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Model test study on piping mechanism of binary dike foundation structure//LI Huokun', WANG Wentao', WANG
Jiao®? | TANG Yiyuan', WANG Xuanzi’, HU Qiang’’, XIONG Wei*®, HUANG Wei', ZHU Huiqi' (1. School of
Infrastructure Engineering, Nanchang University, Nanchang 330031, China; 2. Jiangxi Academy of Water Science and
Engineering , Nanchang 330029, China; 3. Jiangxi Water Engineering Safety Engineering Technology Center, Nanchang
330029, China)

Abstract: To scientifically explain the mechanism of piping disaster and reveal its formation, evolution process and burst
law on the basis of considering the action of loam transition layer between the strong and weak permeable layers of dike
foundation, the whole process of piping of a binary dike foundation structure from single bubble spring to piping group and
finally resulting in collapse of dike foundation was completely simulated by indoor model test. The results show that the
overlying soil layer uplifts upward under the jacking effect of seepage and produces horizontal channels between layers inside
the dike foundation, leading to submerged sand boiling and eventually develops upward to the seepage failure of surface
sand boiling. The piping development of binary dike foundation structure can be divided into six stages, including crack
development, latent layer failure, overlay damage, upward development of piping channel, damage of dike foundation and
dike break. The surface sand boiling is developed from the submerged sand boiling. The submerged sand boiling is caused
by the damage of the soil structure induced by the seepage force due to the vertical slope in the soil layer greater than the
floating bulk density of the upper soil. The critical vertical slope is between 0.9 and 1. The existence of loam layer
accelerates the development of piping group in the free boundary area behind the dike, but it can delay the upstream of
piping channel and protect the dike foundation.

Key words: dike; binary dike foundation; piping mechanism; submerged sand boiling; model test

1E e FH B EE R Z 2 fiE 2R IR RIS R 592 1, IR BT BN
it R B e R MBS 2 T, R W K e s A kR A s T
BRI A AN 5 A 16 S R A G, AL RS TR N AR R P i 4
] Je = MV IR E RAE B A s e MORLAERUMURI A 15 2R AL B a2 B8 3L 2K | 328 7 76 b 5k

HEETE LA /K AT RHEI H (202224ZDKT07 .202124ZDKT01 202123 YBKT02 )
TEFERAN 2 (1981—) 8 #iZ  it | FENF KT K 225 TRZ MY, E-mail:lihuokun@ ncu. edu. cn
BIEEE . TR (1978—) L, WP TN, Wit 2K TR R SR RIS K, E-mail :47691992@ qq. com

ARA AR A B R 2024 44 (1) Tel ;025 -83786335  E-mail ;jz@ hhu. edu. cn hitp ; //jour. hhu. edu. cn «79 -



PR R g 2 BRI B4 ) AR SRS 1
SRR T AR R UL A 1) 5 AR PR AEIR (T SCRE
FREILETE") .

SRILE BB ALI S A%, — H LRI N A
BRI O e g AR R 00 S R Y
WG Tk 2 — AR UL A B I £ 2 5 0 A [R] 3k
A B2  RUZ RN 22 )2 B8 A5 TR ) B A
e RS I 7T 7 1, X B A R T
PRI AR T R A B P ; Wk A e 45 R AT T
SR 2 R A5 TR & R IO S 1) Robbins 2814 fF 5
T ) R P R AR KOG K TR BE SRR O SR A
DL TR A SR B 508 T T i =2 ) Y D6 R /N AR
EVOVBIY TR R AE T Y & R R LA AN IR
R TN s Yacl IS i ) A 0 M7 e M (9SS D OR 4t BI KE ST
% I RS 5 Vandenboer 257 BF 5T T I S AR
5 7K ) o 28 /N TR T a0 o X 4 VG 3 T B A=
TORLY SR, PR B T I B MBS AL T 45T
TR NABRL R s B L B R T 1 AR
PEBT S IR SR TSR R . FER =S EEAE T
TR 7 T, Bk BSR4 5 T R SR A0 R
V2 2 A AT T S e B B *22 4 R 7K 34 K
FTIBEREL R 0.1 WE5E 28 H 5 R T ook
FEEE B BB DL B A P B R T R
B 5 B S AT R R 2 ] B R O AR XA
5T LT 283 REUE R/ NS B IR
SO GRS PV SE T WM R v R S
BREIR B ; Wang 252 BF 98 T LB AR iEKZ R
XTSRS & R R BUIE AR IS TS T
TE v KA T s, AUZ SRR
T RS IEKEAE T AL T G T R 55
BK BT R RIS . 752 2R e i
UM, T RIS (9T 22 W B K WD B2 177

TE 23 RSB T AR (4 K P 27 1 B LU 5 Bt
HEAEIIRY T AN R SR R A R DL B 2 2
TRV SEIEAE T (14 4 J Al 7K A6 B f9 B2 0 5 £ 75
SEUTURIESY T ANAD IR X T I K M T D
R FHE A R IR, 222 SR TR0
ARSRBEEE M BB IAEAT T IR BIBEE

PUAT A0 ) AR R 0 A AR e AL T
(5t Ok R A (RS PR TR B S o )=
(IR IELERE R 22 UL, AT a4 B 2 1
5537 /KJE e R AR K JE N A AR ]
JeAT b e P KL SR 2 A BT
ZONRG L e W LA R A LA R o0
LAIRCIEE By ] TR ER S e 5 o (S o) S SN e S e
JE P R A SR IR T A B e 0 5 B — AP TR AT
G ACHIERIE TP L2 R0 AR, g = A
Py B AR — TC S R A B T A R i e, o)
A Sk - J2 AR AR ok | A T IR % 2R A 15t R S A TR
BN BLGR I  e aH S I 557K 3 25 22 [ g AH LB
A BB AR s L

