T 4T 10 000 1R 58 55 R % 1
0, J3 Sl AR HRLZE R e 7 1) e AR L

X F 52 I AR AL, AT A B R 48 3 T e ot
o) XA,



£ F|OP & O

% 42 %

148 K5 %33
E[X()] = Zx ) (10)
NM(,S i=1
Nynes
EL(X() —E[X(O '] = DX —EX D
Nucs i—1
(1D

H BB T3 Nues I 525 R J7 8 70 B ik
Wsk=2,3,4, -, X THEAREE WAL T kAT & BY
Wi o7 (R e 3 5 O

NppEM

E[X(D)]= > PX. (D
i=1

NPI)EM

E[X() —E[ X D] = Z P(X) —ELX@® D"
i=1

12

(13)

s Nppew A 55 T8 3% 2 07 12 18 s AR SR A
Bk=2.,3.4,¢

ﬁ:H‘ﬁEPHX NM(sflo 0003 Npmw 200, P j‘:’%l

AR R A ) I A3 48 %, i B Voronoi & X T H
SRAFE . TEAR R 5 ME R B AL vk
PR AU e BOs E e e S e A S R
A B AR U RE BT R RS A 1) BE 1L e
WL IF R A = TR AR, X 5 1R G 5
R TR K AR LA R BE ML A A B AN TR

W 1k A AR 7 % (O HT 4 B GE 5 XF H I 8.
K9 MCS fRE 5247 & J5 i, PDEM AR R 4
R B ¥R R R AT AR R T AL YA
LR B 55K 7 A R 0 s AR . A
SRR AL T AT B 200 WA AE P o A . T AL G
() 52 ¢ R I8 A UL AN 75 BEBCT B U7 iy o A LA (A
SCHR AT 10 000 ¥R) AT UL, ABE 58 5% i 8 Ak ik
FERGEEWE R ZER N 00T TR BRI
e

e JW\ \”‘W “/WWW

HTIEU/S
0.010
~ 0.008
R g'ggg A M
004 £ n A .
o S TTTY
s i)

¥E: — MCS(10 000K) . PDEM(200%K)

B8 F1M.2HMEILE
Fig. 8 Comparison of the first and second order moments
SRV VNG il 2 E I IR S S
KB T0 25 T R T A B A T 1 0 A R

R PRRCS T SR R I T T AR i 5 R
oL B L g T A R 220 A4 A R o A e K (1
AR SRRy B T M A R AL O IR B AE RO A
%%/\iﬁ B B = IR F BB AR R O 3 T 52
Fe R ITER IR A .

0.005 -

o
o B T
0.01 00 H-J— I EJ/S
£ 0006
- S0 M LT
’ H'hﬂ/s

#: — MCS(10 0007K) -- PDEM(1007K)
B9 FE3IM4MEXLLE

Fig. 9 Comparison of the first and second order moments

120
100
801

60

PDF

40

20

0
-0.06 -0.055 -0.05 -0.045 -0.04 -0.035 -0.03 -0.025 -0.02

Hi/m
1 : =MCS — PDEM
B0 BOMEZESHSEOMMEE A BT

Fig. 10 Comparison of intercept probability density function

and intercept response histogram

L Il ¥ re
09} 4 7
0.8 i j
0.7} i \ i
0.6 ™ \ {
Zost { ¢ b
O f 1155 H
o3t f { \
02f f P
o s { s
i f /
oA o ‘
-006 -004  -0.02 0 002 004 006
HLF/m
B 1l MESFEHMEZE N/ EHETLE

Fig. 11 Comparison of probability distribution function and

empirical distribution function
P10 FIET 11 Fiv 7 ) HE S5 32 o 450 5 38 00 A
BRIEICS S SR ) SO 38 % 38 Ak O AR BT A T Ak T
SERE R T B Y 2 5 43 A ek B i 2 (14D 75
Frts .

