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Study on the Piping Erosion in Levee Foundation by Sand Box Model Test
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Abstract: Embankment piping erosion is a common infiltration deformation in flood embankment projects.Its occurrence is com-
pletely inside the embankment or dam body.It is usually not easy to find and it is difficult to take timely measures to control it.At the
same time,with the development of the eroded pipe,the embankment will further produce uneven settlement and finally threaten the
safety of the dam.Therefore,the research on its development and failure characteristics has been a hot and difficult topic.In order to
explore the occurrence and development of eroded pipe pits and the failure rules,the multi-color sand-filling tracer method was used
to distinguish the order and direction of the fine particles migration in the soil samples so as to reveal the development of piping in a
more direct way.Three types of intermittent gradation soil samples are selected,according to different discriminant method of soil pip-
ing,and a model test of double-layer dike foundation in a flume is used to conduct the test.The effectiveness of the existing methods
for determining soil piping were compared to each other.In the same time,considering the influence of water head and material grada-
tion on the results of piping erosion,the relationship between“disturbance”and piping development was analyzed.It is shown that the
piping erosion begins with the loss of fine particles around the piping outlet. With the further development of erosion,the starting point
and the loss of fine material are gradually moved to the upstream.The study also shows that the loss of fine particles in the process of
erosion is progressive obviously and the starting of loss can occur outside of erosion range.The external factors or seepage stability
factors that lead to“disturbance”have the effect of enhancing the process of piping erosion.

Key words: double-layer dike foundation;piping erosion;color sand tracer;model test

Wi HER:2017 — 10 — 12

E &N B :FE K E SR B H (2017YFC1502600) ;5 FE 5 A 48B3 4 9 Bh3i H (51779083 ) ; AKFIFR LB 5 9% 3 B ih TRE
ARBIFFE O TP BRI 42 B B H (2016004 ) 5 Hh ok i 1 & URHIF 3 4 98 BY 35T H (2016B08114)

TEE BT A/NR (1981—), B, RIBFFE 5L, Wi+ S0l W5 7 1)« 3R P75 1% K 4% . B-mail: lulingnxd@126.com

P 4% R B B): 2018 — 03 — 20 14 : 12 : 50 [ £& B R A4k : http://kns.cnki.net/kems/detail/51.1773.TB.20180320.1411.007.html

http://jsuese.ijournals.cn http://jsuese.scu.edu.cn


http://dx.doi.org/10.15961/j.jsuese.201700849
http://dx.doi.org/10.15961/j.jsuese.201700849
mailto:lulingnxd@126.com
http://jsuese.ijournals.cn
http://jsuese.scu.edu.cn

523

/NI, A5 SRR T RS T ) DR S 5 25

BRI R R R — 2 2 R 1) 5 2% 1)
W, HALRIBF R — s £ TR S —,
B — MR AR TSR N E AR B T T AL,
B H A 0 O A AR K A R e B
A AL, 58 44 v REAM I L4k 22 % R . iR ok
RUE 0 &R 58 A F 3R S s A g 8, & AR JE
HH 305 4, Bl b o, ok D s ) o AR Ioh R4 T 1 O R
K 10E— A5 D0 ) B Bl S X A R B g 2 TR A AN
Yoy, indniiickiis B 5| i i FLEBRR 958 R AL 5
JEFRARAN I S AR 55 1 R AN SR, i IR
PR BRSNS BE - BB 55, 25 R mibk S A ik
W, B I 22 4 TR P9 X T BRI 5 X R N R
A AR i B0 IR IR G | A TR AT SR R

AH 56 24 35 B4 7R 8 T AT 9 T T R R 51 0
5%, FEHUAS T MR AR o Wk Rk 2% 5 U 2 L o0 £
Ji St ] RS TR R A R R PLER; Ed A
XA TR I8 A e R [ R R 9 S AR T A R
97 AT T S BEE s XA S AR 5 1A
BT T BRI I6 s WhRK I 2 0hE s BF oy Fe i o
BRI R ORI T e
30 B %2 VAt gof 2 foh A5 TR ML BREAT T FE 20 BORIFSE FIisS
W o R BT X H LA T B AR BT 5% A 2 0 00 5
TR A IR RN o Bl I G () 45 R PR 4 O 17
TR T e A e JRe e R I AR R