1 iREHE

1.1 {EEE

REAE— K 2.031 m 95 0.32m 5 2.2 m Y
AHIB ARG rh AT (B 1), BT b —
AWK 0.19m 98 0.3 m 55 2. 1 m AYZKAS , F AR
USRI 7 K Sk, HABE {0, 375 m & 100350 45 B
5 em A —A 8 AL, DA ZE RN ] 5 B A e e i
RIS Kk AN KA , N B K IR USSRk
FEMY K AE BR A AR S Oy E R Ay, WA K
1.61m. %5 0.3m &5 0.375 m, Her FIEBCEA KN
0. 11 mP) B FRIE 7K B, W sty 15 A WA A, v ] 3 5
TR, LASEERAS 1 2R A 4 B T 2 21 K, A

P
AR7/ 9]
- TR T s
7 ° SRR
i 1o B BRI .
> \ KA
/ { )\ PRkl
g & e bt . T A
Y A4 S e <
o 032030
= 1 25 1358 45 55 w5
) 6% 75 85 95k 05 I
15 125 3 45 155 I
6% 75 185 9% D0
A E S
350 >
‘ ‘ ‘ !_ 500 Jo 250 L 250 L 250 | ‘ ‘
200 110 200

1500

B RXEREREE (A mm)

- 80 - KA K A R 2024 ,44 (1) Tel:025 -83786335  E-mail :j2@ hhu. edu. cn hitp ://jour. hhu. edu. cn



PR YIEIRD 2 ; T B IR B, K. 5 m,
FARE BT T 03 [R5 1% ok, T A 40l
B2 HA A 20 A~/NL, T B ALK E
TS (e B A 5 A, B i 2 R B 4
RE—MGL(1 5.6 5 11 5 16 S ) A
ML (2 5.7 512 5 17 SAERES) 22 =M fs
(375 .8 513 5 18 SALIRAT) AWML (4 5,
95 14 5 19 TG LML (5 S 10 S
15 5 20 SALERE) ) , R S5 FWridA B KL Im
(R LB B8 S5 AR, 2 AR PONIS A 41, SE0R 52 LS 7T
V6 350 5 A TR R A Al 1 3, T P RO 3B /K 32
JBS 3 FEABERUAE I i DX 3k T00 s Ry WO X A A
RURE Ui R R K R S B, HL 138 Ry i A e g X 11 8
TR ORISR 5, FH T A e s AR U K
[ ARGk RO R = AR, T RS
Tt
1.2 RIew#

SRS B TR T A R LA 1 2
4 Bk, BRI A AR A B Rt
WERAZ I RLAR 2 ~ 20 mm B4 F (HidkiiR 5 ~
10 mm A7 F i 81. 87% ) F h i B8k, SR A 42
/NF 2 mm PRSP AE S HCEROR D)2 SR R RLAR /)N
F 1 mm (TRD,, HE+ 2 RARPHE L | AR & ol
69.46% . FhitHERAMEE L, BPERA B AIE 1
JZ e i 2k DL 2,45 )2 AP EL 2R LR 1
2,

4 \ B
280 )
=N e
TE g0} -
HR
L 4ol
1S
g 9
0 1 1 'S ]
30 3 03 0.03

FiAE/mm

B2 "ERA RRIELREH L
®1 RIBEKELTHIENFER

R2 B[BEKELIBEHFMER

oK dgg/mm  dyp/mm  dyg/mm AHLRE MR R
WA 6.479 1.525 0.303 21.40 1.19
i 0.429 0.265 0.114 3.77 1.44
BRE BB E¥
8 KE iﬁi) Tl %ﬁﬁf/
WiRA 2.65 1.90 0.281 4.18x107"
[ 2.62 1.62 0.378 6.31x107?

VE d, MR INZE L O\AE bR A 1% XL IRRLA
1.3 {BLER

BB fLBUKE LA 1, TER R Y
A AR T EA L 2 e FLBRUK R ) AR B (5 IR AR 5
TERSLIE BB R % &, B ERELE A B R

! wyy /% w1,/ % SRR/ % MR
¥t 26.17 30.53 16.39 9.78
it 33.76 38.37 22.90 10. 86

) TR/ - BB 25
wowm PR e BEEE
e+ 2.66 1.51 0.427 1.84x107*
it 2.70 1.53 0.433 2.87x1077

TE w0y A a0y, 23508 10 mm HEBR AN 17 mm R,
TS AT E S M, BRADERAT 2 AR B A B A AR
WIRIFJRALAN , Hofl 2 vh A A& LR R, 1%
A B S AL R g R 1 BT

FW2 R, fiO S 0 R Al TR
St E SR B AR D R PR 3 R A A A
RIS I 45 A 1 AL B 38 Al s 19 10 Bk A0 AT
FESE . PRI XTI AR 1015 (4 FL B3 — IR P A
IR R R AR, 5 AR AT ek oK
AR A 12% F120% , SR 5 Fi4% R TR FL B
HEATEE RS . TERN 2 A 1 b 2 B B A A 5 Al
35 em Ab U E HAE N 5 em WUEKTE BT, SUE HiA %+
JENEER , ABADL S b TR vh B 5 b7 2 0 55 X
S+ R R AR 3 s

*3 ZBARKITIEHEEERMEKFER
R 12/ em 25 )2 LRI em

T FtE R WE BBRAGEh h h ok
1 3.3 3.3 4.2 26.7 1.5 5 8 14

2 33 67 42 233 15 8 12 19
3 330 42 300 1.5 5 12 19
- RIS o S 1 ok 1 N T S L R B N

