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Dynamic stability of carbonaceous mudstone embankment
under rainfall infiltration
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Abstract: In order to study the carbonaceous mudstone embankment stability under the condition
of rainfall infiltration, this paper analyzed the factors influencing the stability of embankment,
and proposed a stability analyzing method that can consider the saturation, pore water pressure,
seepage force, soften and unsaturation effect. Combing the saturated-unsaturated seepage and
stability theory, this paper used the proposed method to calculate the changes of embankment

seepage field and stability in rainfall condition. The results show that the dynamic stability
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calculation method presented in this paper has strong practicality, which can consider the stability
of carbonaceous mudstone embankment influenced by multiple factors. During the period of
rainfall, the underground water level inside the carbonaceous mudstone embankment rises
gradually, the resultant force of penetration decreases first and increases later. After rain, the
underground water level inside the embankment reduces rapidly, the resultant force of
penetration decreases gradually. Under the condition of rainfall, the seepage velocity of soil in
unsaturated zone near the carbonaceous mudstone embankment slope is directly proportional to
the change of its pore water pressure and saturation, the seepage velocity and penetration force of
soil in saturated zone along the inside of embankment horizontally outward is directly proportional
to the change of the underground water level under embankment slope surface, the seepage
velocity and penetration force of soil in saturated zone along the upper part of embankment
vertically downward is inversely proportional to the change of the underground water level under
embankment slope surface. In the process of rainfall, the stability safety factor of the
carbonaceous mudstone embankment decreases first, then increases and continues to reduce
again. After the rain, the stability safety factor first recovers quickly, then levels off. During the
early period of rainfall, the plastic tape of saturated zone expands first and then dissipates, and
the plastic tape over the slope foot keeps unchanging. During the later period of rainfall, the
plastic tape of saturated zone and the plastic tape over the slope foot continue to expand. After
the rain, the plastic tape of saturated zone and the plastic tape over the slope foot gradually
dissipate. 1 tab, 15 figs, 22 refs.

Key words: road engineering; carbonaceous mudstone embankment; rainfall infiltration; seepage

force; softening effect; unsaturated effect; stability analysis

T

51

2017 %

AL AN S5 i S A BRI 5k T R AR 4

WeE T 2 5 B0 300 2R A 14 e i DL A e 9 B 5R
DB Z— I e 7 e R A R A g O 3 X A
BT LB SRR e 2518 15
BHF R CARRH AR A B B OGE. HETE A A
2R T AR F R SR RS E PR N R AT T
VT — T - W T 0 3 RS E R A R e A
BAELATS 3 A T5 10 - O R T 23 51 & 123 3 9 3 AF 4 A
DX A 1% 02 38 o o S T R ) 2 2K L ARSI IBEAR A
W, 7 9 [a] R ARG 1 e M B B0 5 5 R s O BT 22 5
A 11 38 A BRI DX A 1) AL B A T T 6 5
WAL« R BT R R — P AR ORI 2 51k
BN X AR5 3F Ty S A AR A WA R [ R
PARCN i sl G

BUAT SCHR H E R0 Y 6 R 2 1R T T SRR E R Y
ST T RIAR A 2 1 1 3 AR R T TR U A
MU 32855 1 28 TAREANRS W 5 Of
454 KRR th £ 5 AR 0 A0 BT Y 5 B2 B AR . X R
AB AT T W IR E P HEAT 20 M7+ e 07 3k R
JE T AR A AR A RO, L (EUR 2 T R iR

AR PT BT 5 B2 A K RRAIE il 2 S B0 BT A S 2
PN R B SRR EYE BT T Hr s Bk T
A A8 RO X 10 3 R PE S 5 2 2K Tl
D LRSS S N AT R G 1R
St bk — 2R T SRR KB 3 T A AR 1
AR 2 Y 5 R ELATS A 2 8 b R Y B fl AR
JOEC ok 2 S T A3 AT R T 2% R A 0T B R A
FO-AE A6 A0 PRV ) SE Al 2545 A1 10 A0 4 5T 98 B2
P X B SRR AT RS 5 3 38 R TT
Hef Gk AR ANS T R AR S SRR RO
FHZE A+ LU 7 A7 A A X 0 38 R e 1 ) 52
TR B T AR NS 5 B N KB
IV E L AEA R i E T RS UR I N R R NS
BOACONARSS A L BT B 1 R - - ARl
AL MBUE S BT o L b 3 R ke e M 4y
e 7 30 B R AE R W TR 25 AF T 3 AR R R e PR R
4 JE At b 48 H sy B3R AR B AT A I AR E
P AT IT ik R 2 R %08 T B — SR s P i
R EA—ER R R,

ST I AR ST W 2% 1 A e e o



%14

HEM.F . ERAANSEHTARRERRLHEB T 35

A PE R WA R 2R A8 S B i 0 8 & L 3R T — P RE
05 2545 5 T SR PR PR AR 0 BE ALK B ) LB )
A B AR M AR Y B B AR E 0 AT T 3 A
BITIERVT T A 20T A FO R0 ) 5 5
Ve I R AR A A LA B BB M X s 0 A 4
LAY DAy 0 Joi 0 e i DX S S8 4 68 SR D HL A S A s
Jit P ) S AR IS %