F.(x) = 121{1 < (14)
KA I{ -y AHRERE., B TFETFERERETE

THR A SR A2l SR e L IR, 10 R BT A g



%4

TRBR 5 < WU R AR R T K AL R A 45 M K 2 e T S AT 149

FH T B W45 K w7 1) 8% 88 38 AL £ R 5 T T A R
JEEEE A T7 U5 308 e AR A R A T R SR e L e LA
ARAT E5 R ) [ P AR 1 AR SR pR A CAn BT 11 BT
XHLHE A AR PR T AL G R TR DT ik T BUBE R (5 B
A P Y ) R
2.3 EEENBAKINGETEESTRE

R GF i 22 356 s J7 1610 B IR T P A B ML 45
FIREAS  IE T A B WA AR A . LA O Bl R ]
52 P b 72 D5 T R A A M 1 M R Bl D
5 3 — L0 5 P M R R 2 BT A SR . TR R
T A 7 0 X JE M 45 4 it AL M 752 o )V 80 90 2 A7 Ak B
T AR I R 4 Y Lk K Ak e R ) AR R R AR A
B il S OGH B S R R IR S5 A
) il K D RE AT SRR 2 BT . R 25 A BE AL 3l g e 1 Sy
CIRSICIET é S i 3 1 I WA

: By T
(R

B 12 BNEHSHSTEEITEMGRE
Fig. 12 Flow chart of stochastic structural analysis and

reliability assessment

3 ERESHBIKINEER E T

T AR A i R L AR AR A B 2 TR) 25 4 1k K Y
5 1 A8 2 s A LK AR TR K I R R T
W, A 0 T A R A S U A 5 R AT A B 2 )
1B 7K w85 20 (D)7 i i B 5 D, 5 R 45
i % 7K ) 8 W] 5 Pk 22 0] Y G R AL R

ETREEAL G M REAS D, AR £ a1 13
7. HEL 13 AT G5 R e S0 B A 45 405 T8 A R IR 4R v
FREER) R AT —E R RENLIK 3 . X — Bk V& RN

T P 25 A8 A T H00 i R B B m s AR 2R PR AR S (2
B 10 ) FBAFIE A WL 5 SR 10 . Bl 2 M 5% 30 b 51
A A B g A A SRR TR 45 A ) AR A A
Jeil s %8 BE AL B0 3 22 45 A0 R O B R B A2
A7 A 3 Bk VR AN (2 10~40 s Z ),
13 38 ] e B o AT /00 3 A A G A 14 57 A i 7 R T
40~60 mm Il FHAE . AR 16 M 45 4L A TR
T MR BE AR T e T BE PIL R B R e A ]
AE S ELA AP 20 B 5 BTt B A A B R P 45 A
£ i 7K 1 22 Al R XU

60

0 5 10 15 25 30 35 40

20
s} 1H)/s
13 Chi Chi W BEA TE A D, TR &

Fig. 13 Time history curves of all samples D, under

earthquake action

G35k H W R AS [ 5 A BR 25 43 553, B Lax-
Wendroff (L-W) 22 45 #% =0 Fl & 48 22 Jk /)y (Total
Variation Diminishing, TVD) 2% 43 #% 507 257, 5k fi
D, i 3 (%) B 258 9% B e A AR L R AR TR 45 B R
Wi Jo7 4 {8 AN 34 07 2% (StDY T &6 /| 14 s, R
B L-W 220048 IR R B L (H 7R 45 4 e R HE
R PR R AN 3 2 A BT 7R 35 I 5 O 1 A5 L S
DR T B % B A SR AE TVD 4%
N B, & 14 PR B A —
LB TE R TVD A% 20 22 4055 3 o i W 55 4% 38 T
e 2t A K EUE G . 8 TR EZES
SRARIRERE R TEHR S TVD K& =X 0088 A B 22 4
SR SR S R R 5 B AL R

g
\E » \"\\ 7\ M\
[ \ A \
o \/ \/ \
& -25F vV V
_50 . . . . . " ,
0 5 10 15 20 25 30 35 40
Isa)/s
E 41
4
R
R 2 \
2! T |
0 5 10 15 29 25 30 35 40
IR a)/s

E 14 D, WHEMHFTEMEL
Fig. 14 Mean and mean square deviation curves of D ,
[ 15 FEL 16 4300l 25 1 I A Al B 1 Bt — S5
By B 2 [ A A5 % i 07 ) ARE 46 4% BE i i ] £k



150 R 5 FR¥E AR FERCE E D

% 42 %

) i T AN AE(E 2R IR . i R 15 R 16 BT U Al
G5 KA 1 057 % 1) 07 o s () S R AL K TR RN . X —
TS 5 A by 72 0w 1 9 T ERAE B AT T ERIA D,
W T %) D62 0 TR L SRy F R D6 A 235 A il /K ) i T &
P BT B8 e T Hehih