STl =y O e o = v L

$B,4 s LKk, KR AV L
WKk M 0.1 m, Z GBS S KAL,

$BS R, SR LKA E8iG
KA, B 0. 475 m (15 T EFETHE 0. 1 m) , WA T
PR SO, FRE K B U 12 9082 & LK
% BYOK AT 5 em,

FB6 RidsR, iCR& MBI AT AW
Afa] . BEREZY 1 min ZR—KB RS,

FBT AR, RS EE I S 5
IR WSS 51 A5 3 30 8 A8 1) ke I Ol U BT
SERARAIALE:

2 REERSHW
2.1 REEREEER

R PR A A 55 WL, AT B L4570 1 S 43y
RMALEL e WA | FAZ MR 8 iE -
W SRFERIR SRB R 6 BB
2.1.1 Tl

a. uER M B (LEKAN R 0. 475 ~

ARA AR A B R 2024 44 (1) Tel ;025 -83786335  E-mail ;jz@ hhu. edu. cn hitp ; //jour. hhu. edu. cn - 81 -



<0.525m) . ZHrBORE A i R IXE EE RS
TR TOLFCAE FE T 328 8 1) b B ke sk oy A e T 4 4k
IFZ R I IR B K BB 3 (a) ) o

b. W2 R By BE (B WR K AL R 0. 525 ~
<0.625m) , ZPBR)E A i A X i i SR 1 —
R, REBIKEEW IS, 31 )2Rakm bR
FERPZNIERZ N E S R 2 SR A2
A IS E A (B 3 (b)) o

c. B EWIKRB B ( BiFAKA N 0. 625 ~
<0.725m) . LB IZ U AN B R Y B
TR I B () Y 7K A8 A ] s TR BRIE BT i
Sk B TS | 00 )2 1 4 J2 0% 20 S50RE il 45 3 1
B R R U B S IR 2 AL 2EEE R
IR IR IR (R RR R Y TR K 4 D O R A T A
(E3(e))s

d. M E LB B ( LKA R 0. 725 ~
<0.875m) . XM BRI DI 1132 8 55 3T TE LB
I T TR K R BN, R+ 2
W RS IR, 3R T R ) B A | I BRI LR B SR
(E3(d)),

e. IR

@zﬂ&?(:w@kuﬁ 0. 875 ~

<1.025m) . XM Bo 2 b 1) b 5T o8 M 3R AR
FARD W, VI ) IR 1) 245% H RS2 1) WU ZE i) 38
Ak A A SR R R A 7 A A R B, R ¥ KO
(KE3(e))s

. SR B (_LUEAKALAE] 1,025 m J5) .
T BRI L B ) A A SRR W )2
TRBE GRS , T /K B K, TR S 28 - R AT ) 0%
PR EERIL LR 2R R R (B 3(h)) .
2.1.2 TR2

a. LR R B ( LEKALH 0. 475 ~
<0.575m) . ZWBORIE B B A I E RS 08
R LI A 3 T S48 RNt IR (4 (a) )

b. ¥ 2 WK By B ( L WEOK AL R 0. 575 ~
<0.625m) , LW BEbEE & £ )2 ) b Rk AE
25 HE A R ] A 2 R K G, HRE ) R R
TR KD IS . KL FEZZR R
JZPE A (B 4(b))

c. A EWIRB B ( BiEAKAL R 0. 625 ~
<0.675m) . ZHBAE I KR 20 72 A R b
b, B 65 8 AR ) R A 11 A e R TR P
) &, B IHAE (%D@Ai%ﬁﬁ/%ﬁ/%ﬁ E‘Zi%ﬁmﬁ/

JE MR

m) f!/(”

(e) SRILWIRHBL

3 IR1EEE

WRRERE

(d) FEm3EE R B

(e) SEILMIRBBL

(f) SRIEB BB

4 IR2EEEFLAESE

- 82 - KA K A R 2024 ,44 (1) Tel:025 -83786335  E-mail :j2@ hhu. edu. cn hitp ://jour. hhu. edu. cn



BOBTAETR D (E4(e))

d. M E LW B (LKA 0. 675 ~
<0.925m) . X B R E I R ) Bk R, B
QT N == O e T = )
(KE4(d)),

e. WERMWINH B ( LWEAKA R 0,925 ~
<1.025m) . ZW B bl 4 45 IR 8 1Y i, SRS
T ZARWTTF 2R Y B E A K 1 R SR
PRI R S (Bl 4 (e) ) o

£ SEEEER P Bt Dk B B ( R KALIAE . 025 m
J5) o BB TR E P ] b RIR B E E
Ui, T ESEBAVE TR K R TR SRR 4 17 F 35
B IR (B 4() ) .

2.1.3 T3

LR R A 0B/ Sy b P e e = K= e 1]
KB SRR T+ 2 AR T 0 R
HFTARIR], SRS (B IR P 4R AT T

a. HEE R BN B (LK ALK 0. 475 ~
<0.575m) . ZW BT A Bl A X B R R
G20, SETER AL B IR BE S B LR R R AR
KMHLE(KI5(a)) .

b. W2 WIR By B (1R K AL 0. 575 ~
<0.725m) . ZW P IE NGB Y 2 N K P38 E
JE A VR E S, 40D UKL AT 4G BB WA R T
(E5(b)),

c. SRILWEIRAE T EIE _EWIRY B ( LKAk
0.725 ~<0.825m) , MHETHRIPIA TA AR, T
L 3 FRBE LA YR B B A TRl G b 0 B B (R ) &
AL BT FEBEBIRN B, B BORETT IR A
F44E EINEE TR LG ) LR R R TR INEY )2 TR
BT 2 NIRKETE (B 5(ce) (d)) .

d. FE)ZEBRB B EEKAH 0. 825 m ~
<0.925m) . W R0k W b B K R Rk 2w Ab
W T T A IE 1Y E AR (B 5(e) ) o
e. JRILIE ATt R BB ( B KA 0.925 m ~

14

(a) REERIEGBL

o L]