T 2 i W o e — 2 R MR [ i L2 450
XTI B R A R A AR IS 5 s A 25 i 5 5%
BN A ORI A e iD 2 AE T H O SR kAR kR

IR, 5T 2 WA T R A 00 2 A 5 K O 4k

B N RS S 2 N E MG, Banm RE 5
— 25 N T IR SR AR I AL A T ke A ke R AL Y AF
55, VAR BLAT TR 0000 05 3k I 2R 47 FURE 95 I 1) 32
F£LLAI 3 2 1ok B4 TR A LA 25, il A S AR S
2 ) 58 8 U2 L e 3 A e ) 2 g U0
TEZEAE I A R 51 A (03 0 4IRSk FAF A [ X 3k 40
RE, DL B 1 3 W0 SR AR e 0 A T e A e R S i R T
PEAT AR A B H AU 2 e T A K Sk A
A1) 2 T 7 o PR 2R X A5 AR ik g SR s ), IR
W EH S8 MR RIIER AT
A J 25 T J A A ol [ JUAIE 5 i 14t T AR AR
1 RBFNIR IS 75 Rigit
1.1 REEE

IR R TR ALBEAT Y, 2% EOF A It
IR SCSCHR[10, 1STRT45 AR Be 2% B O ik, it T
PRI IT 7 1 A 50 0 2 Y AR Sl A LB B 4
IRIGE AR 1.3 m, 5503 m, /50.3 m, TAEBEIE XK

1.1 mo 5% B /i v 0 75 850 mm By #E 7K 5, 45550 mmFf
— Ve g 1, FH AR E 7K ZE 7K 67 8 2 o 14 2 TH 35 AR
PR 2GR 7K 28 800 mmiY Ji& H 3 B AL A — B4 45 mm
WEDE T L, B4R 505 B SEPRETR H AR 40 mm,

N MR
Vi
it
-
S
Al =z

300

100 1100 100
7 mm

1 WEREWEER
Fig.1 Sand-bank model of double-layer dike foundation

FERDRE F 36 AR )l i B0 &6 )2, RS +
FERTH BB LG, B 5 M [a) B 422 fh o
FROBR GO LI R AS 5 K A B A R R
FRAR A B, o, 80 emAh I R AE X R T 1 AY R
A B o TR A AR ) K S A I A R R A
1A K, E S SR SRR 4
1.2 #4594

R BT A A G C RN AL B 0 R 2 SR Y
SZ, IS B T 3 (] TR B A TR A A 34 URE
H AR BN : 1) A 82 ~7 mmBER 50.25~
1.00 mmALAPIR A5 2) BAL H 8 4 14 mm B A2 3 B Bk
50.25 ~1.00 mmHAE G 3) CAH LM 852~7 mmi
#:150.075~1.000 mmin[ VR A o FUR: 20 AT il 26 LT 2

© 100 | —AH

= ——B4

iﬁ 80 1 4

4= ——cd

2

E 60

:5:-‘[*

P 40 t

ﬁf 20

h O 1 1 » \L\m
10 1 0.1

t Rk 4% /mm
2 THEEFRS T
Fig.2 Grading curves of soil samples

Horbr s HLBR A F- YPRiAR 2 45,5 mm; ] V04735
KiAR 21 90.5 mm; MRS AL ALY 5], S RiA2 2

0.8 mm; BEESER A ARIE 14 mmbiiE .
B ao gt 9 R AL, 3
[BIRLAS AP RIRE, ZH0RL S /N T725%~30%01 -4



26 TR SHOR

% 50 &

B o R, R — L, IR A 4Rl S A
AZH20%, BZ126.8%, C4130%, LA /450 19 J LA 4542 .
FRES B Ho s AGLAEL S RN, C4l
ARl R CHLFLBR 3 P i/ MY
KenneyZ U A AR A2 B8 /1N , 80X 4 A 90k 4
P o PR, A BH LE 50RO A e i A e 0
20 R (5 HORE 2 o D) 1 37 2k e Bl H: At R 9k