F17 R 3 A BUATE ZI (A R i 4. WAk,
TZA % BE eRBIOR RS B, HL 4 A B4 56 B2 AN IR
B Fof (] & JR 1) A R AR Ak 3K R A U A 4 A A
b R R T 1 Bl e R B 4% 22 AR 11 B A 05 T8 Ak
I AR TR AL 2 M AR A BE BL I T BT A 4
A 7E Hi = A T i 7 f) Bt ML Bk V8 S50 L I R BLLE D,
BB AT A A8 Ak b, DRI, 7 T R 2 R K Th BB I T
R 2 R EE B RE B AL 1) R L 3k T R I A
S5R6 1B K TR P RE Y KA S .

40

15.2
20 e
] 0 14.414.61%-
) 2
[‘fg/m", 20

13,814 142
740—60 13_213_413.6 “,_k\ajs

15 WMEFEHE
Fig. 15 Probability density surface

~60 L L L L L L L L . )
132 134 13.6 138 14 142 144 146 148 15 152

s} 1H)/s
16 WMEZEEEZE

Fig. 16 Probability density contour

-60 -40 -20 20 40 60

0
i /mm
H: —1=13.7 --1=24.8 —1=30
B17 FAEEOMERZEE S

Fig. 17 Probability density function of different intercept

ARAT WM 45 44 1k K Bl g o 1 64 48 R AR B
Ja o it -5 55 258 g A 7 ) 0 Wit B 2 AP 5 TSR AR O

TS5 i K D RE R AT S dEFR bR . 7E 0. 2 Hb AR B b
T R U R B Y B — 5T B 2 A A A AR
D, %3 HI1HL 40.,45.50.55.60 mm, A] 35 HAEA [F 5
ETMATEER, gk 2 i, 5 A BIE T A 454
K I RE A4 AT 5 B MR A0 1R 18 IS, A 4 B By
JK Ty RE AT 4 3 Bl O () 52 BB B X R R AE . 7E S
ANASTR) 2 550 B (BT A 45 ) i /K T g T O
DA T BT A A5k R % g K ) i T A R
BK.
F2 EEENHKINETRE

Table 2 The water transfer reliability of aqueduct structure

D,/mm AHEJE /%% D,/mm A HEBE /Y
60 100. 00 45 44, 34
55 99. 31 40 7.63
50 86.93

1
0.9 g_‘—l
0.8 i
0.7
0.6
05
# 04
F 03
0.2
0.1
0
0 5 10 15 20 25 30 35 40
i)/
#: —D=60mm --D=55mm —D=50mm
-D,=45 mm "D,=40 mm

B 18 ERER K I HE A B B £
Fig. 18 The water transfer reliability curve of aqueduct
TEPERE 250 1E K 0 BT A% B i s — i ISR &I
{E% 50 mm fER IR, FIRPFFRERY ., k&
R S5 R 1k K RSB R 50 mm B, R BEAEL R 0. 2g
(9 Chi Chi b 52 5 8RS 1] W00 T U8 4l 235 4 1) 7k
DIRe AT HE B 86. 93 %,

4 Zig

B TR BE - BEALI 7 7 2745 T RIS 4 % 2 ¥ £k
BRI R T A 45 e K D) BE AT R R O M7
FEMREEILWT

D5 2 S HLE5 8 73 A J7 S AR L, 2 TR
JEE A BV 14 T A JBE 23 M S v AR ELORS 9L 5 0k
B AR A5 TR 45 1) 16 b 72 sl SRl T B9 58 46 MR
H R

2)) I 25 48y 1 K AR RS A5 g BIR L 522 v 8 Rl 45 A
i K D RE AT AR R 1 T PR TR 4R K AR 2
o % 20 10 (LR 2 v i K I T 5 1 B9 A 0 AR



%4

TRBR 5 < WU R AR R T K AL R A 45 M K 2 e T S AT 151

3075 JRIRBE 1 A0 R 2 B Bl BIL R 2> (07 0 1 45 4
b 7K A [R) 45 M 72 il T 9 57 8% o 17 H B A S o
P, DI 7R PR S5 40 PR BT b N A PR R R BE
b Ty R B RE AL AR