AT IE

(d) i iiE B

L i acn B K T

B A

(b) WRREBRBY Bt
T
i

(e) BEJZBORK B

<1.175m), %M BEBE & U7 K7 AN W4 5, 45T
RS ) bR SRIAAL AR AR S
SRIEFE LR TR IS, FE SR I AL T WU R ) 4570
F B S TR L R TR (E 5 () .
2.2 EBEWBINESW
AR ZFLA R AR S S 2B B iy
WINZLA TR T 28 E ) F, TR0 F, LA, b
ZENBWI FyWEH . FyATRR R
Fy=ny,J (1)
Kfon AR ALBR Ry, KA J KT
el
ZETE R B IR AR B R R
RSB AR ) ) 3 AR B O AR
RLAYHE ST B I ) A T Ry
Fy=v,J (2)
AR50 R RS 3 P9 1) AR 88 1 ) A2
ST F A

3
F=yJ V-2 (y,-y)(l =)V, (3)
i=1

K. WP BRA R L RS PRV
B2 AR WRNBEBy, VN LR
i(i = 1,23, R ELMT) A E FL
Bt AR

M F=0 B, RS TR ) R A I AR A Y
F<O I, RS R e 5 2 F>0 I, KRR m AR
DL 2 FIT0E 3 R R T 1158, 3 21 8 o] il FLAR
B F=00f,J5=0.971,J5=0.980(J5 .J5 5 3R T
HL2.3 J WG SE) . mE6 Al SR R
JRIS KT J2 P S GE ISE, Z2 DU R AE FNAE ) T © R EL 28
e P G A g, AT AR e = A 2 A 1Y
1128 = i AN 1= T A= A = (9 1 o e
SRR AR 1) b B B A R R KT GE
SIE I I K AR SR T BRI T, T 2
2 R 4G e A I A A 7 G 38 0 R 1) B 2R R T —
IRE—TU SR 1 AW 8, 1835 R ) A5 LURRIK,

I

(o) HEHRHRBEL
SR =

SR - 1A

P e

(f) SRIEBB B

5 ITR3REERRRIE

KA K A R 2024 ,44 (1) Tel:025 -83786335  E-mail :j2@ hhu. edu. cn hitp ://jour. hhu. edu. cn - 83 -



JOHBED FENERE(E6(a)), X t>32 minf
ZeVUI AL g FRGR T J RBGE IRy A
MTRR R , O ELREE 45 T O A9 RS, S I 4t
W, R FREEMT J) . T3, 2 24 &
A JE AT AR R R ZLR T K O, T SR8 Tt
P, M = 28,55 min B & A R EAPEE, T RS T
B, 024 ¢ = 35. 62 min & A S IR S A, il 21
WKIG BB SRR, ) BB (E6(b)), &
XTI G ST RS A A A

— ZE DA e A
i1 2K
120F /
A L\JM
1.00 I\
~ 0.80} |
oaof)\
AR
0.40 s -
0 10 20 30 40 50
t/min
(a) T2
14r :
121 i
So08F A ) ot/
0.6 | —:—éﬁi}%7qu%%§l
04 HRiRsE
0.2 H . . A ;
0 10 20 30 40 50

f/min
(b) T3

B6 LHLRERTRMESE
2.3 HRBIEFRKNEGIH
2.3.1 RF KRBT
AT B0 45810 A SR 17 i B K P [~ F- 24K
BRI 4 Pr/s (IEA AR T 18] vl _E 307 4 16
F4 TRATRTEEBRETAMKT BTKNHE

TH B & [:ﬁ , 7J(3frfﬂ¥ﬂil7kﬁl}§i|§%
e K/m FE2E OHLE B2 DGR

BKEERS  0.525  0.098  0.101  0.095 0.081
WEDH  0.575  0.134  0.136  0.135  0.127
KWW 0.675  0.206 0.212  0.210  0.205
SR 0.775  0.283  0.294  0.289  0.289
BEILPIFETFA 1.025  0.465  0.479  0.479  0.475
BRIEEL 1,025 0.465  0.481  0.481  0.494
BOKHEERS  0.575  0.120  0.085  0.175  0.036
WERPWE 0.575  0.120  0.085 0.175  0.037
) FWWH  0.575  0.123  0.091  0.184  0.048
PR 0.875  0.324  0.324  0.417  0.289
WERVIRETFZ 1,025  0.435  0.436 0.533  0.412
Ik 1,075 0.472 0.472  0.576  0.465
P B R 0.525  0.099 0.169  0.067
BAKEER  0.625  0.162 0.242  0.123
3 WERPIE 0.625  0.166 0.243  0.125
WILPIEIFH 0.725  0.251 0.310  0.202
KB 0.825  0.324 0.413  0.268
BB 1,175 0.577 0.687  0.537

.84 .

i), Bk D2 & A IR bR A B2 I 3 v
IR SREERDTRE T S8R bR R Ve 5L & AR R A DGR A

X TA 1 FTAL 3 Al RS B I L 2
Jo IR 2 A S (R B T AR ASE L RRD 2 ()i S K
WeREHERA W TR, PG A KA B R R
THIRFARBR B RN B I R 0538 105 i M T 5
(YR 2 DA B BT 0 rh HE 1 b T 75 B L rh 1S 1]
B 5 T2 5 BT i S A3 R TR I
o 32 AE R 19 a5 7K A7 AT g PR 3R e A, F2 202
T3 2 AR T —3 43 K5 i85 & )
JTE, X P A L AE e R P SR ik
THEA RIS B R R X S R A
MR, HRE RIS R B0 5 b, S 350 17 48 )2 Ak
JENBE R IR, s TR R R A
TR (I St T 7K A5, R J2 A I SR ST 3 B 354 R
RE =