1 BERANESEFHTERREARRBEN
SMEREBIEE R

1.1 fn-EafsRitEREE

R A 5 T ERIR N B K B i s T
TR f RN R R I e R . B R R AR R X Y
B SRS R B B R M K B kb
W K BARAL 3 . B UL, B S SR T T 2
SHE% T PN 0 A - AR N I Ao R AT G R TR P

Je o Sy FE e
v=—k(s)VH (1)
o yoH~, o,  oH _cyoH
ax[“”axﬁaY[““)aYﬁ‘“ C(H) Y

(2)
KXo B REE; k(D) N EHK B E R s=
0—0./(0.—0,) R T ARMAFE 0 hy T ARARF E K
R0, R HRERARRBL G KR 0, S R R
KFEH=h+Y, R EKk h=u, /7. HETTK K u,
FALBRIKE DT v ORI EBEY AL E Kk 0 R
IC35 5 CCHD R 25K B8 H CCHD =20/ 9H ;¢ At []
PRLFN - AR R B 00 i A A

(D WA AT
RXY O | oo =h (X)) (X.Y)EQ ()
SRR S LS
R(XY .0 [ =ho (X,Y.0 (X Y)ED,  (4)
R,(D) |p, = —k()V Hn.(X.Y)ET, (5)
0. (D |, =—eOn.(X.Y)ET, (6)

_Jq,,(t) e, @D, <R, (|,
RO, gD =R, (D],
Hrfaho (XLY) Ry 238k Q Fir X5 B 1 9] 56 He I 7K
Ksho (XY, 0) Rk kI F Iy ok R B Hs 73 7K 3k
R, () it il 5t Ty it B i A B RE 15 (0 N B
P9 T s n g 01 A 2 B [ 5 5 g, (O g RETR A B
MFE Ty Fe s g (0 BT B BB R, (o) S BE T A B
SRS BNUDOINAITE N T DN 5
FEAR MR FNE it 5 R v, b AR R R
W J1 K I35 RZEZ B 5E R R Van Genucht-

R.(D) |,

xpz%“%)—l} (8)
R()=k.sT[1— (1—sm )" ]’ (9
AP V=u, —ue s AR T v, HALBR RS A
SCHRALBE T 5 T RAUET B w, =05mna
BRI G S8, H o m=1—1/n3k, J MK S
1.2 tHEENTEREEEILE
PRI A X NK B RS EBE ) BiE )
(77 1) 598 3 07 1) A T o HL G R /IN 55 K Sk 6 B B OE
oo B A SO R (10 (30 (11D % 6 5 P 3 1 A X
FITI BB ) AT R
:yw“UX(Ha_Hb)

G e —— (10)
U lab| / vk +v%
,, = L) an

PN ==
A G, NIK-B 3 T ;Go, R HBIE T o0 NI
JCCO AL AT X J7 8] 9B R 5oy S BT RO AL T
Y T BB T L 5 | ab | id HC e Ak HL U Cox/
vk Ty oy /W ok oy ) T ] ) I RS O
W2 AR a 50 ZIRIREEE ;s H,  H, 53 5] i
WA a 50 FrAERITIL M 2 A9 MUK Sk &M A
EA B R 22 JB Kk .
R E 25N B S N AR AT Y B R LA T
AXH#TBIE

y=v.ts(y.—r) (12)
Kby ABIEER LAREE 7. b LR AR RS
7K 23 i Xof o B B 5 . A A AR R A R KRR i X6
Y
1.3 ZRIRL 500 A EE/R-FE SRR AT
R AR S B AR, LR i e DRy HC B
1R T B B R B 58 B DT B A A 0T A BT
JIET7 I 7 A S ORI . SR LA AR 3 5 Y
ST 18 2l 70 AR AR WA BE R S IR
1N
r=c+t(ctu,)tan(ep) (13)
e B HRPUET R e A HIRAE R R 150
BTN b VR )G T 5 S IR RN BE AT
JEE JR- P A IR HE D R AR R T AR By s
R A ROV ) Z 8] 8 OG22 AH R IF A R AR fE 5 3k
PR AR AT 9 55 BE A R2 0 . DRy g Al S RLAS
th DA K I 8] Sy [ A2 Y A R RE AL B R Gk
LT Vanapalli 25 50 $8 5 DA [l 45 %00 ) 45 % i



36 KZXFFHRARAFR

2017 %

Wy A7 98 5 2
c=ae " (14)
p=fe (15
r=c+ (c—u)tan(p) + (u, —u,)stan(p) (16)
Xhiab fog HWESE B RIER; . ik
TR K B ]
P (1) A RAX6) I3 HAT 5
r=ae "s —u,stan( fe # ) +u,tan( fe # )+
(6—uy)tan( fe “)=c +(6— u, ) tan(g)
17
o cae s —u, stan( fe &) tu,tan( fe ), R [a] i 2%
JE RS R RO 1 SRR R T Uk
217D By [ i 25 i 1k 55 3E AR R0 7Y e
IR - A I )
1.4 BERANESEGTHRRREEEIWAE
Wee TR A% 1 T 9010 i i 08 o s B B A5 AR E P
TR 1 R . G B AR BB R B R AT
FEM A B ST R m-dEmmEnit i, AR
J& o AE AR A Y v e AR R AR PO [ A R A
ZNFERE IL 819 AL B K IR g 5 () I o B 50 B O - T
B A AR SR S A SN B A A 03 ) 4 R K
ADHEY ae™ s —u,stan( fe *s) Fu,tan( fe *) 5
Se s HEATAE ; IR S R OC IR B iE ) G, IR
FICH KRB R SR C R B E ) Go, 5
BIEFMER y ZMKERCEEERR . &5,
SR FH a2 S i 12 0T i B AR R M AT T AR O E
SR X AT 5 A8 2 A BB S A I AR

