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Abstract :

The analytical method, collocated with wireless soil response sensing module, is used in this program to analyze and test and
develop an analytical method time-dependent warning early system applicable to the soil layer aiming at the soil layer sliding
damage that may happen to the slope road soil to supplement the existing early warning mode with rainfall monitoring as an
indicator to improve the accuracy and timeliness of early warning. The research is based on the sliding of saturated zone in a
saturated soil layer and shallow sliding in a layer of unsaturated soil. The shallow sliding is the continuation of the previous
research results, which proceeds with in-situ monitoring and model-based testing, as well as advancing the existing modules;
sliding of saturated zone combines the rigorous dynamics and universal analytical method of slope stability to analyze and
measure the wireless sensing module of the surface soil response, using the set-up site hydrological and geological model to
carry out hydro-mechanical coupling numerical analysis of slope sliding, including earth support system soil structure
interaction effect, predicting the earth support real-time slope response as a basis for the deployment of wireless soil and
structural response sensing modules and the establishment of warning value to develop site-customized slope road soil earth
support sliding warning structure with real time slope road soil earth support sliding warning structure. The developed sensing
module combines the micro-electro-mechanical sensing system widely used in the Internet-of-Things with wireless
communication and cloud storage display technology, integrating sensing module which has the properties of wireless
communication, able to monitor the earth surface inclination angle, layered soil moisture, temperature and pore water pressure
to form a distributed soil layer sliding sensing network for related disaster prevention reference.

Results, Benefits and Application:

1. Considering the inference of colluvial layer coupled hydro-mechanical analysis method, adding the interaction analysis of
slope soil and support system, developing time-dependent road soil slope rainfall sliding monitoring and early warning
technology to assist in disaster management.

2. Taking advantage of the integration of the rising electronic systems which accompany the Internet-of-Things, developing
in-situ wireless soil layer and support system sensing modules to apply them to the monitoring and early warning of
geological disasters caused by rainfall.

3. The research results provide the Ministry of Transportation and Communications, maintenance and construction agencies
of the Directorate General of Highways and the Taiwan Railway with reference for the application thereto.
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din, der
(m)
2
3 Envelope _=:_
Stability Envelope — " (B =287 .
(B = 40°) =,
4 i l
-4 -3 -2 -1 0 1
Pressure Head (m)

W 2.4 £ Ade3gkd ;| o~ 24 45.% % (Collins and Znidarcic, 2004)
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m — B
(m) 5
3
Stability Envelope
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4 | J

-4 -3 -2 -1 0 1
Pressure Head (m)

® 2.5 £ A3t ;| 2 4 7% % (Collins and Znidarcic, 2004)
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PEPRTELSIRELEF2Z S YSEE QL L RFTRTES T

2P 80T AT L GFEABRF RS - f‘% i
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Wb 418 %*Ak%%ﬂﬁﬁ4@fﬂ~’wtéﬁm%wgﬁ—@
FEG 2 HN > VEEFCRZIFE P R FEN S B FI

Eﬁﬁiﬁwﬁuw.fw,ﬂmmpﬁ % QOI)MMER KL
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AoV
Tilt sensor Ir( #\g\
N
Volumetric water

content sensor

It is in contact with the base layer
if the unstable layer is thin.

W 2.6 3 % F 3 3g ¥ T pl k 3y (Uchimura et al., 2008)
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al.R017NE* B 5 B* 2 et 2 A S(MEMS)R BRI B » # E ¥ T ip» £
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Hgp* sbefod RAURER > Tt r LFHMIRET R FREFRZ

PR E S -

~‘ﬁE\
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Steel rod is inserted on slope surface.
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AR A s ook (wetting) 2 K (drying) s 42 P € A 4
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Focfls o T hdp b A H e 4 T eokw S (wetting curve) F 0z kR g
*“#k K" M (drying curve) t 77 oK & 0 R FIE R (S 2 SRR P %T
Boo¥ htrfed P BB GHTEL AT ARE S HLIAT
4R Gl M L Akt AT 4 38 Gy RAcR] 2.8

pthpfod P i R L E T T e {rd 2 B
Bep 2ok 27 an #’”# SRR RFE TR
EHE > R LET T EfoRR FHEE A AP TR
iy 4] #25% > Freeze and Cherry (1979)&& I RENA GRS
Fopod eI R ASE a2 R B 2 i

