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Abstract

The presence of pore water is one of the most critical factors contributing to the
instability of hillslopes. A reliable and constantly effective solution 1o improve the stability
of hillslopes is the installation of horizontal drains to decrease the groundwater level and
reduce pore pressures within the soil/rock mass. Reduction of water pressures results in a
corresponding increase in the shear strength of soil mass or decrease in hydrostatic

pressures within discontinuities in a fractured rock mass, thereby improving slope stability.

The purpose of this design principle is to consolidate information related to, and
provide guidance for, the design of horizontal drains for slope stability. The design
principle provides the necessary information and techniques to the relevant designers
(soil and water conservation, geotechnical, civii and hydraulic engineers) to better
characterize the hydrogeology and then estimate groundwater levels under drained
conditions applying a clear methodology. The approach taken is to provide options for
the relevant designers such that the hydrogeological analysis can lbbe adapted for site-
specific conditions. Ultimately, the relevant designers will be able to use this principle to
better assess hydrogeological conditions and develop a drainage design to improve

slope stability with more predictable results and optimal efficiencies.

This design principle explains the necessary information and theory for the
application and efficiency evaluation of the design of horizontal drains and includes: the
principles of subsurface drainage, groundwater flow within soil/rock mass, type and
characteristics of aquifers, rules of groundwater, hydro-geological field investigation,

geophysical exploration, and slope stability.

To establish an optimum configuration of horizontal drains, it is necessary to
dominate the water source and flowing path of groundwater in unstable slope and

understand the characteristics of seepage and transportation of groundwater in aquifer.
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presence of gravel stratum (porous and permeable), open discontinuities, stiff clay with
interconnected fissure (very hard and porous), and perched groundwater. The horizontal
drains will be able to exhibit the best drainage effect if the groundwater can be
intercepted prior to flowing into the unstable area of landslide. Meanwnhile, this design
principle also summarize various material types used for drain manufacturing and drain
filters, considerations of design layout such as drain length, drain spacing and drain

orientation, and the construction method commonly used in practice.

In principle, it is necessary to verify the influential scope of sliding body and the depth
of potential sliding surface prior to determining the installation location of drainage well.
Secondly, the engineering designers should interpret and ascertain the location of main
sources and seepage pattern of groundwater and eventually determine the location of
drainage wells and the length of horizontal drains. However, if the horizontal drains are
unable fo function effectively to drain off the deep seated groundwater due to
construction limitations of drain length, drainage wells can be considered as an auxiliary
facility. In addition to the groundwater drawdown, the horizontal drains can reduce the
total unit weight of sliding mass and pore water pressure on potential sliding surfface and
eventually promote the stability of sliding mass in landslide. If drainage wells are planned
to place at the head of slope, the seepage pattern and flow path of groundwater at the
upslope area should be definitely verified prior to the detail engineering design and
practical construction. Moreover, some supplementary engineering facilities such as
runoff interceptors on the slope top, longitudinal/fransverse drainage diches on the slope
surface and backfill of tension cracks are also crucial to effectively prevent the runoff

from infiltrating info the sliding mass.

The design of subsurface drainage (drainage well with horizontal drains inside) can
be caried out by using analytical methods (mathematical equations) or numerical
methods (finite element programs). Analytical methods are generally applied for an

engineering design which possesses comparatively simple hydrogeological conditions

fo be handled. In such circumstance, the designers can obtain solutions of optimum




layout of subsurface drainage thru a series of analytical equations and associated design
charts. However, in engineering practice, due to the irregular horizontal drains system
(such as horizontal drains with multi-level, different lengths and orientations, and fan-
shape configuration), aquifer consisted of heterogeneous/anisotropic geological
materials, slope surface with complicated topography, rapid rise of pore water pressure,
and fractured rock slope, it will be strenuous and problematic 1o evaluate the functional
mechanism of horizontal drains and the corresponding groundwater drawdown using
analytical methods. On the contrary, the designer can accomplish the tedious analyses
and design objectives using numerical methods with high calculation capability and fast
computation efficiency. The designer can establish the numerical model according to
the actual field conditions, calibrate the numerical model thru the comparisons of
numerical results and observing measurements, perform a series of parametric study on

design variables, and eventually determine the optimum design configuratfion of

subsurface drainage.
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Groundwater and Slope Stability

2-1 R R K - 2E M K HEK

Groundwater, Stability and Drainage of Slpoe

2-2 MR A 23 | K

Groundwater Flow in Soil Strata
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Groundwater and Slope Stability
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Effects of Groundwater on Slope Stability (lllustration
of Case Histories)
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Effects of groundwater on slope stability.
(a)Piezometric pressure acting on the block/slope interface (b)part of block saturated
(c) uphill face of block.
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Pore pressure on soil block/bedrock interface-example case.
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AREE ©

o

A A 2 W F KK AL

B M A 2 M T KK

EEARBTA | e >
A Ef g p—d T

B 2-3 EIFH N IKKAL EFH 2 221

Groundwater rise in soil slope-example case.
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= ~ SLBRKEERIRIREE DB o HE -

BRI T KBTS R SR iIEE » B A A B R T BB S T B R
BEFRIREL - 206 2-4 BTF - BREREHEMABEIRER » TaESMRIRES
FoB - BREDTMM TSRS KRBT TR B L ERERNITIE -
B 1RIS AN EL /ORISR -

RAREF LMMT K
R Z B eI E

KA R S ——

%I
B 2-4 SLBKB{EREAEIRRRE DEREE Do =6

Pressure against uphill face of unstable block-example case.