S E 3

L1 REHE, &R, KEE, & T 5D RN
WSS R AL A [T]. KA 24, 2006, 37
(8): 985-990.
WU J G, JIN W L, ZHANG A H, et al. System
reliability analysis of aqueduct structure based on
Markov chain sample simulation [ J]. Journal of
Hydraulic Engineering, 2006, 37 (8): 985-990. (in
Chinese)

[2 0 A, MLUihe, SRE A, TR 7 I M i 85 1a) B 2l i 4
Fd 5% BRE [T ], 7K A 2% 4R, 2006, 37 (4). 436-
442, 450,
LOU M L, HONG T T, ZHU Y X. Vertical dynamic
characteristics and seismic response of prestressed
aqueduct [J]. Journal of Hydraulic Engineering, 2006,
37(4): 436-442, 450. (in Chinese)

[3] BmM. EMKkREHEwAnERE]. ANRKIL,
2000, 31(3): 17-19, 50.
XIA F Z. Repairing of aqueduct damage by water and
other failures [J]. Yangtze River, 2000, 31(3). 17-
19, 50. (in Chinese)

[4 0 RARM, RAME, KREEF. AL 45 4% (KM S
i wEsE ()], KA S TR A, 2009(2): 9-11.
LIU J S, WU S P, MI Y X. The research of sealing
materials and sealing structure of expansion joint in the
large scale aqueduct [ ] ]. Water Sciences and
Engineering Technology. 2009(2): 9-11. (in Chinese)

[ 5] #d, 4. RTBHFMN (ML 2 M. dtst: &
[ K 7K AL R 5 2014,
DONG A J, LI X S. Hydraulic design manual [ M ].
2nd edition. Beijing: China Water &. Power Press,
2014. (in Chinese)

[ 6] JHus. TR BE 1 250 BE ML 55 43 B 308 5 4% R ) 58 PE
FE[D]. L. [FFFRY:. 2018,
ZHOU H. Theoretical study on stochastic collapse
analysis and anti-seismic global reliability of concrete
structures [ D]. Shanghai: Tongji University, 2018.
(in Chinese)

[ 7] ZHOU H, LI J, REN X D. Multiscale stochastic
structural analysis toward reliability assessment for

large complex reinforced concrete structures [ ] J.

International Journal for Multiscale Computational
Engineering, 2016, 14(3): 303-321.

[ 81 2A, MM, e, 5. REETREILHGA K X R
THEZHE SN B KFEFERARESE
), 2017, 45(8): 1099-1107.
L1J, FENG D C, REN X D, et al. Calibration and
application of concrete stochastic damage model [J].
Journal of Tongji University (Natural Science), 2017,
45(8): 1099-1107. (in Chinese)

Lol zA, R8s, EE, REHMILBR O 2%IM]. db
A Bheg AL, 2014,
LT J, WU J Y, CHEN J B. Stochastic damage
mechanics of concrete structures M. Beijing: Science
Press, 2014.

[10] ffh, BRZ A, 25, 45 iR X A ml 5 B2 43 A7
[J]. HEBEHEK 24, 2006, 25(4): 90-92.
XIE W, CHEN A J, LIS S, et al. Reliability analysis
of culvert aqueduct [J]. Journal of Irrigation and
Drainage. 2006, 25(4): 90-92. (in Chinese)

(110 g, E1, BRIk, S5, ORI RS 45 b JF 2 o 1 i i
R EEPE L) ). AR, 2009, 40(21): 87-90.
XU J G, WANG B, CHEN H, et al. Seismic
reliability assessment of nonlinear large-scale aqueduct
[J]. Yangtze River. 2009, 40 (21): 87-90. C(in
Chinese)

[12] N30, SR 508 b 72 TR U8 R R 48 45 44 390 28 1 M) 7%
AT AR RE A AT LD, BRDUR 2 2 4R (22 R0, 2010, 43
(5): 604-607.
AN X W, ZHU T. Reliability analysis of elastoplastic
displacements of aqueduct structure under infrequent
earthquake [ ] J.
University, 2010, 43(5): 604-607. (in Chinese)

(137 XUFEZE, J7 2%, K 7Y P MY 4540 BE HL 3L % SN 5 40 7% 7T
FEREAATLI . KUCR2EBE BEdl . 2012, 29€9): 77-81.
LIU Z J. FANG X. Stochastic earthquake response and