B1 SRR E PR A

Fig.1 Calculation process of embankment stability
2 KRiREHRRIEM-EENZ R
T4 53 #r

2.1 BENEIRERSH
DR T 5 TR Mgk i SO A B SR AE A AR AF T

AR5 RARE P+ AR ST DG 7 28— T 3t g 3 2 J i A
TR [t SR8 A T T ) — 5 O BF 5 X0 4% B B SR A OB T
B WG R K LR AN A 2 R o B s SER AR 4y Sy
13920 M5 14 197 AW AL HEGF A4 1 m
Wb A5V E 3 ANRFIE S 3 A RREAE BT B(E AR A )
&3 0 RAE R SRR IE BT 3 R

29.25 \

LER A B 1 D
HIUE T KA 4
15 c
e -
H G &
BeIR S E BRI
=l
4 66 5
BT m

PR 2 B M TR R T T B 0 R M K oz 2%

Fig. 2 Typical cross section and initial water level of embankment

B3 BRI SR HFAE 5 B A S
Fig. 3 Grid, feature points and feature units of numerical model
B A% AB.BD.DE. HA ¥ & % i
N FEF FG.GH %% &l i i 1 5 S B A B
SR
B & 1. DE.EF . FG.GH LBk &
J1 2 —80 kPa,CI (fLFR/KE JJ i # h 0 kPa,
TA .BC WJfLBR K R Iy & & N K R 7.1 CDLHI
(LB K He 3 W 3% B E — 80 ~0 kPa v 347 4
il . JFESL RS E T RSB A IR R
W 4 R I DL T 5 25 SR S 0 b6 i 2 i SR AL
BK 185,

1.80X 10
1.60X 10
1.40X10*
1.20X10?

1.00X10°

8.00X 10" Y
6.00X10'

4.00%X10" 0 x

2.00X10' z

0.00X10°
—2.00X 10"
—4.00X 10"
—6.00X10"
—8.00X10'
—1.00X10*

HAT: kPa

Bl 4 ka2 i e L B K TR )

Fig. 4 Initial pore water pressure of embankment

BT EOK 12 S 8 AR B BURCIR R AT



%14

HEM.F . ERAANSEHTARRERRLHEB T 37

B AR K Sk, A5 e 5T A B RK ) B 3 &
Bl 4. 74X107 " m/s, [a) B SR A RS g A A
St SRR R R o R SO R A AR A A L O T X
(&) Jfi7n Van Genuchten B8 JE47 5 , 15 ) ¢ 5t
Ve 7K J115 3% 2B ) SRR e R ik
WE S FrR . AR 75 Il b XS4 9 RE AT A, %
WX AIZICFLUKN K 3 HEEWE AL, 44 m,
RV R 38 BE A 5. 5610 ° m/s,

2001 15.0X1077

160F 4.0%x107 T,
4 L B . Y
= 120 \ 3.0%X107 2
= W&
t= 80 412.0x107 ®
1 A
40 41.0x107 LS

I 1 1 ] 0

0 02 04 06 08 1.0

M E
5 K I8 iE F L W S AR A OC R £

Fig.5 Relationship curves between hydraulic permeability

coefficient &. matrix suction with saturation

2.2 BIEMT KA FLERKENRIBFEZHRE

611 7 2353 g e T 5 e b S e A AR S %
7T 2 ) AR o =N < = < RN < BT I 5 Y
TR SU3 1] o 3% B2 PAY 3 3t T KA 7 46 T G T R T
T KA R 2o S B LRI AR K A R KA
SR LA G R /)N 5 TR A5 1R S - 8 A A 3t T UK AL
SIBE 1 (N M 19 3 e O A e B D S o L 1)
JELTAT S « 78 3 7K A7 B Ao 35 B0 LRI A 14 4 0 B i
& WKBIAB AW R LA S W23 k. S5
MR KL A T AR ORI . 7 M T K L 5
LS 35 1D 0 A0 0 S 320 5 ) R B R K A B 4R
TEA 3G K o 22 o S 3 1A W H 79 T R B 2 K
BT K AL A T AR RGN A AR R
TE 60 1 i £ 300 5 ) B2 i T KA D R ARG A T Dk
D SR BT A B AR AR )