CKLA2h D~4D ) FirBHLIE o 7L HER B, 42 A8 AR
N -

(g)m >1.0 (1)

i, FR/NTAEERARDR AR E %0, H vk
D ~ADXT R Y AR 435 38 - FE (Y F) min
HWFEL, F1hGoh ki,

x1 HELHERSY

Tab.1 Parameters of soil sample

o GES T b R aeiEEe  JUEE ABARH H P
Al 2~7 mmHlBR(Gs=2.83) 0.25~1 mm#>(Gs=2.83) 20.0 0.20 10.4 1.51
B4 14 mmPFEBR(Gs=2.63) 0.25~1 mmAf ik (Gs=2.83) 26.8 0.28 16.7 0
c4l 2~7 mmMFR(Gs=2.83) 0.075~1 mmiA[¥h(Gs=2.63) 30 0.15 17.3 0.4

ST R R PR 0 R A R, ST A
A COBIH R AP AU T FE(H/F)minfA K
F1, NMEEEREC, #1245 07 EAh N A BE & A4 B.C4L
T REH/IF)minTE/NTF 1, AR E R, N AE A& A4
o AR, AR B Jy 2B X Lk 340 + BE ) 25 1
FEAE 2= 50, #7025 5 5 100 45 S AR AF, TR B
FHIE 1) Ee i 2 20 50 A 3K
1.3 THREMRE SR

1) AR IECR T PR AN [R) 77 =0

X CH HAE, RFEHEAT o228 A — 2
AFFELZA T em B 28000 AR5, — I iR)2 2w
PISIRUNHIRL, — 1 A TR Al T o S A AT A 4Rk
H AR T 9% T 30 70 B 2R Uk 22 8] B9 FLBR . Zi0RE S I 2=
%R TC I B AL Ak, rRRiE T T — 21
£S5

T A B4 LR AR A R DL SE e 3 e i
BRIGURL [B]BE, 5 R FH CZH A2 35 e 2 Adi A5 4Rl ]
B R UL i BN 5

i, XA B -4, SRIBCKE B 42 50kE F 40 4
SR F22 BECRF R FL B LU 11350 00 o & e A T e PRI 5 34
BG4 )2 B I TR S DLk B AR 25 S IR A

2) B AESEIHSEEE T, A - RE T T A 15— 2 TR
025 ) 6 1 )2 DD kE G % fish b ) 1% A2 A= o R RE 7 5
— BRI, i IR R T b A

3 ) i K O Sk ¥ il 2K B, S LRI R K
it A B K K, KA 18 1T M TR K
i AR R HASE , 1056 ] LLIE T 46

AR 2 BT K Sk 1y A7, 5
TR F 1) 1 S R 4 7 08 1 KO, B K Z= KA
52904 i 1 LUy A A o S 190K Sk T K S KA
JE 55T KA 5 2 25 M5 em, 22 s BRI — 2%,
KK 2ZEHEMS em BB RS LA, id k8

DA et FITI K 7AE AR o DARE s N P A8 K AL
PRAFREE , 45T 111 7K L 175 TCHL BEAT 4R0RLBURL Bl
YERB EAIC RS RE W FIBIARE  FeE Jm AT T — 2
K A o 2408 U A TR A KA B O AN AR E | BORE
R R L 2k 3 7K Sk 0k PR AR AR E I, 45 AR
5, 48T ARG L), WESTRIZIE MU 2 il X 0P
A, ARAL H A BRI DX OURE 12 i R AIE

2 HWHAKRS SR

2.1 THEALERYIRLE

A2 56 A AR R FH S 68, S W DX 43 2
R A0 R BURE , 5 R Uk R FH AT @A), diRHBUR R
FHIKAARY o BeAN, 76 37N (A A B Ab 15 T 44k
100 mmx100 mmx100 mm F% -5 (0 4 AHB0k7 78 X 8,
DL LA Wy A v A R A2 2