2-1-3 N K ZHEKIRIE Principles of Groundwater Drainage

WE 2-5 P » OISR it MK EERFEEEIIKERRYK » 527K ESRES (LA N EEE
KBRS LAFBRI T SLBR ~ FE T RBESE O SLREFL IR < IKEPIIKS T
NDED)ZHINT » BRI —ECEBIERER Q- KBRS - S—T0@E » /T KE
SLABEIERE Qo MAIKEA -

v B
v "
; B i
h3 O,—+ g Lo
1 \
Ist — 0

hZ \
2-5 I T K Z BRKIRIE

Principles of subsurface drainage of a slope.




{RE% - SIFRIUNESRRS < SLERKEE (B VI7KEE) EFHE ha B » ASSEEBI00E - & O
/IR Q2 F(Qi<< Qo) » IBIRPIKEAE » (3B BUKEN L SLBEKEIRAE hi » RIKESR
RSB - SENEL h BIIEMERBIICRIT » BIETRES B 7K EREZRZE
(h2 iIB) - 558 » EENTHPKRMLESIERE QUICEASEIXE KR hs M)A T K
HEH > ISR hs FRIEZARE » B Qs tiSHAREE(Qe=0) - HiRER Qi \HaIRES » BIFEEM
ARRERT » & Qs KIR Q2 ZEAME(Qs> Qamax) HIE 7KK (B /I7KEB)ha / VIS BT AES [ 327K /B
BRESIRIZE I T AKAL hy » BISZIRESISIOIR BRISIEEZARRE -

BB FEWIESR » BIEBPKRIECBEKEENE » ERIDTREMEFIETE - IL/OH
IREMINENKEF; » EKEBFHRM FKEIE NI EFFAERERIFELIE -t~
KKMZ EERRFERIE - ALt > BlEICRITC IS 82 MK TE » B{hHT
MREERRERIETE

2Pl 14713 K3 Groundwater EIOWIRISOINSTEtE

2-2-1 M3 Darcy's Law
B 2-6 it MK B E fEE E < I EFERIEA R (uniform: granular material)i
SLBRIKEB2MRITEM L2 B < SZPORR 1856 SHiRHEt B TKEBERR S BELNAT ¢

Q=kxixA
Hop
Q = HIT/KEEREREK(MYSs)
K = g zKEEREN(ms)
i = KDBE
A = HTKFSZ BEEREm?)
IKIBETEFEUT:
U
L
Hop
Ah = TRKARENRT < IKEEEM L
L = MROKTERENIM BB AR ENNYRERE
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JR J1 K SAHS L 47
/
— 7 ||
hl Tk LR ha

B A B A

2-6 EFERDPICRAIEREML A
Water flow through a granular material. (Darcy’s Law)
KNEBERBIRRTTNREEEICHSIEE - HEMEREZHEMRR - KR
EEMRSLEEMEE NI AR PR -

v_v_a_ Q  kxi
*  n Axn n

vs = BRRE
FI9ERE= (Q/IA)
SLpEER
EAEERRESTBEGED » (DOEA RS T & AV HEEY (geosynthetic woven
material),Z K7t o

=
S
1

S
1

2-2-2 HHEENMEKNBEEGH I ERF
Factors Affecting Permeability of Coarse-Grain Strata
raF8I(coarse grain)itti@/ K BEERE < TEFER RN BN A E L BEiE -
#EENERKRCEBERENAE - MRESLEA) B R mEsEEe T Z2R=R-
B85 - R\ CRFEESHREEE « BBRA/N\D HERED) ~ DURFERIFZAR

2-2-3 MFEnithfE Rith T @R R 2 ieta m R =6
Attenuation of Flow Rate in Filters of Fine-Grain and Geotextile

S KIRBFMARESHEN R S BT (fine grain)i  NREEAR < BIXE
Olge\RREETRIE - SIhRAERERSIBEXRCEEARER » EUTEE -

1. SRR BRUKIEEREN

2. BESEMESTEETLITE




2-3-1 % Definitions

HIS THEOKMS » &@EMBBEZNEREEE » ELEFKNIBEE NELE—TE
BRI TNKER - [N » S EBSEEES S NK » IR EEHFESIRIIGT
TIKZIEE » Bt BB SO EERA=/KEBRKE)

2-3-2 Z/KE 288! Types of Aquifers

— ~JARRSKE (B 2-7 () :