Engineering Journal of Wuhan

seismic reliability analysis of large-scale aqueduct
structures [ J]. Journal of Yangtze River Scientific
Research Institute, 2012, 29(9): 77-81. (in Chinese)
C1a] sk, I, tRaE, 55, BELHE /R R 8 1 45
Hynl SEPER A k[ ], K & il 2018, 37(10)
113-120.
ZHANG W, WANG B, XU J G, et al. Solution to
reliability of large aqueduct structures subjected to
random earthquake ground motions [ J]. Journal of
Hydroelectric Engineering, 2018, 37 (10): 113-120.
(in Chinese)



152 AL FRBE A F RO E D %42 %
[15] 2=, MRk, MERFEEEAMBWE TR IR SU X F. Research on seismic response of double-body

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[l
LI,

ISL 2R J1 %, 2017, 38(1)
CHEN J B. Some new advances in the probability

32-43.

density evolution method [J]. Applied Mathematics
32-43. (in Chinese)
JAE s 2R TN R A R R B i YR B - 5 A 7R
BT ATLT ). A2, 2016, 37(9): 8-18
ZHOU H, L1]J. Comparison study on seismic collapse

and Mechanics, 2017, 38(1):

of concrete structures with different constitutive models
[J]. Journal of Building Structures, 2016, 37(9);: &
18. (in Chinese)
CHEN J B, LI J. Dynamic response and reliability
LJ1.
Probabilistic Engincering Mechanics, 2005, 20(1); 33
44.
LI J, CHEN ] B. Stochastic dynamics of structures
(M. UK: John Wiley &  Sons.,
Ltd, 2009.
*Hﬂ@f}» Mrggte, RS, %, TREE L AESR S5 B P
LR A% B v Ak Ay AT [T ). S A5 M 2 4. 2015,
36(11): 117-123.
SONG P Y, CHENJ B, WANZ Y, et al.

analysis of non-linear stochastic structures

Chichester,

Probability
density evolution analysis of stochastic seismic response
of concrete frame structures [J]. Journal of Building
117-123. (in Chinese)

KABA S, MAHIN S A. Refined modeling of reinforced

Structures, 2015, 36(11):

concrete columns for seismic analysis [R]. Berkeley:
Earthquake Engineering Research Center, University of
California, 1984.

MAHASUVERACHAI M. Inelastic analysis of piping
Berkeley:

and tubular structures [ R . Earthquake

Engineering  Research  Center, University  of

California, 1982.
TR/ B SEOK AR BT RS X I R 45 ) b i S B oY
[D]. 2. 2328 K2, 2014,

[23]

[24]

[25]

[26]

[27]

(D1
2014.

aqueduct structure considering water mass

Lanzhou: Lanzhou Jiaotong University, (in
Chinese)

e, BT, AR, S R U B B A L
KA 5 Bt R AT ). ARAKIL, 2013, 44(16):
39-42, 50.

FENG G W, CHENG D H, LI M X, et al. Test and
design optimization for water-seal member of large
precast U-type pre-stressed aqueduct [ ]].
River, 2013, 44(16): 39-42, 50. (in Chinese)
BE iy, R TR LK B TR IR P A S T Y 1k K &5 4
Bt S TLI) KADK R RS . 2005, 25(3): 35-

37.

Yangtze

ZENG ] H. Design and construction of a new sealing
structure for aqueduct expansion joints in Dong-Shen
water supply reconstruction project [J]. Advances in
Science and Technology of Water Resources, 2005, 25
(3): 35-37. (in Chinese)

CHEN J B, YANG J Y, LI J. A GF-discrepancy for
point selection in stochastic seismic response analysis of
structures with uncertain parameters [ J]. Structural
Safety, 2016, 59. 20-31.

LI]J, CHEN J B. Probability density evolution method
for dynamic response analysis of structures with
uncertain parameters | J]. Computational Mechanics,
2004, 34(5): 400-409.

Phtle, 7. G546 526 BE ML 3 43 BT 04 B %
B A Tk [T ]. Tﬁjﬁé, 2004, 21(3): 90-95.
CHEN J B, LI J. The probability density evolution
method for compound random vibration analysis of

[J1.
(in Chinese)

stochastic structures

2004, 21(3):

Engineering Mechanics,

90-95.

(¥ EHH)