— FEFOh - FEF60 h
.......... l}él—gﬁlz P p— ﬁé[’s{sﬁz Y

--- [%M24h
—— P36 h g

— [&TH48 h

................................................. BT i

B3 R R B I

[E 6 FFET A AR v B SR M R K A AR Ak
Fig. 6 Change of underground watertable of

embankment during rainfall

B TR 250 T B 3 LB K T ) 3 % W6 36 3T K

—MJ§12h
-------- M J524h
---WJ536h
-~ J548 h
~—-MJE72h

BRI BT LME

B 7 BEFAE IS B R K AL AR 1L
Fig. 7 Change of underground watertable of

embankment after rainfall

L TR T A8 A R T W AR SCAH M T o R 4
I 220 1) s S FL UK s T3 3 0 A, WP 8 B .
8 I [if R ek AR s 0 R 3 T R A A B AL BROK TR
JIREE MR K AL H T2 K % 3 R AR
PR LB 7K S 0 U el G T A 78 A i 2 5 /N T
PREFEEAAAL . N T HRIF R A 1F T SRR A S
FLBR K I 7 9728 A AR AL  AS SCRFRFAE £ 1~ 3 B4R A1
JE 5 FLBUK T 2R A S F R 50K 9 . i A
O AT i W o R T R 3 A R AT AR 1 £L B K T
355 VR TRGHE R LG R ) W 5 R A
SR L 5 B T 45 1 - B B 39 T R 3 A 1 LK
355 VR Tl 5 ELHC DR/ ) W B 5 AR A
JRAE o 77 A A A 1 D DR R - o T 2o 7 s 3% R 3
AT BRI B BT K 2 36 52 0 AR 5 1 G 4% v 7
oI S JCFLBR /K g 55 R K i B . BT
15 1+ R 0 THT B T ) 3t K A7 T S AR L g e
R ALK H 7 5 A 132 5 AR P o 2 K

1.80X 107
1.60X10
1.40X10*
1.20X10?
1.00X 10
8.00X10'

y
6.00X10' 0 x
4.00X10' z
2.00X10'
0.00X10°
—2.00%10" |

—4.00X10'
—6.00X10"
—8.00X10'
—1.00X10"

g |
AT kPa

&8 B HI 4 1k B 20 i S LB K R T 5%
Fig. 8 Pore water pressure of embankment in the

moment of rain stop

2.3 BREENAEN . EREEREENDNEENL

FHE

T 10 S BT A E T SR X B E ) A
TR Ze . dr & 10 AT, [ R AR L SR A
FIX B 5 1A 178 R 7K A3 2o i B 2L i A B Ok
ZIN TR T KL S I LS A 0 K [ 4
Ja - BRI AN X B & T1 & B s/ 7 A Lk As
P D PR « A 3t 7K A7 Ao 35 D LA A % A A X
T BUE KGR B & 16 FI B IR /DT 3R K



38 KX FFROARAF B 2017 4
3.00%10™ X
a 2.50X107 y \Q
2.00X10 J
1.50X10™ [
1.00X107° )0_)? A~
5.00X10° z | S
™ ~1.00X10™ | 1NN
= A
R VK
H z
*® £ 4
& = T
~ =S
B4 m/s

0o 12 24 36 48 60 72 84 96 108 12?)
it Jal/h

— HFAE RO — — 4R 4E L FLBRAK IR )

mee B AIE RPN - R 2 9L BRK IR 7

== A AE AR - AT RS FLBROK IR 7

B9 RRAE s A0 EE S FL BRI ) 28t it 42
Fig. 9 Change curves of saturation & pore water
pressure of feature points

It [El/h
0 12 24 36 48 60 72 84 96 108 120

—1400

—1200

—1000

—800

BIE N A HIKN

| |
-
S o
S S

—200

B 10 BRI B IE T A £k

Fig. 10 Change curves of penetration force of

embankment saturated zone

REARTHS R A E J1 & 01 B R . S B A X
B8 1A T AN s TR K AL S LS |
S AR A DX T R R SR 1935 1 1 & IR 1 R R
THUR KA TSR 198 & T35 01 BRI, 5
BN X B B 15 TSR s e 5 1k ) - SR A
A0t BB/ G R 138 125 T 45 711 R R B K
TR FEAR SR 95 8 16 T 3K R T 20U
X B T T3 3B W)

L1 Dy [ T 45 L 6 220 B2 14098 0 3 2 % Rt )
3 AT+ H AT 7 S T AR R L B RS R B
B ST R I - AR 9 35 I R B R T A A B
. B 12 ARAERTT 1~3 FLb il X 5 Y
07 1) B9 38 Ui S A 2L 18] 13 DA RRAE BT 1~ 3
BoAbdy X 5 Y JrmiisiE i g A
12181 13 Al 0, 4 T 46 Je o 39 17 RS 30 4 A 8 0 A 52
Wt T 7K B A8 T O L S BOHG 8 I T B 2
KBTS ) 0 A0 I 2095 2R 2.8 RIRE e
AT A REB A B B T W b T Bl B AR
ARIBFNE AT RSE N 0, BEE MR KA BT 3

B1L R TR 457 Lk B 20 B 308 Ui B 2R i 3
Fig. 11  Vector field of seepage velocity of

embankment in the moment of rain stop

0.005

(=3

|
o
o
S
W

—0.010

B EE/(m e s™)

|
o
(=1
=
@

—0.020

0 12 24 36 48 60 72 84 96 108 120
It} [3/h

— $FAE R TCLX Ty W8 WOE B — — A4S AE 8 TT1 YT 18 R

>>>>>>>>>>>> IRFAL 5 T62X07 (RS PLIE JE -—- F AIE B T62 Y7 [ 8 900 7 S

---- 4 AIE L TE3X T 16 V8 LE BE ——— S AL B TT3 YT 168 U E

Bl 12 RRAEH 000 b 8 Ui B2 A it £
Fig. 12 Change curves of seepage velocity of

centroid of feature cell

N
d

=
7
27

|
N

T
~
o

Y35 J1/(KN + m™)
i

80 12 24 36 48 60 72 84 96 108 120
I [&/h

—RIERITTIXTT MBIET  —— IR Y )T RBE T

----------- FRAE S T2XT7 BB - HIE S 62Y Ty B )