= #23V ¥ 12 Richard’s equation % 71 » 14 3 -KEgej8 & 7 5 ¢

0 oh] o oh 8h _06(h))

ot
100
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\ |
i A Residualair-content
JULERNNY™ T \ \ |
il VIR ‘
s q ‘ Wetting curve
i |
_5 60 Il A A Drying curve
= Air-entry—__|\
5 value N ‘
& \
g il - \\ gl Residual stage of ———=
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3 ~—  Residual NI \ [
(= " degree of saturation I
@ ] ~
Q 20 = M -:\
0 m A 4
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B 2.7 & Al ehd 3% 5 -k § 5 8cd & (Fredlund, 1995)
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B2.82 A ikt I HMAF =4 -2 2k & (Fredlund, 1995)

3¢ h=RORER 0= F KR hm RS RER k=2 RS (G R
4 oKER 2. Sl BT A AR g%i%:% o e N BORER (RS K
BR)MLPE R 20 o Ml 2 AR ek ol K oo

PAREMY  FER AN MRS RE M BLER E T IR
B A AL 0 R BH LG LR RIS R o A R A AT A
BRERAL B I A] A HUR SRR B e oL
HEERFFAfr ot PR FTESd B0 T EFIHET
Fodh-mrpTIHT I +“%%*ﬂ:"f Bk 97 7R
C R PR BRI R Rk P EFER (T K()/02=0)

¥ {744 w 2. - % Richard’s equation :

) 4= 94 94

=

oh oh
M(hp)a—::%{k(hp)a—;} (2.4)

HY z2RAMF 25 F 2w T 50) =R+ ke k=2 %5 % i(
w4 RIS Tl d R S M=tk g B e
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Crank-Nicolson 3 ' 4 4 ;% » /& &7 f4& <_i¥ i+ (CFL cond1t1on) 8 &

v

ﬁﬁszgkﬁ—@%ﬁﬁﬁ BN QAT B A AT
e N k hn+l+ _hn+1 hn . _hn )
M (h, )hp = JF[( p.j+l )2 ( p,j+l p,J)J
At 2A7

kj71 |:(hn+1 thrjl 1) (hn hg] 1)j|
2A7*

(2.5)

S]]

Sk AT 2 ¥ FoR 0 F I iE 2 e Collins and Znidarcic
(2004)4p ke » + B Rz R4 GREE L 00 TR ER S ROKER
Tok i dma RAEFSA LG LAFATEA LF @ F T wif
e 2 REFEY R FEE 2B 5% % e Collins and Znidarcic
(2004)17 = g 47 5% SEEP/W 2. % % 1L fdho ] 2.9 » 7 114 JLABH A
Rk o e@cE 3 £ B 7 A %5 SEEP/W %Rfl* 3 X~ 42
FAR el WA S ﬂx*iéfﬂ@,g FhR o> - ey VLo iE D 2 E

(74 37 o

. , 0 hr 8 hr
/
’ - 23 h—t
K 1 [ 23 he
7
— dis, dr
. . 39hr
- —B
1 L ™, f
I 7
—A
= 3
‘”: Stability Envelope
EP ®=407)
: 4 } i
S || —— 0mr 4 3 2 " ° I
S Pressure Head (m)
—f— 23hr
3 H =—le— 39hr
—fll— 47 hr
—
- = = = d, (Collins ,2004)
’
4 l L.
-4 -3 -2 -1 0 !

Pressure Head (m)

(a) (b)

B 29 efrinsfrRE (@)D 3 LA (b)2D § A%
(Collins and Znidarcic, 2004)
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Freeze and Banner (1970)1 % p F)+ » j2 3RS H— ¥ Tk & %
B M BA A R B N R i%éﬁ'ﬁé%ﬁa%_&r@ 2.10 #r57 » &
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Bt o ATREIRE 4~ % (8 12 min. = % o I’Hiéﬁﬁ?g’k R4S @ &
R 2R A CRER S G iR BIH] 4o 2 AR FY o 12§ -1 Freeze and Banner
(1970)% p /\;‘Zéﬁ%,s\;ﬁ%ﬁﬁ R I J\@a‘& FHo o HipER A~
Wz FGRhPerAmyaefed Ripdoks BEXZ LT EEZF R R
ME->ZER > ViR RREFTAE > A RINEERER - * 1
By ToRBIRER