IHEEKEZ—BRZKMBMRMESZ » IHRZEKEMRET—RERIIRET
(confined unit) - 2KEREVKIIEIBZE THESKEBR L7 - EKMERFRESKER
75 - AISKERRERERIETRESKE - MK ERERS/NKEEHEENHE
SKE)NHIE - SUSHERAZZE NERIREKE -

—EBREKE B 2-70) :
IRRERD BN » NEKIRHIE @S DEBMEERSEXIE - AL » I NKEFEHIELAE
KIRFIBEERADMRESKESB I ERSINE -

= BrHR%E2-/0) :
ESLFREESERRSNER » SINKUSESRESKELC LARSKUE - 2
KELESKUBARELIREFHRSE)R - # MKSSHESLOBENRE -

70~ SFHOREXE (B 2-7(d)) -

It KE K ME LB KBHFRARE(EBEXE) » BIKUERZEDIER -
RULEIHIRENET TR < EURIH - EHNCKIIE EAZEEKIIE - BRHXUELZS
BB LIEREME L - S KB IE2RB KB LSRN EMNENZE T AZKe
EIFRRESXKER @2t MKE 2R PIIRIT

(MEXUIBEZXKFEREABE T NORE A EHE -

(QEXNIBE2AEFRTRERE TXNSHXMIERASEEAER/ )\ SERE °

(3t NKBFE RO RE S A A RE R

(AKX EBIZ A EE KEs EAREL -

(Ot F/KKES CEBtAS R EHBEE -




BIEET M T REAEKIESRGTEEEA - B 5 Bl 25 %

hBUEEKEE 2-7(d) :

1y R KK AL E e ANl AT RE HIREEN < ANE K g - it alifEn NERH T
K W REEN BEAIEKIE - WWARSKE EH AL EE— BB E N EKEYTERE (FIa0rs £
B LD BRSNS NotES RIS NEBAIARES » RS KB EMtREVIEA
(FRZRX)BEAT BRI B FKEL

f&ZE KR TR RIKE KR

A A
(@ (b)
HORSKR
BRARR WAk kA
= \\ﬁ_ﬁ . 7 IREER

)RR

(c) (d)
B 2-7 SXEZLEE @) HRESKE (b BRSKE
O ERSKETCERAIER (d)IHIRSKERELSNKE

Type of aquifers. (a) confined aquifer. (b) leaky aquifer.
(c) artesian and flowing artesian conditions in a confined aquifer. (d) unconfined and perched aquifers.

2-3-3 FK[E 2 K3 FFtE Hydrological Characteristics of Aquifers
SIKEHIIKIRFIE(hydrologic characteristics)a] ALAE & /& B SRz EEi FKEY
BETD » R EHSHI RO L IEEEE -
B NIMmIEIRMEEE TSI KE 21 W ARSI T K AT e EF R :
1. EKEETEDR ~ KGR Ealss - B AISKEBEEM T KZEET] -
2. BHHKEEE TSR] » ARG EIOKER T » S P OKNIREEEEESER » AT
B BEKEEE -




— ~ [FWIREURATIKIREN

(—HERES2KE

HRESXKEBNEE TR EMNE BT BiREENHLNEE - i8S KE
SEF/EE b KR EERERHHRE Ttransmissivity) » FIRENIKDHE i=1(=1/1)
ZIER T KiEBEMKEEE B L feEmnX » WE 2-8 Bk

T=q=KXixXA=KXb
Hop s
= HERE(Ms)/m
= BfDKFEECEBERE (m¥s)m
SKEEE (M)
=  ESKEZIKDEERE(M/S)
i = B{KIBE(ELI=1)
A = BDKFEEZEEHEEEX1)(M)

X T o -
I

2-8 TOIRENEZEEREL T (=9=Kxb)
Transmissivity in a confined aquifer.
BTOK fRER(storativity) 73 5E Ak — B LUK Bt R & —EE (L BT 7KEA(L/Ah) P fR I BE 1L
K ESENUKE » WE 2-9 Bvr

S = BTIKMREX
Vo= BDKFEEERUKE(MmYm?)
Ah = REEETIKEE
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#1145 ¥ KA
#1148 ¥ T KA
. L b

—
N\, "\,
B
Y "\,

1
P Y/ SN
Q
D

(a) (b)
B 2-9 BTKFREL (@) 1BREXE (b) FFTREKE
Storativity in (a) confined aquifer and (b) unconfined aquifer.
(D)ERENXE
IREREKEETHKEES » SKEBZB/IKESERD » EiS{EENKRE
a2 At E EBIRE R A ZRENE  MIRESKEIT/KREC EHE - D8 -
BRENEZBRMREBDEEBIFR TE BRI T IKZEET]
(=)EIRREXE
R BRI ERNERRE < ZEE - RIS EREKEKDEERIREK
FFIREXKEZKUMBLE - —RIHRAM T KKIEZRSKEENL I REERS
KEEE b B IRIFTREKED » It MK ERFR RS IKE R I7KTE
DCFRIR -