' 1100 |
| 800 : |
[ |
S f'_—7100 e ] e PZTN
| | | | | | W |
gl edlagel mel Ope
<~ L4 L WL s ot £
100 K T

AL mm
3 EHAARRIXE SR
Fig.3 Distribution of colored sand in soil sample A

TR ISR, TR 1A B /b i 3 Y K (5
A €0 2RO K T H o e 2R T A HEL 200 R A

B AR5 R, T AR R AR
TETh i B 290K Sk it fE v, i b4 B 0
o, K R I 3 S, ARl 4 (a) Bis o tHA4E
£ minZe A7 o FETH R 25 3POK L ik FE v, B 1
2 T B A BORL AR 79 358 40 R} BHVR 19 312 7 1
FU, AU, B R A, 4 () s .



/NI, A5 SRR T RS T ) DR S 5 27

(a) H20K Kk (b) HE3%Kk
B4 THAEBONAR
Fig.4 Phenomenon of piping mouth of soil sample A
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TETE 1 POoK KBS, DRI R Y
OB @ ADRHBOK IR AR AL E, IF AR R O fx
2/ v (0 FIOR € AIDRE TR AT R TR B
mEle(a) i,

TET 2 H 20K K IO HEBEA i A
I A AT, 30 22 ARRHE AT T H ERUER

ARHEVR, BB ARHE TR AR RFBIROIR S, InEl6(b)
JIE7R o K TR OV FRARME AT 5, A0k a7 T AR e 4
T 11 B I HE R, S S (], HE A B ] Bk
B DR A 6 (¢ ) s o T H 408k 32220 A
BUOANR}, wEADER BB R, Bk A
1IN i o 33K TF I 48 T 2 ot 1 = 0 A 00 It A

(b) ZE2HFFURINBL  (0) F2HMFFEIRIP I B
6 THBEROMNIAR
Fig.6 Phenomenon of piping mouth of soil sample B
HE— R TI KR B R B A3 4, IR
oY RTINS Srian W sl IR i &S (8 /iy
% o AR 4 Horikoshi U Ty 12 56 FT 4 A8 1) 240081070 AR
S, H T A0 ORETE AR FIRZS TR X B SR UKL 1Y B AR
PRI, T ABURLI 15 2R AL B A 28 R v o TR
Jo - RE R TR AR G /A BT 20T+
R A R 5 O D 5 DO 2 AL, K AR
SRR ISP RuR TS PR (S SURSTSRuR 1 SR
53 AL, KB R A ENE A O X 12T
WIAALE, IS5 emiFAL B A RMR A T B AR T
DI, an 7l s o 4 A nl L, TR o bR iR
4~6 e BRI P A AE 0K R 2l R 2, 3 A
K, R fe o AR ARk 2k o B A% Tl s A2 28
i L, AR BB DN AFTEDTR T R R
REThIR B>, 5MERE R G .

(a) 1%

B hivix b

~

f
1
1,
.
1
i
1
1

5
4

B7 #AWEEBOTHAR
Fig.7 Sand deposited beneath the piping mouth
AR 048 B L4, B A BLH 10 787V 2 ol 3
b T8, bR B 9 203.2 mm, A2 TS5
AR LA o R T FELEAT B ) UL A R R
e, T T ORI X, PR AE RS DX
DX I 73 AR BRSSO XK B AR



28 TR S HEA

550 4%

R HRBEY = S X, (£ 605 H o
rFALI BT A R O Rb I A H RS IX IR B G
X U B AR BORLAE 8 A T 5 0 SRBORLIE J Y
FLBUA A TIa R o AN, 4= I BRI AR 1 O Bl X A
J, X 55 PR URE 25 AL 2 I B 2 < Bt A T Y B BIL
A K.