SuPPLY
vaLve Dewve
& TIMER
MU TIPLE
T
VELVE
=
=>
=1
H
>
FLUSHING o~
VELVE
TRANSDUCER TENSIOMETERS
FILTER:
BRIDGE CSCILLATOR
> ORAIN
CHART
RECORDER

B 210 2 R At > BiF%pe % (Freeze and Banner, 1970)
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> ®
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a 2 g
;.o
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g
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W -cm HzQ
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= ' %
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5
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& \%ﬁ\
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B 211 &2 » B4 2 T -kiniE% %% (Freeze and Banner, 1970)

232 B EUER RS I FRERTSFEH

%4 Collins and Znidarcic(2004)"% & T 2_ & "L 2T 4 47124
fEa VPP 2 kA A F e YR8 4L B2 AL
B (drB 2.12)» » Tokixg 230 de e W 2 P £ N % S &85 0F
B BRI T et 2P RS o din B BIRE O BRI
4
3

:ﬁﬁg \\\?{r

§
#
FAAREFR do e 7 B PO (2d)10 G ARIB A R F AT
A BETEIETTE Ly I BN EgAL B T A
FoarT e o kA HR LI =sinf > TE wFond B RS
R, :1;@%‘;1\ btpfeta (z>d )RS At I E=E L
RMEEy > BATS 2 A P IRR - Th =d, -
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W212 &8 :FH2 k4 4 B ez LT LR

Fdd b2 0wt 2 F Y 405t (2.62)% (2.6b)

d|n+7/t (cr_ |n)] cos ﬂ

Mo pTR R R -RE SRR E R
r :[c'+(ua—uw)tan¢b]+(0—ua)tan¢'

o=[r,
r=[y,-di, +7,-(d, —d,,)]-sinB-cosp+y, -d, -sinf-cosf  (2.6b)

(2.6a)

d, = G (7/5_)(1 e,
cr — 2 _ in
¥ COS ,B(tan,b’—tan;zﬁ ) 7Vt 7Vt
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2.7)
o tan [
" tan S —tan ¢
(2.8)



F¢ g s 2arded ALEE 4 o d ¢ =C +y,-h tang” ~ h =d,—d -

TN (2.8) S

1+ Y- tang” -d
¥ cos’ ,B(tanﬂ—tanﬁ) 4

B C'+d\,\,-7/v\,-tan¢5b Vs )y _tw g tan 3
¥ cos’ ﬂ(tanﬂ—tand) Vi "oy tan  — tan ¢
£3 %0k kg
(2.9)
FRAKFEE o FF BRI BI BT L BH IR =
G o TR F > GE(FS) 5
Fg _ Gt t7i-2-cos ,B C; tan¢ (2.10)
Vi Z-sinf- cosﬂ Vi Z-sinf- cosﬂ tan
% 2=d,FFFS=1.0" B4 (2.10)F fE4& 5
_tang _ C 2.11)
tanf  y,-d, -sinf-cosf
d -G . tanf G (2.12)
“  y.-sinfi-cosf tanB—tang y,-cos’ B(tan B —tang)
d ¢ =C+y, N (2)tang® > ¥ #38(2.12):c B % ¢
C +7,-h.(2)tan ¢’ (2.13)

o 7,-cos’ B(tan B —tang)

F(2.13) 5 #Ar o B 48 7 & % S (stability envelope) 2 5% » H A Fex
RS ST DRI R R S QIR
ﬂﬂ'/ﬁt’ﬁ?mm\‘f“i dcr’ Léi"l‘%{-ﬁ‘if"-ﬂ éﬂq“ 'ql)‘/?eﬁli’lz*r%]é
b AAH o FIrFIAR T R LT Sl FIR L

&%%ﬁaﬁﬁﬁ$°
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2.3.3 éﬁf?éﬁﬂfﬁéﬁﬂlﬂigﬂtd(J 3 éf%gé;ﬁgﬁig;*?ﬂgg%

B o Uk ke ek B A A5 0 U] 213 0T R B E > i

FS = 'C + Y sat _7/wru tan¢ (214)
Yl sin fcos Vot tan

}_\“:1 ru::j]_wé'sbl}%:’k@[’b ’ hw ;;/ T }\l“' P—J7 zﬁ;J\\:Prg y F %\%,”J(

cr

BRA BRI R2ZIVH KRR o 3 Y T TR, =1.0) B54(2.14)

w ﬁ?i“ Z .
FS = c ,rtand (2.15)
7satdcr SlnﬂCOSIB ]/tanﬂ
AR Y S & KE = E o F BT FRRmE o P A 1 i3