— ~SLRERE TR SE

HIESLFEER n (=WW/VT) » D V=3 BREETE - Vr=1/SEEMRIREER - n EURMUER
ithg oIt T KIE R EYSLIRZER - SMEM BB IIKIRIEYEE(Uniform spherical
mineral grains)ATHERY » IE5w - - TR R EREBIERREZILBRE DRI 47.65 %
25.95 % (Meinzer 19230a) - 539} » EEM K EHSER TRIFERIFTER - BIBER/NR I8
YigiEFR IR ZEE » DT KERDOSLEEK -

TEEN3LREXCHBER LR » TERRFSEIEEREREZ n=3 %~30 % -
GERHES(Dolomites)3 BEEEEE n=1 %~30 % -

BT IFREN Cu(=deo/d10) EERRTIFEHDEE - HP » deo & dio DRI TIEMRIER DI
RIS D MHER L - BEE2EDRIZ 60 %K 10 %2 iEEIEHHIE - — MM S EHIRHEM




Bl HRECRISES - Cu<d.0 5 MARECAEEF » Cu>6.0
1. #RECER4F(Well Sorted 5 Well Graded) : i@ RIEBHSER U< TIEFERIPTER »
BEESLEERN -
2. #REZARE(Poorly Sorted Y Poorly Graded) : B RIEE—R I (@B ER )
<2 TIEFERIPTHERY - BERSLRERK -

= ~ tEHKER (Specific Yield)

HEAMEM AL SLEZR n=W/Vn) Bt M KEREZZE LGN —EEESH - BFE
{FER T KERZIKTEDHT « 2 » LEHIKEK(Sy » Specific Yield)ZZ T S LEMEHE T
KK EESH -

MM AL ELHIKEE Sy (= Vw/VT) « HB » Vu = EJBPKIER T - BI/aiENEhe
HITKEEE - VT = T/582 2 REEIE(Meinzer 1923b) o

WEREMNENRAER] » S8 —LKDRMPIEYEEATFRE L - 3EBRERD - #
FENIERER D) BUHEREN A EIAEE T HBIMIAIK D - AR TED » SLEZEK n OJ8ER
50 %(=W/VT) » (BEFFEEEAVNRAREK » RIESRE 48 %iV/KomyBiE Ko RE
2% - Fi& » ELOHKETEER B 2%(Sy=Vw/VT) - EFTBIBT T » LEH7KER Sy 8/ EISLER
Fn(Sy<n) e

7 2-1 [SBMEMELNEEEC Sy MEEEIE - —MRME » PEEAEREN T (RHEXD
0.5~1.0 mMmEBREZ S B - @ ' BETEDMLIESET D LEEVIEDN - Sy EZREREF
& -

3k 2-1 SEMEMRITIEGEZ LEHIKKEEENE (Fetter C. W., 1994)

Range values of specific yield for various sediment textures.

SR ) twicﬁsy(%)
=ME ]’ KA T3

I 0 5 2

BHERLE 3 12 7
»E 3 19 18
tmEY 10 28 21
N34 15 32 26
ik 20 35 27

MY 20 35 25
fy B 21 35 25
o 2 13 26 23

i 12 26 22




BIEEE N T EAEKIEREEEA - B B8 %

70 ~ KD EERE

IKNIEEFRE(hydraulic conductivity)Kx(ZK &N 75 0) FB AR Tt iE M R HE#ith 7K
AYEETD » IREIORA TE/SOMRIEBNIR T ~ 24X ~ fREC ~ HERARTBEWIKZRE
REEHIE)WEN - 3% 2-2 [BEMEM R IKDEEREEEE - KNDEEREUELHIMN
TCREVEER - BEMtEM R KEREIIEXR/) » EEETREEBRERXS - B -
FKOD K« BEBEEIFRSEIES| - ERUREEMRIGET K8 » TJBERDHTalEE A
S0 IR ~ 2RISR IR KRS SRiERKE -

5 0-0 REBTEMRZ K IEEREEIEE (Fetter C. W.. 1994)

Range values of hydraulic conductivity of unconsolidated sediments.

o+ KA 1R EAE B cm/s
FhE 10°~10°
i BHHERE RHESE 10-6~10"*
HRHY L k) 10°~10%
BELRIFZH L 10°~10"
BERIFZ TG 102~1

1~ 9RO

H2KEBZKADMEERIL - Kk S)EPTBEMIEMEEERIEZEEE L) » IESK
EEBI98E4H(homogeneity) - HE/KEBTIEE L EEEB A EBEKFELEN - BIoES
KEEBEE % (heterogeneity) » 9E 2-10 Fi7

Flow

s s I 3

Flow

(b)

2-10 ZBitE (a)KFEnE b EEDE

Heterogeneous formations (a) horizontal layering (b) vertical layering.