--- RRAEHTEIXTT WV E S AR TR YT WS IE )

P13 HRAE B IT L AR B 05 A8 Al i 2%

Fig. 13 Change curve of penetration of centroid of feature cell
TET B T e AARAR U I8 B AR A A S o A998 3 D )
32 TR RO 3 B RS L AR 4 RIRE AR
ARNUTH 3 RBRB LI TR 3 RIRINB E
T3 BEAh AT XA T7 [ 8RSk AR E ST Y il
J7 1] 8 s g 7 Sk B 2 Bl 22 3 K. DR U 38 R
U R AE U X BT BB S B
TIEANWOE R0 Y Jh s B R S B S
SBETIRN  FET A 1L . 3 T T A
(B W7 1) AT 5 4 RERE AR AL NUTH 3 R IRB
Y S8 S TR RS AT v 5T P e AR 498 U 7 1) 75
55 3 IR . SR B BT B R AR X
Y BT 1] B35 U T R 2 B A R R B T T D



%14

HEM.F . ERAANSEHTARRERRLHEB T 39

NGB EIREE 0. BRI BT R E AR
T—HAL T AR HAT X Rl 405 16 597K Sk b B
5T Y Rl T7 1) B s g oK Sk B R 23 6 S5 LT
S N/ S VAU TR WA = @270 4] B A e
PR X Rl 507 1) B9 0 BE 598 8 T M 080N U
Y Al 6 5 1 )9 i 5 15 1 T 2 K

3 mBAREBRINSEEESN

3.1 HERBEEHZESY

S SR A8 [ T 25 18 00403 Mt 2 o 0 o s i A
AR ANE LB KR S) B i T R BT 5 B B
PR 0 I 52 7 SR ARUE PSR T o S A M -
FEAL AN W A5 R A5 A I 20 4 B (R T Y AL
B A JE 3 o BT BT BT 5 9 R L A8 E AT AR AR O Y 4k
il L SR 5 JEE A7 32 0T AR A e o U8 e B e Bl A
Fe s PEIEAT 20 HT

TR R & F . BDVHA 1K 7 88 i3
BN O.AB TR E LB E N O,

R S 23 T AH 26 2 380 i BTG 5 B AL
ik AP 9 AR 56 2 J0 4005 A [ 3R 7K I fi] 14 2% 5t
JeE R =4 57 5 a0 4 SR A B L At iy B g o
PEBUER 0 H T sc i = R gt S 8. s
M E A S HOLE 1.

Rl "RREEMENZFESH

Tab.1 Physical & mechanical parameters of carbonaceous mudstone

WAMERE v/ | FRAREE 7./
A , | BEa/kPa | BEL £/
(kKN m™3) | (kN +m~3)
% e A 23.28 17.53 12. 57 28. 24
S8 b/ ZH g/ AR YA 1/
E=g i NER /N4
s ! s ! MPa
RIRAE | —8.6X1071| —4.3X1071 24. 87 0. 34

3.2 BRREAYUTUNE

Rof T Ao R R R A 57 L B 3 2 4 R A AR Ak
AR 14 Fros . fi & 14 a] 0, BRI AR b iR
U4 ZTE T 7K A7 2o e T DA A 2% B Ok SRR AR
Jei Fh s A8 H R KSR 2o 3 B DA S R B R SRR AR5
R4 1R S L B B 4 R B IK SIS 8 T .
3 M FC T DR 6 b T 7KL Ao 3 B AT B B P B
A0 A0 DX R 1 RT3 S DB 38600 I o 9
Je ML A X T I LB K R )RR R A SR R )
55 S EE R A A T AT o LG R 3Bk )N
BB 1A 132 W00 H LU/ R R Sk R R
FERET 12 h Py, f1 T 3E 40 A0 X 40 A0 2 386 im » 32 o 0
TR A X FLBR K B R A B R 1 5 AR