STHEE T2 TH 1 fTH 2 Al L&
B, B g A 2R, 3 2D 2 KO B R A
R IR 2R 5 02 B K-k e Le g
FEE 0.1, H TR 1 802 K3 e
0.04 ~0. 12, A 3G Jin 458 £ 2 19 J52 38 ] L3R s b 2
IRV e 8 I S35 5 el 7K ~F- D ) 14 2 ok o
HFRbE T, HINE 2R R, SR A IR
e 5 e AASE D 23 1 e S 7K1 3 e D S i v, 06
R A )23 RS 3 1 38 hn ox 45 VP 38 3 19 b i A e 2
fEHL,
2.3.2 B@mAK &S

AN T 458 2 R J2 45 A8 e Je 1 i i) ¢
ERAK TR AN 5 T (IEAE ZR7R 3% K% 7 1) R
TR SRR M R ) . A1 AT 2 45 AR
TR SRS ) S A AR R U, X R R T
KAEENRIG W T R SE D2
JZ N BB T )38 35 1 T o A D2 T 8 T 2 4
2 5 ] - 2 4 A g e I v T A 1, U
e+ 2R 2 S HOB AP R T IR
PR E 1 R rh DR KA

XFEE T 00 1R T80 3 A0 2 B 18 ] - X5 33 o ]
AT, T A S A BRI R A A TR D 2 A I SIS 1
S XA AW AT o, ELE 2 9 A7 A T R 4 R 3
F R A IR D 22 A I B 8 ) P2 M % X b T
1 R B0 2 B )2 0 138 1) SF- 287 5 8 ] 200, 34 + )2
R B0 fef e A A R 3 R 2B I R R J2 4l L s
[P R B R . BRI, 25 i SCKF 1) 7K
TIN5 & ST I 5 itk A7 1 43 B LA S ks
RGO AT 38 = 23 0 A e W] DA e Bt R R AR
INEYIG AR T7 5540 R 52 B HA R YRR

KA A 2024 ,44 (1) Tel:025 -83786335  E-mail :jz@ hhu. edu. cn hitp ://jour. hhu. edu. cn



®5 FRIRTEERERT R EETFHKIRME

, N N I ] S35 7K Fy 3 R
TH EWAERY S LKA /m TR e
Bk 0.525 -0. 044 0. 104
e 0.575 -0.075 0. 086

| eI a0 0. 675 -0. 050 0.102
SR B3 S 0.775 -0. 056 0.145
BRSLVTRE T2 1.025 0. 041 0.231
RALT 1.025 -0. 176 0.102
B 0.575 -0.175 0.204

WRER 0.575 -0. 181 0. 200

5 b 0.575 -0.183 0.172
SR L TR S 0.875 -0.365 0.183
SRFLDURETT 54 1.025 -0. 474 0.145
AL R 1.075 -0. 563 0.185

SRR B3 S 0.525 0.032
Bk 0. 625 0.127

3 R 0. 625 0.123
bR S 0.725 0.170
TS 0. 825 0.251

TREL IR 1.175 0. 086

2.4 ERBEEZEST

HRAE 3 A TR0 25 R AT LAE Y, 45 T 38 18 1Y
KIERBOY AT 3 BB

a. WERJEI B FECNEINEE R R R AL H
MR B, T8 1 A0 2 7E 3% — B BE R BN
BRI R AR R 2, LR RS g H
VIoKP A 1] A J ok 3 AEA T Z bl kA JF e B
JZ 55 Ak 1) 1158 ) B 2R AR P R AR, X
SR SRR K R R AR T 2 9 e ) B e (181 7, [l v
A B .C.D . E {4 T IE K J 20 i W 7 &, 5 5
A A DA A =D A2 A AT
7)o T T 3 FEIX — B B R BB 7K S Fil 2 PN 188 ] 3
R R e | LAE I A A ) R R IR I AN I

%&L%W&I?ﬁ T8 T M AE T

ﬁ%iEm@h%M&o X —Fr B, JRER K
Bk TF ;T):'Wfﬁf‘k(lgﬁ) X T T A
EFF RGN W B R RS | WA HA K S & A
DA 3 R R 2 T A K B AR X AR B, X R T
PG XA AR i 28, (145 )2 N 195 5
J. 77 e A8 2xk 1 v 3 G BRI

. PR 99 Bz . 3k T E A A A2 PO A
] bk B A BT BN R B, YT A R
BERILICERS , IR 24, 2 w4 1 Bl 1 38
WIS & R R RS O E gk S: LR, S EGHIE N
(435385 R X L R ) R R, 388 3 T i 7K A2 1 LT e
A BB, It Ho A 38 18 5 i ]S s )
TS AR g/ R PR 3, T
B THURYS E e KA B T+ AR, 25 PR KE
SR [ ANTR] PR MG A R A7 4 Vi G 90 8 1 X F

— RPN R g R
)2 72 DU~ A5 7K -5
8-?‘ A B C DE
o "oyl
X _oaf " TH
Z -0
h _0.3 1 1 |
04 P TS S PR
0 5 10 15 20 25 30 35 40
58] /min
(a) T.%1

0 5 10 1520 25 30 35 40 45 50 55

f5f 6] /min
(b) T2
1.0r A B G DE
0.8 5 b '
Eoor =T M
Roal 1 : AN
QM//E L ¥
-0.2 P T S S T ST S|
0 5 10 1520 25 30 35 40 45 50 55
Hs} 8] /min
(e) T.H3