YISt RIE I N KRIEKE D EREED B BIUKNEEREADRISIEW T ¢

B K. .
Hoo s
Ka = MITFKREKFEDEZBIKIEERE
Ke = MTKAEEEDEBIUKIEERE
SKEBXFEDEIEEDEBZDEH
b = ZPECEE

HIOKFEDECBRUKNEEFHRE K

(Wi XAEEE—DE < REAE

2t N REBE— DB KEBIBLEE o

HREBDECEIKNEERE K

(Wi S EEE—DE < REREE

i X AEEE— DB KBIBEAE -

E2KEZKDHEBI : K% S)HERTELRSEBEERRES B ) » SJiEEX
EEBIEIEM(sotropy) - K2 » HEEKEZ Kk SyFEFammoE - BIfgESKEREEIFHIT
1% (Anisotropy) o

B 2-11 /mEEIBIaMESXKEC R EE  MEXKEZIHIAUEEHRREFI b2
Faxi(flattened grains)AMEAY © ZKINEERENC H/IME Kmin EEFA(E Kmax fE/3[0) L2 1ER2
RRE « B 2-12 BEniRiEE R EE C IFI9nlt » EPE &M N KEREIZ RIS ELY
Jo0E e

3
1

B 2-11 BRI ARARSSERIE () IFEREE (b) IFIEARES

Examples of (a) isotropic conditions and (b) anisotropic conditions dues to grain shape and arrangement.
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max

K

min

B 2-12 IR ERABEZ IRt

Fracture network and associated anisotropy.

288 e REIE 71T Slope Stability Analysis

Fellenius(1927 )R @R ENMIRIEE D BEDITEIE DR - i - [EERRESE
ANEWDITTTE - HEERREBAAT R BB sk TIBEK L -

RS REIBEFERESNERET - BASIEER « th TXNELRMEEESH
% BIEEmERIEEMEDIT - M - ENVERBIDBELEEHEEMEILEER - £
SENDITREHBERRERN SRS RER -

2-4-1 MPRF#EnA Limit Equilibrium Method

IRIEATRPR 81 (LEM, Limit Equilibrium Method)iB5m < 52 7€ » E R BB E Do MRIEE
PS8 IE - (BIRE L B EiNEE R BREENEBR N B E CZEIM R B EE
Bt - —fME » XELOIMARETRTASEGFEEIIMSERIREGBEIEL - MEE
FRIRERER  BEBLUIMENSIVEMRERERER - RIRRE A ERENISET
BERIETENT - B LEM LHER - BIRITTZREEITEUESRM, Strength Reduction Method)a]
ZREERMH BN RIEEER  EITREGZIVEE T RIBEE I D17 -

2-4-2 BIRTTZERE IR ZE Finte Element Strength Reduction Method (SRM)
(EEEVRRENED - BR S Pan (1980)FTIRC ATEN » I AEERG R ERKIE
@i - At - BREEBERUERTRERCREFDIRFEAZ R - Bl - 32
DT EmEEENEBRTEIIE °




FERBRITHEREDONE - KA LREEEERRATSHREIERN ] - ETEE
VEFETD DT - BB LESETATRZ RRENBIEDR » TRETCBHNZ=REFS)EITFE
ERECER RS2 I BISRE (m) B ER 2 2 BRENEIIE /) (w) ZRETEKIG(FS=7 /) - MIBIRERS
ZEREBUNTIKAEEIST, - FBHCEEEE TR MBI N E 2 BREN /I RETE
Kig - BUERBRITFEEIIBE - LUTNSE 0T H58EITRUASRM)ZE TR -

— BRE=

BEITESEEE/ THNERE DR BWRESE ¢ (=5RD)R tang’ (4=EER)
DIEEITR  BEERBREREIT CERTNERE o HEYIBRIENERE » MS 2B
(ol ) » (EARERIBEELZZMRENE FS(=n/n) - MEBRPKREIR/NZEHREE
FSmin=(z/ z)min FTH1[E 2 BB A RBRIRIED - BIRIETERENBE » REH
Zienkiewicz(1975)FTiRE - BIEBIMUBRBIRHBENRNR 2 HTE » WG SRM SERTTEA
EAEF2T 0 - B0 : Ploxis2D ~ Plaxis3D ~ Flac2D & Flac3D % » g —Z ABERTEA(Finite
Element Method » FEM) » & _— & A BRZE27 /A (Finite Difference Method » FDM) - [G)6F »
EZERBEMETET SRM DL » SETFHBNIAIRIRET . WiGHIRmEEEE » q05 2-3
P o

I 2-3 SEEITBUAZ IRFTLLER
Comparison of researches on Strength Reduction Method (SRM).
Gy FRA
Zienkiewicz et al Ay 4t E T R=(UFS)HL FS>1 - ik 2 A7 ik L 43 ¢/ (E ) , tang’
(o75)  (PEREA)EITIE . B SRR TR LSRRI i
P AR IERE, PTHBX Y FSEP TR AL BRI BTN 2 HFHR -
Donald and Giam %@ 3EZ H A RE S H ¢ tang 1A 2 B & B AL A8 B B A 2 B A% 0 R
(1988) TR L TS BV Y
Matsui and San HOESRAH F&@%i‘i’:éﬁ"\-ﬁﬁ" 58 FLAT ekik é‘J%%/@}’ A M;H#ﬁ%iﬁ;i%:/i‘fi&?-
(1992) ARBMAABRAREILE - b AT R T BRI RS
ReAf T 3 AF 2 45 8 He A5 08 By 0 45 B 2 ARIE
BRI N H IR 2R BT AR BE B A R & %35 %I
Griffiths and Lane ik K31 3RE sk 2 AR R M- AN A AR B A BT A A SR 09 42