1100
800 ,

R

T mm
E8 THBANSESmEE
Fig.8 Erosion range of piping of soil sample B

2.3 THCARIRE

A B 45 2 2 I oA A2 ok A 9 A R ) i
PEPE, R AR 20 356 A9 A0REOOR T SR @ i b il
i WL T B = ok 30 3 A ) DRI A T A R )

BIGOKKT, T K IR BRI 7 R BRI
/I, FECEIR LK RARE /N, £941.6x10° mLimin,
A 11 B A SR USRI S

290Kk, K EFHE3.1x107 mL/min,
A ™ A T A WL 21 ) S 9 AR 2K o

TETH S 3GK Sk i B b, AT H T A6 35
W oA, B H R 2 BLTLTE AR K M SR T
ZRBUREL 8] B HH AL 2 T B AR W IR, I s e JR A T
1A 4 T MSERG , [ IS 7 T 10 ) FRTJE B 1 BROR AR
A, A9 (a) Biros o B , D33 81, 2920 mim
Jri HRRD R AR S, AR AT A AR BORL B 7R (5 4R
KARERCT L

%%
L

=

(a) 3Kk
9 THCHERORK
Fig.9 Phenomenon of piping mouth of soil sample C
Thiss BB AGOK S, S 20 B BLGE, anf&9(b)
IR o £ RZ510 min, AN IE o RS EERS 6. T4
KRR BT 2 AR R TG Lo D AR
EsEdi Ny TP

(b) 47K 3k

R ) 5 TR SRS R, K mAR A R T
T 1 BRFIIE 35 mmf 4% P G (R DX 3 P 4 & R 4L
FZES emiR, RpE I E AR I 5, E 1087w . C4H
B R m) B WE R TR O 101.5 mm, A2 F
2535 BAR, AR IR B 1569 mm,

1100
800 ,

: .Eﬁﬁ:..mm
E 10 THCAEFRMEE
Fig.10 Erosion range of piping of soil sample C
34 #
3.1 BHRKKFHTHIHAR

H T LA, K 32 I A K Sk v BE S A K R
AR BB R TR A b, AR ik i K Sk v B 53
i R SR LB B BB KSR S 9 BT, Kk
SR I iol N =i oA WS <R be St R e o i
155 15 7K KA Y 22 B B M 48 I, SR 8T 0 A
JRARHE T B K T S

FILTrR s AL S5 23 58 400K Sk o3 A1 i 2 fE 40~
70 e[ X Bt LEFIF- 65, R AL] BN ER AR
RAIB R, R T L BRI CHLAE 3B 2R 590K 3k 73
Aii HZE 7240~ 60 cm X Befr £ K Sk mZBERE LA,
BZI1E60~80 cm X Bt A7 /£ 5 CAMFI R B, 3% 5
2 HNE A L i 2 —E 25 . RWIB.C
PIATEA G X BENAFTE AR 2 %, S BUR RS & &
BORAL X AT AT LA RRAE, 5 R R
—

N RV R 2 NI = ST R -2 BRI e S AR R
DARIONL (RS2 W), A8 R S DX 7 5 ) il T
SPARVC R Z, PR 22 3800 52 Wi 0 Rl Y 8 7K Sk v 2
i AR AR SRR AR B, R T O A K Sk
T 2 AT AR AT

J5h, N T (a) K (b) Al & i, B K k46
Th, AT 11 BRF AT DX fE 450 2k 12 9 O, T TR ASCR
S, X DAL AR R A R BB 0 R
Wee AR AT 5 |2 R 00 2% 38 A0 18 R 3 — B X L
K11 Ce), T CH MR A b, AR 40 B0k
RMGERACR, Wbz @A AE =11 (o) P IFA+ 43
Uil



523

/NI, A5 SRR T RS T ) DR S 5 29

—— GRSk —— 24Kk
- —A— 3Kk —— 4Kk

46 + .
v . ,7 .
44t a M
§ 'V‘Lfi“*‘ A
& 42 + A e
‘L'X\' . - ‘_*/.‘
A
2! .-, e
= 38 -y ——
36 ¢ W
0 20 40 60 80 100 120
2| IR B /em
(a) A 415
—— 19Kk —— 290Kk
41 gk v Ak
'*4'7" "'v_771 ~—
44 v P
= . " . P >
o e “v—Y
2% ™\
= A A
<, -
A0 | e
g B . o
= 38 | 7"""'»,,’7*:_47 4,_74*"’
367 W
0 20 40 60 80 100 120
B e BE B /em
(b) B 41546
= KK o 20Kk - 3Kk
60 r o« v HBAGIKk - 5Pk - Fegikk
\\“_h‘\
. [ e Tl
£ IR
k_{‘uj e B  a
= 40 i S D
DU i S R
0 20 40 60 80 100 120
FI|_FYFRIEE B /om
(c) C HiRkY:

B 11 KSR S T R
Fig.11 Distribution curves of the height of the head

32 REMIEIHSEMTUNE
321 Befik A A ELARTG X AT B2 8 % a

TEAIRE H, B CPIALE I I A L4, (B
H A e ) AR A LA AN ) AR A, A
47 1 B Y A A TR R B R, IV R A i e (]
% o [RIARF, B 336 f) i A ik 450 52 B M — Tl gl Sl
A AR o Dy 1 WL 1 7 2H A [] 4 1 A 28 1 KL
1B CPIAAE S 20K SR AF BT A b BT 4

F R ok, E 12FR .

180 b e gy
160
140
120
100
80
60
40 +
20

0
-20

——CH4

HibE/g

0 100 200 300 400
FFEEI [A]/min
E 12 T#B.CHE2RKLBFERATHHE

Fig.12 Sediment yield of soil samples B and C under two
stage water head

P B P I G A PR R B L C T 2 [) %) 5 2y =X
S0l P ARG BSR AN TR, DT 3 AR T X R 4
A PR S i 4 fioh g i 2 ORI AN T

TE R 4y 5 2 P O0eh ORI R 2 B B9 AN H R
FRA3 i EL A% 7 0 TR AR 32 1 B0 52 B 3R 12 fik ) 1
Wk 2T A B ik B L X T BAL KR, 5 B ALY
AN ph R RUR S B, R BURE 2 ] A 58 4 2 fish S 455 i
CZH W5 7 1853 430 i RLASORE #4) B, KL URE GE B AH
YHEIE RS E A, AN B B A R

38, v il ) B BT A A A AR 2 55 il 0
DS R 3 foh 0 a9 FRE ME o L, BALIES A T
5 77 ik BRI 75 2 55 T4 A3 B HURHR R R 23
R A B LB EUR R AR A S, 5 T A T
T Rl A DX R 7 A — AR I, & K i Hh R 4 b
L, SO R] 7 B I s ] 3] 4 ask i B 7 A SO 3 % 0 3

CZH IR, AR It 2 A 52 e B 4L 00K, B
BT AR i A P AR ME DR R I U 1) 3 2 1T S B X
WAER sl AL, CAIRE A — AR ER T 1Y
H D A B LR R B, HLCBIGH B P TR, 4
T REFESE3RNTHOK Sk R N RR I I I 4, &
HHAE G 25 R A R AR AR T, K T S 1S5 1 X 41
B IR SIEH o
322 FrRdAEd R g T

A AVE e, HEAEB SRR EQ S K
JIRREE TR AR RNE 78 ZR Bk 3 43 2R M AH G .
SR B U BIORE 35— 5 (B A4 30 3l 2 e 25 3V o
BRI FF—E i), o 54 1 R B 3E R
kA IEAH I

MR R RO F, AT 1 AR T A8 Y R B
75 FR A BTG R, TS A5 30 55 5 7K 0 68 At 25
LMHXR L, ME1B3F/RIB . CALR &AL ith 2 .
[F] A, 3t 2 A 2 75 & AR W A IR, K13



30 TR SHOR

% 50 &

JEIR B A it AR A 2 O 2k, U IO B0 &
A, HE2. N R TR AL AR O AR E AR IR
AIESIE AT o

250
200
150 r

100 |

—— A4
—e— B4

YIGETE/(m-s™)

50

0 ——CH

10 15 20 25 30
7K3k/em
13 #IRREREK K FRE L
Fig.13 Curves of initial flow changing with waterhead
MAE T A i ROk R, 45T 1T B A ol T 3 ) Sy
TRB I RSB I (8] A8, DTS4 3 B b T
TEBZH 25 290 /K Sl v, Y 37 ik I 1) 228 ¥
ST, ELIG W N, D B LM OC AR, IR LA
BB R B R R GE, Ok T AR N IR A
THEE , R W TR R B W