E7 AZRMEHERRE RNk FRE
T ZAH R KL BT R, 12 2 (4) 7155 74 3

3 AN T4 a0 A R A T 99 ST 47 3k e i ek [ A5 Ak
(K 8), S A%, To0 1 A0 2 (45 I iE

k%%%ﬂjjﬁ/\faﬁf:bﬂﬁﬁi Ui, 3% 5 ATiA 4 2

SR ARG B 0] 8 TR ME LR 5 5 A
K?Iﬁliﬁzm G 168 TE M B 90 2 A e it
IR DR I 8] (e B 4, DR I £ )= R g
WEHELAL T e A L, TR i B R A T 3
AR AR AR IR IR b 22 Iy 1 — A X AR E Y
BB, AR PR 1] bR IR i T B LR AR
4 PR N BB L RE NS ST M L T I

¥ 050 T
B L~ Th2

%
ﬁ M3 /
%*”’ L A B2

5 2 3 T 55

i ] /min

B8 HERIKA_EFARMAE RS EW T ER
=lg [o,(1 +2,) "] (4)

IV LR ﬁﬁ%iﬁmuhﬂ%mm T E
SRR o A TR A TR e o BREK
ﬁLﬂ?ﬁﬁﬁ

T 0T PSR IR 1R 4 TR A

(K9 FiFke)

KA A 2024 ,44 (1) Tel:025 -83786335  E-mail :jz@ hhu. edu. cn hitp ://jour. hhu. edu. cn -85 -



ALREN,3 BT BEE B 8 E TEAR A AR AL, S B
RSB A NS Al 51 K= w127 N 25 < 5D 2 NIB G B =K (VA=
P F ozt )2 (2R E) N H ¥ SRR
BT AL IR AR AR R 3y BE M) | 32 B TAL s 3R 1T
55 A PR e T8 BEL 3 258 /N T A7 A ) 08 9 555 DX Sl B 38
Xof L RS TR AE T AR FR AT L, A 3 W R AT T
B 1 AT 2, 3% 02 i T TR AR ) 22 8 b 2 AN
B, T 3 Al MZEE/NT TA 1 T
2,

(c¢) T3

9 EFBETEE

*o ERBERMEE

P/ em R/ ecm
T e o e o BV em?
S/ S 07 SN v/ S A+ S O34 o
1 30 10.0 30 13.0 7 3.3 11529.6
2 30 13.0 30 16.5 6 4.0 11403.5
3 30 26.5 30 12.3 7 3.4 9294.2

2.5 BREBEKELSW

XFHG 3 A TR ES i KOR (K 10) R 3L,
ARBCE S T)ZR O3 B i G K SR 0] 0T oA
P T, HAINGERTEBARK Y, 5 I AR SE R

— Th1 -T2 TH3
A IE
Lag RO i 1
121 N1 (TH3)

1.0f

0.8
0.6

047 057 067 0.77 087 097 1.07
J:%?ﬂ({_\\i/m

= 04
B 10 SnEgkExtE

K2 (emd/s?)

2 02f R

KA ME KIMAGHE R A S EI, X 5% 2.3
TPIRAR B E S+ 2 NP R N3 TR ) 5 5 B,
SEI5 A H IR IR MEY) A

BB T2 TOUES T & R,
A 8 LA 1] S5 JRE AR5 1) DR Oy T M N 4 R R
JFESE R TR AR 14 58 ) AR P IR TR 0 002
A IR AR E R, IR E B
HJG , T80 2 B s KR i A0 1, %02
oI L0 2 Wiz ()2 L) iR E R
FrE(d,=10em,d,, =6.6 cm, i d,, d, 550k T
Ol 1.2 R AT R IR SE ) | i fE — o R H A5
T v, 2 JRE S B 1G] LA S T Y
B TR E EA E W B B 7R3 B 7K 7 ) 7K
JIEREAE R 5058 By AT A= ok J2 A M) T 48 T e 1 1Y
PR B B

3 & ¢

a. DA RIS WA THL/E T m LRI
TESR LN B R K P i, S S E R
R ) R SRR W B ER . T OuHRESS
VP I R E WT o Oh 4B e e IR RO | BB R
IR I TE L) SR L RIA IS BRI 6 S K
Bz,

b, SEFLALIN A b FR A AR B A A T B
TGES , A SR 2 A0 ) B /K P-4 91 3l 3 3 1T
JRCHR AR W T 0 ), T 2 TR O D o 2 Al A
JEETIOR 2= P o S e 4 A A R i BT Z D Y
BRI TG R B I R T LRI
AEM Gk LR R TR, i E Rk A58 &
fho AEBBEE A LR 2 )JZ KB R A5 Y
R R AR AR A I S (AR 0.9 ~ 1
Z I,

c. SEEPIE LR RS —ERERMGEE A
P30 5 DI A 1 A R S (L8 4 J2 ) A A ]
DA 22 7 A0 114 390 , 6878 9 A R i 0 1 98 i
R AES S H A DI, XS B PR VR
IO SR AT 14 L A6 B P (A B A AR R I 1]

S 3k

(1] EHE,ZR, 200, 5, 2T B XSy
G RERIVEN I [ J]. KRR 2022 ,42
(5):58-63. ( WANG Xiaoxin, CEN Weijun, YAN
Chengming, et al. Cloud model evaluation method of
levee safety in mountain area based on improved weighting

[J]. Advances in Science and Technology of Water

- 86 - KA K A R 2024 ,44 (1) Tel:025 -83786335  E-mail :j2@ hhu. edu. cn hitp ://jour. hhu. edu. cn



(2]

[3

[

[4

(-

(5]

[6

[

[7

[

[8]

(9]

Resources 2022 ,42(5) :58-63. (in Chinese) )

FLRAN | FEHE. S VTSR BN I TR P A — BB R R
[1]. 7K F 7K He B4 335 2, 2004, 24 (2) .4143. (BAO
Chenggang, TANG Yanyan. Some technical problems in
Yangtze River embankment reinforcement project [ J].
Advances in Science and Technology of Water Resources,
2004,24(2) ; 41-43. (in Chinese) )