(1999) B THR A G 68 RS 0 R ZRERAEZ B BREBHE
Wi E -
— BEITRAE

Y.M. Cheng et al. (2007) 15t » MEHHRED R T MNER B - TMALFSHE
A TIZRERIETt » UL AARETEA_E B AL T2 8 -




BIEETE M T REEKTESRTEEEA - P 56 Bl 5

(—) TEBTENSRNEBEEITRE - 2RI SREIESE @ E » WIKSIEE %
LERACHLIEN  REFERBARBEZEIINE -

(Z) AFREREER ) A Binter-slice), < BI /IR IEM)JJC D THERE

(=) TLUERESTZEHERBERPU : BETUER - S TEEBY 8RS » I
OIRLER TR FARER(IEE T L 2 (R BT/ W IRRE) 2 B DIE N ~ IR < E 8 B
BERILBENDMEETEE -

((0) NEFEHEECHRETE » BT BEit o T HiRFEBEIEENE -

() FIRIRAERELKREERM » BI20 : FIFRERIES E(Qenetic algorithm) ~ EEHR X
'Z(simulated annealing method)Z575)% » B EKERBIE IRAERTE » oKEaRIE
i DRERFIEE(IE -

SRM DA AE—BVERBLENZ - BV BB R KoKEEERE FREE L ERRIVITEMNA -
A BEEIRAERRIRIVES (- LR EESITANINE -

S5 IR SIS EIRE « TRIEFAEEE  BEER DETARN T2MmIEwl :
TET ~ #hill ~ 1B TIEE TIZMEEY)) » BITTREESIR B BIIRNS - TESSYSse88Ts
BE R ENNIB RIFIEAEE - FIt - LIk SRM 7EfER £ » WEER : (1)@ AT ARER2
BITTE ~ (QEEMRIERSEER ~ Q)EREFIRITFIRE » LUK (A)ERIREERE -
EH PR ELERITNE

SEESRE ITRUA < ISR E RIS — #0176 - IR STERIEN A% - Bal - B8
DED B AR R = HEREITRA BB HERE TR AR R) - fE{ER = #aE
PORDHTER: » (BT RG - EthEEAENRMRH =HBEITBIANRR(Cheng et
al,  2009) - 25 » =#EEEHTIBUA(SRM-3D) K =#ERIR T ELA(LEM-3D)h BN EHYPRA ©
LEM-3D E A BEMESEBHM R 2RMIE. K EUt/oHE » SRM-3D £ T8
FER LRIMABEM -

Cheng et al. (2009) £%F SRM-3D & LEM-3D » $TH#IZISEZFIE T OTLLER - #5583
R A—RiERT  RER - NFE/ ) BENFEEERS TREREHEE < SRt ERs
EIERT » MEBZOMERMBE—EL - —fiEMS - SRM-3D SRIEZLZE(RENE LEM-3D K18
=735 » AN LEM-3D 8% SRM-3D RAVRSF o i =#ERFIEmEREE Cheng et al. (2007a)2
THEDTHERAB -

HIRE ~ 9IMERER - RN HERIRERN R #ERNREH - BRERER




L AETR DREERDERIDENT  BIESRRINIERD » —#RIEEIN(EREE)H)
WEHIR ) EERESEYLIERIVIRS: -

Supsuriace Drain Engineering

IR B N HKER MR - It E BN aE TG - —AREWE AT S A TN
IKER it BRI ER B ELS Al 7KK B (St R ZKOK DR ) o
e NBEK DERVE ARS8

— BRIV
H ROKER 5ENBIBNEEMERISE T ERE - LUSEHEPK(french drains)Z261 - WE

213 B - BBHEKZ REDORNTIOEE - TRARE T REKEER - TEUNE
K » S0 2-13(QUFT - SHBHKBREREREE T BKE - ANSBIREL T
BEE TS - MRS EUSEM A B BEKRSE - LEHKRIBREER - T2 i
ZUHEK « 208 2-1 3()FF: -

A X kA

T KSR REAK
(@) )

2-13 MK DACEADEE () IHEIVBRERPK ) A2 REzVBEHIK
General classification of subsurface drains. (a) typical interceptor drain. (b) imperfect interceptor drain.
=~ REDTVERX
REWBTVEPKITAZES I IRH KBRS - MEREM TKEESERIEE
MEARABPK R E T LABR - BANETUBEEPK — MR SREIEE - IHEZE IR
FHASEaE—TE - ETHEE TS - WE 2-14 ik




BIFEE T EBEK AR E=EA - P13 0B %

(a3
(a3 '\\
\/-\.; ........................ 1
(s -
\/-\.; ........................ 1
—v —v
e S
- —a_ —a_
[ e ————— 1
(a3 NS

2-14 HEFEIVERHEK CFEE) » BIsRRAZ Mt MKARENOM
Typical passive trench drains (plan view), short parallel trench drains along slope direction,
arrows indicate directions of groundwater movement.