PR JBE 455 A1 R AT 5 | A 8 S A T IR 9 W B R T A X
BEE 1A IR AR S R S S A 8 o ) e B2 DAL e g%
2 R RIE B ) N B W AR . 7EREI12~24 h
P B TS 0 X 8 A e S R g e K A A
DX AL BSUK e 38 K A 8 % R T 5 4 280 EE 4 A1
IR T R B SR AR T B IR BE /D T AN X B B 15 )
AR AV 3| A Bt SR 48 o 1 3 DAL e » B R 2 4 R KK
TE IS0 18] 28 3 T e o TR K S S L
S S 22 4 R AR AR 0 AR DX A R R B 5 g
e LA X LB s 138 K A B R 1 S A A
PEBEMBRAR BB B T1 6 T B I FF 22 eIk B n 45
b5« S A 0 X4 6 0 S T AR L i B ) 3%
TR O LG ARG 5 0 S 1 3 3R R /) L £ T X P
TCIYSLBUK 7 ARG R T AN B AR B
T34 1/ - 0N B R Ok B e
WA T 5 L 00T (T IS 12 b A ol AR A R DX 4 A B2
PR AR e i W R K A A A DXL B K s T
B33 1A 0 R MR BE /0N 5 | D B S A S 8 i R
RFAEAN XA RORE R T 55 R B 540 AR 5 S %
BRFEE T W R 2 o DR 0t g% R 22 4 AR T G S 1) P
MR . FEREISE LR W (RS 12~48 h D . i
T A AR AN XA E R AR 2 o ) KR M A X AL B
K HE T3 B3 T34 T/ TR i SR R B Y
A S TR DX RO R D 5 A A A A AR S |
A B SR A AE T AR O L AT 0 B B 22 4 R A L )
6] A T 2% .

1.7r

%,
Lol &
63

W& 1.51

1.2

(1] 1I2 2I4 3I6 4IS 6I0 7I2 8I4 9I6 1(I)8 150
i [E)/h

B 14 BEFR AT IR 2 RBUE &

Fig. 14 Change curve of safety factor of

embankment under in rainfall
3.3 BREBEXHZHEUEFE

S SCR T 588 AT W3 » LA B SR 3B THUYY A UK F- 7
o th BL £ 5 B Xk L 1) 3 9 AR B D B 8 4 A R
T 2 3 R A PR T B B P 30 28 DX 2 A
R BUE 15 7 CBR 0 0 - A ST T 45 T
T R o T A L D R 2 e AR B TR L



40 k& XRFFROGAMFR)

2017 %

Y B SR IB IR X 0 A1) o |y B 15 R A £ 3R K A7
Ao 3BT AR o o T S SR A A A0 XA 0 3 3 T 3 i i
JIHE R T T 3 T 1 B ) T R 5K A M R
ZIN o DRI ok i S I A P £ i AR I B ) P R
N FEARAZ SRR AN X AT ) 1 AR B R 2
FIAR G0 A0 DX AR A I S g B S MR A 34 5 A R X
WALBRK S 1 AR R T1 AN B M )8 8
HIIE UM, FEREN 12 by, fiy 4 A XA A
JEE ST o B J5 O g 8 O A 0 XL K R T B R A
RUHH IR T A R R A A AR 5 A A DX P
TR A 9K B R R TR R X8 3 1A T BRG] R

1.20X107°
1.05X107°
9.00X 107
7.50X107°
6.00X 10~
4.50X107°

3.00X107
é.soxw"

1.20X107?
1.05X107*
9.00%X10~°
7.50X107
6.00X10~
4.50X107

(a) F&TTIFLG AT

3.00X10°
1.50X107°
0

(b) FEFI12h

(c) BEM24h

(e) /E12h

P15 R R AR T B 3 2B 4tk X o A

Fig. 15 Distribution of plastic zone of

embankment under rainfall

PRI DX P 1 T BRI HR W DRI B SR AR A X
SRR Y T FRAE P ) P 2R B AR5k . TERE T
12~24 b PN dy AR 40 R DX 2 3 i 3 o i
TER AN FL IR IR 7 38 K AR R T A
JEE $55 £00 AV 5 1 A L R DX 88 P ol i i AR 5K ) W JE /)
TN 15 T35 3 Bk AR 5 1 Ak A A0 X8 P 11 T R
T HAC O W 52 DR K S SRR 0 R DX 7 S i AR I A
[E3) P2 B O 32 9 9 R A R KR e B LS
S SRR A R DX I T 5 e S A 2 i B A AR
0 0 DX T 8 o i B 82 2R W A A X AL B K T
TR ABEER 5 AH N EEMER B BT
BN TR T K L SR 0 A0 DX U8 P A A R
Wi Z FF LR . FERERIAE L (RIS 12 h ) - iy
T A R A DX T B R T AR R o R T K R A
X LB K T3 38 1 T4 T R L/ » 51 g
R R DX P 5 S A % P e R W R R T
TN IX AT 2R R 1 50 20N BE S AR AR 5 R e 3 4
A DX B 7 5 ok 39 A 1%y BB A 7 5 B R L TR 0 L e
SR DI P 5 e 3 Yy S P A T BT I B )
PR TS R S A A DX P A ) R B e D
TEREFR S G W (RIS 12~48 h D & SR A A X 98
P 55 2 I A 1 2 P 1 i R 2 B A AR A AN X AR A
JEE WAL e Jo W T S S A AN IX AL UK I T B 8
3 R/ S T T T A R X 8 P ) S U
VAN AT RO R 1 55 A RO EE 5 A Y A 2
.

4 & &

(DASCRE T — Pl BE [F] 25 18 % 3 Py & 4 A
JE FLBUK I T3 B 38 T A B AR 10 A SN 1 B 3
R PRI M 07 1%+ 9 2 3% 07 86 0 B 491 o o e o
SEM B i L B RGE TR AT 1 0 B s B BRI
S .