B SR I ™ AR R 2 5B R[]
IRAK R 2003,23(2) :21-24. (LUO Xinlei.
Discussion on the classification and identification method
of dike danger severity [ J]. Advances in Science and
Technology of Water Resources, 2003, 23 (2).21-24.
(in Chinese) )

R4, R, o . T2 G A 4k = A 1 B B
TRERUPEH ()], KA R, 2022,42(6)
117-122. ( GUO Jin, GU Chongshi, HE Jing. Risk
assessment for levee engineering based on a two-
dimensional cloud model with combination weighting[ J].
Advances in Science and Technology of Water Resources,
2022,42(6) :117-122. (in Chinese) )

wh ik, BN, FOKAE, S SRDT TR RGN T
G SRR PR [T]. AR E S, 2018, 27(4)
171-177. (HUANG Zhongfa, HUANG Haozhi, JIANG
Shuihua, et al. Quantification of risk factors and risk

assessment for levee engineering system [ J]. Journal of

Natural Disasters, 2018, 27 (4 ). 171-177. (in
Chinese) )

Whae i ss 2 AR, 45 A8k N8 R A0 DRI RS 1k
B[], WP RE R (A ARBRARR) ,2022,50(5) < 82-
88. (CHEN Liang, TENG Yaozong, CAI Guodong, et al.
Experimental study on the migration of fine particles in
piping under variable water head [ J]. Journal of Hohai
University ( Natural Sciences),2022,50(5).82-88. (in
Chinese) )

XM, TR0, 1t B 5 A5 TR 92 AL 32 ) L A AT B4 R
UALT]. K AR B4 2, 2023,43 (6) :10-16. (LIU
Sheng, WANG Yuan, FENG Di. Numerical simulation of
characteristics  of field  during

response seepage

embankment piping [ J ]. Advances in Science and
Technology of Water Resources,2023,43(6) :10-16. (in
Chinese) )

BER,HEE, e S X EWILBAH R T].
A+ TR 2= i, 2011, 33 (12); 1895-1902. ( LUO
Yulong, SU Baoyu, SHENG Jinchang, et al. New
understandings on piping mechanism[ J]. Chinese Journal
of Geotechnical Engineering,2011, 33(12) . 1895-1902.
(in Chinese) )

B EI, KA, KIS, A, RIS T E MRl A
KRR 1], AL S5, 2022, 43 (11); 3094-3106.
(LUO Yulong, ZHANG Xingjie, ZHANG Haibin, et al.

KA K AR 2024 ,44(1)

[10]

[11]

(12]

[13

[

[14]

[15]

[16]

[17]

[18]

Review of suffusion in deep alluvium foundation [ J].
Rock and Soil Mechanics, 2022, 43 (11): 3094-3106.
(in Chinese) )

ER R PR I 22 2 SRR R A I Bl A K R Y
BUARLL ] KRR R 3 ¢ 2021 ,41(6) :3945.
(WANG Shuang, CHEN Jiansheng, ZHONG Qiming.
Numerical study on dynamic development process of
piping in multi-stratum dike foundations[ J]. Advances in
Science and Technology of Water Resources, 2021, 41
(6) :3945. (in Chinese) )

L KSR B4R , 45 6T 7 A 5 W D00 Ay B2 By A8 T ik
(1), KRR R R R 2020,40(4) :33-38. (MING
Pan, GENG Xiaoming, LU Jun, et al. Experimental
study on monitoring embankment piping based on acoustic
emission technology [ J ]. Advances in Science and
Technology of Water Resources,2020,40(4) :33-38. (in
Chinese) )

XIE %, THHk, IVRIE, % BRRILE R R
PR RBUE /T[], BARTRR 2R, 2012, 45
(8): 140-147. ( LIU Changjun, DING Liugian, SUN
Dongya, et al. Model test and numerical analysis of piping
erosion process in single-stratum dike foundations [ J ].
China Civil Engineering Journal. 2012, 45(8) . 140-147.
(in Chinese) )

S, SR, KIS IURLZR IR0 A AR R
IR 5T [J]. KA 2=, 2016, 47 (2) . 200-208.
(YAO Zhixiong, ZHOU Jian, ZHANG Gang, et al.
Experimental study of particle grading impact on piping
mechanism[ J]. Journal of Hydraulic Engineering, 2016,
47(2) : 200-208. (in Chinese) )

ROBBINS B A, STEPHENS I J, LEAVELL D A, et al.
Laboratory piping tests on fine gravel [ J]. Canadian
Geotechnical Journal, 2018, 55(11) ; 1552-1563.
ROBBINS B A, VAN BEEK V M, LOPEZ-SOTO J F, et
al. A novel laboratory test for backward erosion piping
[T].
Geotechnics, 2018, 18(5) : 266-279.

/N, Ze5, PRI, 4. SRR AL I n DAl
W[ 1], TRFESHAR, 2018, 50(2) : 24-31.
(NT Xiaodong, ZUO Xiangyu, SUN Daming, et al. Study

International Journal of Physical Modelling in

on the piping erosion in levee foundation by sand box
model test[ J]. Advanced Engineering Sciences, 2018,
50(2): 24-31. (in Chinese) )

VANDENBOER K, CELETTE F, BEZUIJEN A. The
effect of sudden critical and supercritical hydraulic loads
on backward erosion piping: small-scale experiments[J].
Acta Geotechnica, 2019, 14(3) ; 783-794.

TMER, BorEs, 2405, & BRI FE MR
WFFELT]. KR4, 2004,35 (11): 46-53. (MAO

Changxi, DUAN Xiangbao, CAI Jinbang, et al.