SHEEC REEAIEENSRE iR AR - BBBEEIR B iz (B ARl
BRHE) - AU KIS S A O TUR N BB (B T K KSR D BB < AlEiRA) -
BNtk EN VBB HEN K AU R BN LRSI R AR B E TS IS K 248 4B » W0E 2-15 B »

HAE 7145 30T KA
—T%—’Z“’X\Vm— YRITR

A [ Al | A |k
0 0 O

2-15 RERBINGRI - IWEITVUERB N X RSN B REER iz VUBIE BB 1848 -

Agricultural drainage. Example of passive drains acting as interceptors.

T NKERBRERIKED ~ BMERE 3L =HEREN T/ (Huichinson, 1977) » thEEARIE
EER ERETVHPKIREITV K

2-5-1 i N K R & 1T 4Bl Rules on Behavior of Groundwater Flow

—  WTNKRBITAEE NS REEELIRA

BESKERM TKRE—BREZ RS » Bt MOKRIDBYREEREKE-RZ
EREIMANRAEKE - MEIEKETREEEBMEEEIIKIDEE » ILOHEIRKET S
MR Z IEFESRAIPTEEN -

— N TNKRERRIEE
OHKIETE < £ anEHAZRER M PR TIRER E L 10T » WE 2-16 Pk « HIRIKIKR




2R PR - ERSEHRIGRIEMESH<E » IEERESOE NREB 2-16(q)
PEE AR  TERERZNRO NROMEAIREERREC RENZKTLEE 2-
16(0) - ARFEBRT - AETERPERE - TORJKERES » EBMTLSE
T NKESERARBETER 2-16(c) - EBEZBMRIEBRHRS SN » Bl FKIK
MG ERIEIRERTER R - SEZEEMRIEFEHERIEKENIE - Bl N XKARE
BORmENERCREERZIE 2-16(d) - XFEBE A AZEBHEPFEERES

E0i8 - BERAEEo #IR TN EER - B EE TR EEUE -
BT EBROSEXEE TR FIX -

(a) (b)

iﬁ?k}fiiiﬁ@ {&iﬁﬂ;ﬁ?‘iﬁﬂ’

/ /
X <

Fh i B Z 30T KK
(©) (d)
2-16 MIRIRREBEIRIEZEEA] o
() EFETR (D) ALFHTR C©TERSEKIEIRIAER (d) TERIEEKIEMTRIATER
Example of groundwater’s long term “memory.”

(a) young stream. (b) older stream. (c) watercourse filled with permeable material.
(d) watercourse filled with material of low permeability.
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2-5-2 it M HEKERET Design of Subsurface Drainage

B@al—

S MK DA SEKE (FEKEH)FZEREB BRIt T 7K (excess water),Z 27K
Bl » SKEPTERELBTESME - SERKEFINERIREIREE » TEEEMITNK
IR BREE » WIEESEETNSTENREE - SEFE DER - BIEXKEDERERE®E
R NI BB -




BIEEE N T EAEKIEREEEA - B B8 %

BRI -

EREM T BRI » NEEEEMEEN NBIIEC HKEE(FHOXR)FD - JkE
SEHAR)BY - REEEEDSLEKE LT IEMEKEREH TKBERE
g RS -

B@al= :

EXEESKEEBEEEEIITHRG FTEYRESAL - RANEBEISREEMS
LREHXE 8RNI  WEAIEECOEENT -
‘eI

HANRE VBB BN K > (BIRMERE IR FIPKEMES
BRI ZRA] - B TEEERRSUINE K [BERTFSTER T EEXRELEREIVE
TBHEK

2-5-3 it N EEK 2 BE Performance of Subsurface Drainage

BRI N ) CRITILIZE R Y32 L HAR A R IF 3218 TN A - TMEERNISLEE - #E THRK
RIFAREEE B KK  (ERIRRE TR NI FE AT B EAREE « 3 N AR NLRREFE -
FEERER OBRERHFER/IVEIBR - EEKEREREMESENITHEM AT -
BIRSEERVERC & » EHPXKRRIKE@IEENEIIRE - Bt AMREKERZFIELIKY)
BE - iRGi - RBIZH NHICRIEEE RSN RRESE » ELESNCEIKE -
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Part Three
03 SB=5 I OGHE R T IEREE

Hydrogeologic-Geotechnical Characterization

ERRMAETIF—EE B8 - thEREHE « ERAERERDIM
TERERE RS > RIDVERIRZ R EMES) <A » RBIRETIREMMRIMERS - 17
IRES - BIKSTUREZ KRR - SRR FRERK o Re RIS R 22K -
Do HEN—ERZHMEREMET » BREGHFESNETIIER -
—  EIIIRIRREHER A o
— RS IEE ¢ imiEitRRE  RIETE - BERREENEFHRGERERK
iEtaR A « DURIZEY R = H R EBRIEE < PERE -