(2) B R P IA] I o 0 2 B D 9 98 3t 1 7K A2 328 ¥
BT HAR T R O RN B RNIX B E &
T3S T3 R 5 W R4 Lk O s S i P S 3t UK Ao
TP R AT HL A 3 R ORI M IX B B )
G o

(3BT 2R PE T 2 5 e o e i v Y 3 AR AR A
DX M 35 U 2 5 G ALK R A A R A A
TE EE B0 DX (AT B 318 DAY S K P i) S ) 98 3 TR
B8 15 MR KA AR AR SCIE LE U B R b R
TSR B &5 KRR .

(4D B T I & B 3 22 4 A A 3t T /K (0 it



HEM.F . ERAANSEHTARRERRLHEB T 41

SR AR S B AT ) T e o R T K e R LR
FREEREAR s FE R4 1k 5 - B e 22 4 R R g ik &2
AT 2%,

(50 3 7K A 2ok 39 D AT » S 32 0 A0 IX B 4 S
Pk o T R 2o A A 2 Y R AR RN L R KA
3o A o S SR A D DX P Y A e I ) S P
PRI 5 Ko R 5 1L S SR A A DX IB AT 5 I
JII ) 28 A X % O

(6 T8 A fife ¢ ot ¢ AR 3 K 25 A T A LRA 4K
PCHFAE o 388 2 7 12 I 52 105 A » 30 T 582 W) 5 Jo 06 5 0 57
SR IEAh KRR E - R s B2 R AR . AE
Ja et T A LARE— 25 25 IR IR K R AF T i o o
JE 5405 J KR AIE il 278 A B R 8 A AR AL RS 2
PER R .

Sk

References:

[1] NGCW W,SHI Q. A numerical investigation of the
stability of unsaturated soil slopes subjected to transi-
ent seepagel J]. Computers and Geotechnics, 1998, 22
(1):1-28.

XA AR AR S5 IR A B KT &
A RS E RS T LT 1. 23 B 5@ B 4, 2009, 26 (10) -
33-37,43.

LIU Jian-hua, ZHA Xu-dong, FU Hong-yuan, et al.
Analysis of rock slope stability under rainfall infiltra-
tion condition[J]. Journal of Highway and Transpor-
tation Research and Development, 2009, 26 (10) : 33-
37,43.

[ 3] OH S,LU N. Slope stability analysis under unsaturat-
ed conditions: case studies of rainfall-induced failure
of cut slopes [ J]. Engineering Geology, 2015, 184
96-103.

WEI Z,. HUANG X M, XUE Y Q. Research on the
numerical simulation analysis of slope stability under
rainfall infiltration[ C]//ASCE. Second International
Conference on Sustainable Construction Materials:
Design, Performance,and Application. Reston: ASCE,
2012:105-120.

XHE L H TR BRI BT A B T RAAL S
o ST SR S RS s HEBE S LT . A & Jr 2, 2007, 28
(8):1705-1709.

LIU Xin-xi, XIA Yuan-you, CAI Jun-jie, et al. Study
on stability of high-filled embankment slope of highly
weathered soft rock under rainfall infiltration [ ] ].

Rock and Soil Mechanics,2007,28(8) :1705-1709.
L61 Z W ATEM IR, S B AB K4 TR+

L7]

[8]

(10]

[11]

[12]

6 R A AR A DX R AR SRR MR AT S LT . K SO
T TR MR ,2013,40(5) : 74-80.

LI Tao, FU Hong-yuan, ZHOU Gong-ke, et al.
A study of development law and stability of transient
saturated areas of coarse-grained soil embankment un-
der rainfall infiltration [ J]. Hydrogeology &. Engin-
eering Geology,2013,40(5) :74-80.

G S S ER AP TS S N T 2 L S NN R N
B AR M AT [T & 4 1 %%, 2013, 34 (3):
833-841.

ZHANG Yu, XU Wei-ya, ZOU Li-fang, et al. Analy-
sis of seepage stability of large-scale landslide under
rainfall condition[]]. Rock and Soil Mechanics, 2013,
34(3) :833-841.

JEV R SC A TLAE , R AR M 45 [ T A B 25 0 T B Y
e M A BT L) ). K F 441, 2008,39(9) :1066-1073.
ZHOU Jia-wen, XU Wei-ya, DENG Jun-ye, et al. Sta-
bility analysis of slope under the condition of rainfall
infiltration [ J ]. Journal of Hydraulic Engineering,
2008,39(9):1066-1073.

R BB R AT WL L
VSR IR m A SRR E M AT LT ). A A i S AR
4 ,2009,28(6):1193-1199.

WU Li-quan,ZHANG Feng.LING Xian-zhang, et al.
Stability analysis of high slope subjected to heavy
rainfall in Pingtou Village of Wuyi County, Zhejiang
Province[ J]. Chinese Journal of Rock Mechanics and
Engineering,2009,28(6) :1193-1199.

o o, BN R IR R 0 A R
TRLEREEMR] 50 %5 TR%HR,
2008,27(4) . 704-711.

RONG Guan, WANG Si-jing, WANG En-zhi, et al.
Stability analysis of Yuanmo highway slope under in-
tensive rainfall[ J]. Chinese Journal of Rock Mechan-
ics and Engineering,2008,27(4) ;704-711.

Y D I [ 3G A O R B R0 R iR S
A T A AL, L B B 0 3 RS M S e L ] vp g R
4R B ARBL R, 2014,45(10) :3614-3620.