4 45

FIAZ G TR 7R B T7 2, RIS [F) 480 )
7 2 e BT 30 [R] W 4R IE Y - R R AT 4R ok A A U
XU SRR AR 75 2 1) F 24510

1) M R AFTE I 1T I S 4 o 0 A5V ) K
B, AR N AR AR ORI B o UKL IR 2R B 5 s T
T T 1 AR ES Bl 0 01 B A TR 1 b
W2, R DRSS R B0 R, D AR R
TS ST D AR 2 B (EL DR OROR
W/ 5 B S BRI A RO R RSB T RUE,
MR L

2) 4R 3 ¥ R LU R Y R )T R R —
SE (7K FI NG5 1 S5 A8, TR AT B A B Y P
Az ARORHE Bl AR 0 R B AR TR DR L LA U RE T
I A JE , B Wtk A AR T R

3) AR A 2R B0 kR PN R i i < 4 Eh AR
X AR e B I o AR A R HEAE T SR e 2
SIR il T AR SO AE RS A R BB I, Ry
S MR P 2 ol DR A 3 R i R EL AT B 8 g ) v
S 3k
[1] Yao Qiuling,Liu Changjun,Ding Liuqian,et al. Experimental

w F

study on the microcosmic mechanismof backward piping in
dike foundations[J].Journal of China Institute of Water Re-
sources and Hydropower Research,2014,12(1):1-7.[k#k

o XU EZE, T B A SR O LB LA B A5 ).
K AK R E T BE o 412,2014,12(1):1-7.]

[2] Mao Changxi.Study on piping and filters:Part I of piging[J].
Rock and Soil Mechanics,2005,26(2):209-215.[ K1 EE 45
T -5 08 2 BB 52 BT #E 43 [9].55 1 7152,2005,26(2):
209-215.]

[3]Mao Changxi,Duan Xiangbao,Cai Jinbang,et al. Experiment-
al study on harmless seepage piping in levee foundation[J].
Journal of Hydraulic Engineering,2004,35(11):46-53.[
B BORE S A5 0, 45 SRS TE A I IR 5 [0]. K
FI2#:41%,2004,35(11):46-53.]

[4] Liu Jie,Cui Yihao,Xie Dingsong.Discussion on the experi-
mental study on harmless seepage piping in levee founda-
tion[J].Journal of Hydraulic Engineering,2005,36(11):
1392-1395. [XUAS AR TR M FY 6 T IR 38 L H AT 1
RIGHFIE TSI K F2:417,2005,36(11):1392-1395.]

[5] Yao Qiuling,Ding Liugian,Sun Dongya,et al. Expermiental
studies on piping in single-and two-stratum dike founda-
tions[J].Water Resources and Hydropower Engineering,
2007,38(2):13-18.[BFK IS, T BT INAR I, 45 B0 2 FUUZ
B A A A L IR B 5 (9] K A UK HL R, 2007,
38(2):13-18.]

[6] Ding Liugian,Yao Qiuling,Sun Dongya,et al. Expermiental
studies on piping development in three-stratum dike founda-
tions[J].Water Resources and Hydropower Engineering,
2007,38(2):19-22.[ T B e, Wb Ak FS FNAR I, . = JRIRILAE
T A0 A A A X 00 R 5 [ 7] K R K HL R ,2007,38(2):
19-22.]

[7] Liu Changjun,Yao Qiuling,Ding Liuqgian,et al. Meso-experi-
mental research on piping failure with smallsize model test
for dike foudation[J].Journal of Hydraulic Engineering,
2014(S2):90-97.[XI| & 2, Wh Rk ¥, T R e, 55 SR FEAE T /DR
PR AL BT[] K241, 2014(H 12):90-97 ]

[8] Wang Shuang,Chen Jiansheng,Huang Dewen,et al.Experi-
mental study on piping development considering effect of
foundation structure[J].Chinese Journal of Geotechnical En-
gineering,2013,35(12):2334-2341.[ T 55, Mt 2, i 1
SCAE LR GERLOER  JR R IR OF R (0] TR
2:4%,2013,35(12):2334-2341.]