SRR %
ME IR HRA % 4oB 2.14 #7177 (Anderson and
Sitar, 1995) -

wfffx
- <L
ﬁf e
— der e
a'ﬁf ’ mfg;f
Y ,,f-""
e h,
hw o B 1;{ —
e d

Bl 213 Fk £ k4 4 ER LTS TR
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(a) Failure Envelope

Field siress path

[ Failure
(+u)
Saturated

B 2.14 7 & & "LiF 8 F & & * K & (Anderson and Sitar, 1995)

Bl RQ9) FaATRAS AT AL S LT BAE
SRS TR BT SRR ENCONRIERE S ey
U SN R - AR SNl A i iR S TN

T TRA G 2 EIHRRY Mol kB TR
S E FP R ESR KRR T G o R e FHE S
T L kIR iﬂﬁ"g‘]rvfﬁi”'&’wﬁi Fd BRIFTHREFRFA
UMKk R 2 3 KR 8 s N
é‘@ WP KRBT RIZ et kg lfd k4 4 FmE R

(o5 brfod i kPRI E L B4R o

-
N
b

234 - @k 4 BigiEciELs T

RO LR ET B> AR ST IET S AR 1 LRGP = ] e s VAT

B e 2 pER R > R (I ERIBA-T 2 A EIER > FIw A
?Z%l%f‘:‘%é"i LIPS AR ég«frj @1;«}&,@,]@_7@ LS AR T —f:w#gp;
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f”'/?énx/ﬂ’}"/TE% j‘"‘dl‘}% J\Fi@ d\#ﬁp\?'ﬁpﬁ"*%’ii iﬁ:@f’f

AELY o MBS EET RN Ao B E A R
ﬂﬁwﬁﬁﬁ**ﬁﬁﬁﬂgﬁﬁo

L dattriod kok4 4 FimE A4 AP F 2 FLAC 425

? 2 dp i (Two-phase flow module)it 7 4= 45 5 2448 fo » % # 4%

Bl L7 BMUAR S R = JRNE D * - A L SR AR i S A
WA R4 ggi%‘ , u)g

25 A maf
DA PR TRV ORERA R
S SR SRR AT e 2
e E A B D 2
B(z™ )a:

A

LR AT R
thr et KB "]"i 5 5Ii<Lﬁif&ﬁﬁ.‘i o
Mohr-Coulomb 38 # % = # H5% » 4 g 4

:’%’NJ 53\
=(c—u)tang+S, (U, —U,)tang+C' (2.16)
Fa S, &k éﬁ«fr}i E&’%ﬁ’v}:& (u,—u, )P N2 Hes J\ffffr')i7
R# 7% 12 van Genuchten (1980)i= 3% 2 B T2 ;% & 77 407
P.(S,)=PR(S."* —)"® (2.17)
;v 7 a éi%#&’sﬁ {’éﬁ"f‘—"}i Hw &5
S, —S
S, =—"4—- 2.18
=I5 (2.18)
NS L IEAME R MO E I RS B R L
P s 55 A=+ Bigs:
p, = Lud (2.19)
a
FYp, Bkl BR o a é«it%"‘#’@:o bpfein i Gl F * 2
Genuchten (1980) =2 B 123\ & 7

Z_ van
C H g p e ok 2 B A S

m:e@—a—ﬁ“Bﬂz

(2.20)

2-21



Ok AR e A R bR B BR(K(S,) e feiR S
K = K(S) =k "k 2.21)

sat

ATt 24 FRR LS REE R kT e BT AIVA G
Fo B kA FRR AL LEAERBFAER B TFTAG KRG
FREEfoR G AT HIHRRY L0 KR TA AT o dpde e
Beifdd k2 ToE > upti e RariEieiaoks 4 g AR
AR TREB ARG FIFREZF -

POLNERHL - okt 4 B s A E e AacB 215t 0 H
dEER LA RlEE R KT e B AN L e B o A
JoPEB IV R E R A F it & 4cB) 2.16 71 0 % - FEERd B 4
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BT 32 e feis BATS A L 0 X421 Ik R
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B RS HORR FIR R A R e 0 - 216 2R BRI KRR
PR Ao ] 217 97or o0 pC PRIV ORR BB G A X B A 0 2 gt P T
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