ZENG Ling, FU Hong-yuan, HE Zhong-ming, et al.
Impact of rainfall on stability of granular soil embank-
ment slope considering saturated-unsaturated seepage
[J1. Journal of Central South University: Science and
Technology.2014,45(10) :3614-3620.

RS RSETE, E L SE 5 B R R T X A AR A
ML RPN [T A A % 5 TR,
2014,33(#4 2) :4102-4112.

ZHANG She-rong, TAN Yao-sheng, WANG Chao,

et al. Influence of heavy rainfall characteristics on sat-



42 KEZERFZFHROARHAZR 2017 %
urated-unsaturated slope failure[ J ]. Chinese Journal Mechanics,2014,35(1) :197-203,210.
of Rock Mechanics and Engineering, 2014, 33 (S2): [17] DAHAL R K, HASEGAWA S, YAMANAKA M,
4102-4112. et al. Comparative analysis of contributing parameters
[13] CAREY J M,PETLEY D N. Progressive shear-sur- for rainfall-triggered landslides in the Lesser Himala-
face development in cohesive materials; implications ya of Nepal[ ] ]. Environment Geology, 2009, 58 (3):
for landslide behavior[ J . Engineering Geology,2014, 567-586.
177:54-65. (18] THMER. BWIFHE A SHEHIMIL 2 i st hE
[14] B, SN N VNS )] JKFI AR AR AL 5 2003,

[15]

[16]

WS SR EME AT LT ], o A B2 4, 2014, 27(2)
27-34.

JIANG Zhong-ming, ZENG Ling, FU Hong-yuan, et al.
Dynamic stability analysis of soft rock slope due to ex-
tremely prolonged rainfall[J]. China Journal of Highway
and Transport ,2014,27(2) ;27-34.

(ESP %, EHESE 55, BRI A A T BOE L
s ML) ], 5 + 1% .2012,33(8) : 2359-2365.

FU Hong-yuan, ZENG Ling, WANG Gui-yao, et al.
Stability analysis of soft rock slope under rainfall in-
filtration[ J ]. Rock and Soil Mechanics, 2012,33(8)
2359-2365.

UEE R R B ME BETR SRR R ORI B -
ARSI AT 76 S He g LRI LT . %5 £ J1 %%, 2014, 35
(1):197-203,210.

XIE Jin-rong, ZHOU Cui-ying, CHENG Ye. Method
of seepage-softening analysis and disaster mechanism

in soft rock slope under rainfall [ J]. Rock and Soil

(EEF 23 T

[15]

[16]

[17]

(18]

[19]

SIMPSON A L. Measurement of a rut[ J]. Preprint,
2003(1607) :12-16.

Foodl. BT 2 S EOBK I B AR Y 4 RO B R L
B w18 22 0 FE [D]. 1% . K&K, 2014,
WANG Di. Point-based laser rut detection technology
on depth algorithm contrast and offset error research
[D]. Xi’an:Chang’an University,2014.

AASHTO PP69—2010, Standard practice for deter-
mining pavement deformation parameters and cross
slope from collected transverse profiles[ S].

LI F. A methodology for characterizing pavement rut-
ting condition using emerging 3D line laser imaging
technology[ D]. Atlanta: Georgia Institute of Technol-
ogy,2012.

TSAT Y C, WANG Z H. LI F. Assessment of rut

depth measurement accuracy of point-based rut bar

[19]

[20]

[21]

[22]

[20]

[21]

[22]

[23]

MAO Chang-xi. Seepage computation analysis & con-
trol[M]. 2nd ed. Beijing: China Water &. Power
Press,2003.

B a2 9B i B R R B M. b st o [ A T
b R AL 2000,

GU Wei-ci. Seepage calculation principle and applica-
tion[ M]. Beijing : China Building Material Press,2000.
GENUCHTEN M T V. A closed form equation for
prediction the hydraulic conductivity of unsaturated
soils[ J]. Soil Science Society of America Journal,
1980,44(44) :892-898.

ALI M M Y,KUWANO ]J. The behaviour of embank-
ment soil with time[ ] ]. Geotechnical Special Publica-
tion,2012(225) :432-441.

VANAPALLI S K, FREDLUND D G, PUFAHL D
E, et al. Model for the prediction of shear strength
with respect to soil suction[ J]. Canadian Geotechnical

Journal,1996,33(3):379-392.

systems using emerging 3D line laser imaging technol-
ogy[ J]. Journal of Marine Science and Technology,
2015,23(3) :322-330.

AASHTO. AASHTO guide for design of pavement
structures| M ]. Washington DC: AASHTO,1993.
THOMAS F. Automated road segmentation using a
Bayesian algorithm[ J]. Journal of Transportation En-
gineering,2005,131(8) :591-598.

W 30T B T B PR SR RO I TS B
NEFHLDD. W& IR ¥ < I R I Tl K24, 2009.

ZENG Feng. Study of decision method and technical
application of asphalt pavement preventive maintenance
[D]. Harbin: Harbin Institute of Technology ,2009.
TSAT Y C,LI F,WU Y C. A new rutting measure-
ment method using emerging 3D line-laser-imaging
system [ ] ]. International Journal of Pavement Re-

search and Technology,2013,6(5):667-672.