[9] Chen Jiansheng,Zhang Hua,Wang Shuang,et al. Experiment-
al researches on effect of foundation structure on piping in-

multilayer embankment[J].Chinese Journal of Geotechnical



523

/NI, A5 SRR T RS T ) DR S 5 31

Engineering,2014,36(12):2213-2219.[Fi ik, 3k, £
7655 2R B 1 R AR AR A S R AT 0],
A+ THER],2014,36(12):2213-2219.]

[10]Ni Xiaodong.Study on seepage failure in meso-level by
particle flow code(PFC) and model test[D].Nanjing:Hohai
University,2010.[f5i/NR. - A4S B B BURL S D).
B LR A,2010.]

[11]Dai Yuan,Ni Xiaodong,Zhou Ren.Experimental study and
analysis of piping of levee[J].China Sciencepaper,2014(5):
538-542. [, /AR, A SR BT A IR I I 58 5 404 ).
HEBHE I8 3C,2014(5):538-542.]

[12] Li Guangxin,Zhou Xiaojie.Laboratory simulation on gener-
ation and evolution of piping in embankment foundation[J].
Advances in Science and Technology of Water Resources,
2005,25(6):21-24. [, JAlGEAS SREBRAS I e A e e
TR KR K R 2, 2005,25(6):21-24.]

[13] Zhou Xiaojie.Research on the generation and evolution of
seepage deformation in levee[D].Beijing: Tsinghua Uni-
versity, 2006.[Jl IS S B 928 A8 L2 H R R i 5 (D).
JEHTIEAER2,2006]

[14] Wang Shuang,Chen Jiansheng,Zhou Peng.Effect of thick-

ness of fine sand layer on piping developmentin three-strat-

um dike foundation[J].Rock and Soil Mechanics,2015,
36(10):2847-2854. [ T, AL, JAIG. — SRS 402
JE 8 X5 A8 s il P BB T 5 [J]. 58 12 772%,2015,36(10):
2847-2854.]

[15] Chen Jiansheng,Yuan Kelong,Wang Shuang,et al.Experi-
mental research on piping development considering buried
depth of fine sand[J].Rock and Soil Mechanics,2015,36(3):
654-659. [WRE A 3 v Ji, 76, A0 SRR SE S
SEMA IR 5T [J].54 1 712%,2015,36(3):654-659.]

[16] V045 2 T SCHEEE M1 AL AT AR FDK L Y ieE,2007.

[17] Jiang Guocheng,Liu Hongmei.Seepage control of earth dam
on grit foundation[J].Journal of Hydraulic Engineering,1962,(1):
3545 [ = X R A A ER B B L3 B A I 01K
FI2E47,1962,(1):35-45.]

[18]Kenney T C,Lau D.Internal stability of granular filters[J].
Canadian Geotechnical Journal,1986,22(2):215-225.

[19] Horikoshi K, Takahashi A.Suffusion-induced change in spa-
tial distribution of fine fractions in embankment subjected
to seepage flow[J].Soils & Foundations,2015,55(5):
1293-1304.

(201 PN ORI 57 7 27 B M AL R Rk H i, 2009.

(% K W)

D e S SR S S S S S S SR SR S S R R S S S R S S e S S SR T S SR SR S SR S SR S S S S S R SR R S SR

¢

+ 5| Ni Xiaodong,Zuo Xiangyu,Sun Daming,et al.Study on the piping erosion in levee foundation by sand box model
* test[J].Advanced Engineering Sciences,2018,50(2):24-3 1.[f5t/N4R, 2230 32, PN ik BH 45 SR IR 1 U450V A b A X 00 i o
¢
¢

(1. TRRE 5 A, 2018,50(2):24-31.]

* o o o -

LR S S SR S S S R R S S S SR S S R S S S R S S SR S R R S S SR S IR S SR R R S SR S S S 2