Tel ;025 -83786335  E-mail ;jz@ hhu. edu. cn hitp ; //jour. hhu. edu. cn - 87 -



[19

[20

[21

[22

[23

[24

[25

[26

. 88 - ARAY AR e A B 2024 44 (1)

Experimental study on harmless seepage piping in levee
foundation[ J ]. Journal of Hydraulic Engineering, 2004,
35 (11): 46-53. (in Chinese) )

] &BE, IR, SRR A A K e R i e A4
[J]. KRR BHEHEE, 2005, 25(6): 21-24. (LI
Guangxin, ZHOU Xiaojie. Laboratory simulation on

generation and evolution of piping in embankment
foundation[ J ]. Advances in Science and Technology of
Water Resources, 2005, 25(6) ; 21-24. (in Chinese) )

XS, WUERS, HEIRE. VLRI XUZ H HE 5 35 R
LA ALK ST ST [J]. K74, 2008, 39 (11):

1211-1220. ( LIU Jie, XIE Dingsong, CUI Yihao.

[

Failure mechanism of seepage in levees with double-layer
foundation[ J]. Journal of Hydraulic Engineering, 2008,
39(11): 1211-1220. (in Chinese) )

] B8, WREE, PR, AF. XUZ IS FEEXIR NS
BBIRSE ) IS [ ], KR i B £k g, 2010, 30
(6): 15-19. (LIANG Yue, CHEN Jiansheng, CHEN
Liang, et al. Effect of superstratum on seepage failure in
two-stratum dike foundation[ J]. Advances in Science and
Technology of Water Resources, 2010, 30 (6);: 15-19.
(in Chinese) )

] WANG S, CHEN J, HE H, et al. Experimental study on
piping in sandy gravel foundations considering effect of
overlying clay [ J]. Water Science and Engineering,
2016, 9(2): 165-171.

] B, Wi, EEE, % R TR L XUZ R
HBBWINEE LEIPTTE 1], AR TSR, 2019,
41(3TF) 1) ; 81-84. (JIA Kai, TANG Liansheng, CAO
Hong, et al. Upstream movement of piping channel of
double-layer dike foundation based on tip hydraulic

LIl
Engineering. 2019, 41(Supl) : 81-84. (in Chinese) )

] T, YRS, PAVARIE, 45, =R SRS Ab A A
BT 1], KFDKAREAR, 2007, 38(2): 19-22.
(DING Liugian, YAO Qiuling, SUN Dongya, et al.

gradient Chinese Journal of Geotechnical

Experimental studies on piping development in three-

stratum dike foundations [ J ]. Water Resources and

Hydropower Engineering, 2007, 38 (2). 19-22.
Chinese) )

] BREE, Rvde, FAR, . D)2 RS AL I
MBS ]. H %, 2015, 36(3) : 653-659.
(CHEN Jiansheng, YUAN Kelong, WANG Shuang, et

(in

piping  development
considering buried depth of fine sand[ J]. Rock and Soil
Mechanics, 2015, 36(3) : 653-659. (in Chinese) )

] ERE, MRdd, s, A LR E T R R

al. Experimental research on

Tel :025 - 83786335

[27]

(28]

(29]

(30]

[31

[

(32]

(33]

FIEIE )], A TR, 2013, 35(12) ; 2334-
2341. ( WANG Shuang, CHEN Jiansheng, HUANG
Dewen, et al. Experimental study on piping development
considering effect of foundation structure [ J] . Chinese
Journal of Geotechnical Engineering, 2013, 35 (12):
2334-2341. (in Chinese) )

EFE, BRad, RN =25 g a2 5 R XA
AR ], S5, 2015, 36(10)  2847-
2854. (WANG Shuang, CHEN Jiansheng, ZHOU Peng.
Effect of thickness of fine sand layer on piping
development in three-stratum dike foundation[ J] . Rock
and Soil Mechanics, 2015, 36 (10) . 2847-2854. (in
Chinese) )

e, 22, BAERI, AR, BB AR B TR
MG BT S RE [ T]. M/REE Dl R &2 4Rk, 2009, 41
(10) . 197201. ( SHEN Xizhong, LAN Yan, ZHAO
Shougang, et al. Reasonable design width of the back of
silt area in the standardization dike project of Yellow River
[J]. Journal of Harbin Institute of Technology, 2009, 41
(10) :197-201. (in Chinese) )

KR, R, BEK. UL A TR B 5 b 3
[J]. #de ok Jr & e, 2001 (1): 20-22. (LAl
Yuegiang, WU Hao, LUO Guoqing. Treatment of Yangtze
River embankment foundation in Jiujiang City[ J]. Hubei
Water Power, 2001 (1) : 20-22. (in Chinese) )

BN, RS MER, S BNFLE I RS TR
PHW X AP B RS T[], AR, 2001, 32(5)
15-16. (WU Aiqing, WU Zhiguang, YIN Jianmin, et al.
Construction of dike cutoff wall in Poyang Lake District by
drilling grouting method[ J] . Yangtze River, 2001, 32
(5): 15-16. (in Chinese) )

Rt A B AR bR, S8 7K . F R VT B B R BT 5
RG] . KA R R 2007,27(2) :37-39. (LU
Fumin, LI Jianlin, GUO Yongcheng, et al. Measures for
seepage control and reinforcement of Jinnan dike
foundation on Yangtze River [ J]. Advances in Science
and Technology of Water Resources,2007,27(2) :37-39.
(in Chinese) )

BEAR Jacob. Dynamics of fluids in porous media[ M].
New York:
1972.
FIE wEEREBEN[T]
2016, 38 (8): 1522-1528.
skeleton and seepage force [ J ].
Geotechnical Engineering,2016, 38(8) : 1522-1528. (in

Chinese) )

American Elsevier Publishing Company,

H b TR AR,
(LI Guangxin. On soil

Chinese Journal of

(W H391.2023 -01 -20 4l . 5 7H6)

E-mail ;jz@ hhu. edu. cn hitp ;//jour. hhu. edu. cn