8=2 IR E Field Investigatic

3-2-1 B E Kl Map of Jobsite

Ol ARE A S S ZCIB A TR G ETHB RYE - R BB A 2 [E5E% » O3
IR ~ FEIEEESLAE ~ AERSRUE - RENKEBIKSLNE -

3-2-2 238 & Terrain Evaluation

HISERKEEEESHEEIHAETRE » 6Bl S SRS It RO 2R
=5 o At - IRMFFER] » FIIREREM M S BREMEELER -

398 BRI /K St ES 1R Y Hydrogeologic Models

R RsIE(site characteristics)ii & TIFDE ERINERARER RIERTIK OB A

(hydrogeologic model) » FTEEo ZIE A8 (geotechnical parameters) « #1551 N HEIK

TARETMES Bl KON B T ESHARENERRERIEE BT -
FHit - EFEEM KON ERREDS




1. R R EKEBZER
2. WD ERABIE NSO ERFIE
3. FEM NN ERRIRIERAFIE -

3-3-1 &£K&=7 & Watershed Delineation

E£/KES| EH(watershed delineation) 22 T77K XN E 2 & (hydrogeologic divides)—{E
SENBLE » ARERIEIE S KEBYRARERKMBIRE 2 FHEFEHE » M
e REEE S EKSONBEERE 2T IRERIMEEETEBA MR STE TIEN
X °

K& (watershed boundary) T 18 233 A & (no-flow)s@ TR » 153 E o) KBRS
1EIIFROKEZ BUNSZ 72 & (water budget components) DU BIHBREL 2 2 UG+ - B 3-1 57
P ERSESRBETEKECEIL  EXETIFBEA :

1. EHEAREZ IR K RS O (outlet) sy T E ([downstream location) » ZIE 3-1(q)

Chie BEELL -
2. HEKBEHFRINABOREGZICRMAIE SR EIR » Wit DEREREERIX
FRIFBERLE
196700-
196650

196600{ .~

1965501

North (ft)

196500

196450,




BB T TEEEKIEREEEE - M a6 08 5%

Watershed
Boundary

3-1 (o) HAZEEET 5 fi(=1.524 m)EEFSRIMKRSIE - BRER (GREEE) (RE KB REOMAER
AR TEKEEHEE - O)RitERTUCe2REKESEREMEKEERRIMUBIREIL -
(1 ft=0.3048 m)

(a) Topographic map showing land surface elevation at 5 ft intervals. The black circle (right edge)
represents watershed outlet and thick black line delineates the watershed. (b) A surface map showing
elevation in color scale and the watershed boundary given as a white line.

Rt » EETERAZB DI - SEA LB EKBRZ K - iSHEEBRXR
RERLORTFUHT - SXEEAEBE M MK R EZIBEKEEHEHEE - BEEH
EXKBERMEABAZM TKARSETEIE » EREUE -

BE » SR REIVKSORERRFLIL/ES T E I FRI (surface topography) » TEE
FFRMZ PN 2 BUHEE R B (1 B < BliE= 2= 2! (Digital Elevation Model: DEM)
(2){E## A2 A2 K (3)LIDAR(Light Detection and Ronging)i8ll & % = &8I £ A R IER -

—f%MS » 1 m EfE(RER)SN 30 mx30 m .2 DEM #8148 » [ETEAISETIAS DB RS
IOGBERD - ELAIFHUBREDFKISEC SR > BIEESIELLESEM S Lt FEEX
RERCZ I N IKOXTL(ENSL B ER) Y, -

3-3-2 K32 ihfE Hydrostratigraphy

EIKEETFR N IKSTHIE (hydrostratigraphy) 18 2B (L IS EHIRIGHE T < S1@KSOHE
858 7T, (hydrogeologic units) » 1 4 #f /& =~ #8 A% (composition) ~ [E [ (thickness) ~ 73 #ff
(distrioution) ~ {17 & (position) & F5[a)(orientation) » X fE N EE B jr(geologic units)Z#ES °




MBS HI T KBA BT RERE » UM S KWARESEKE -

A [E] 59 3 & &8 7T (geologic units) ] BE & 48 L1 89 7K 33 B %5 1% (hydrogeologic
properties) » F LG EAE S M —EE—BISIKEE Tt (water bearing unit) « 2,2 » &1L
ESfiEtEE T » ASEtERO)(facies) JREEBZEEEEL - B » AFEEEKIH
BRTEEaEEEIT - IWRHUER It BTl AN EIEEET -

28| Geophysical Exploration:

I 5 =R A & E R A A B B 1{F B 2 IR IE 58] 75 7% (Geophysical Exploration
Method) - EHIEZBERTMEZ EEERE » ROVANEMBEM R ZITIE, BERT:EK
i E B HIRFSE T EMSAHE Mg - MERATEBMEM R 8BS » 2kD
PEMEE  BERRM T KRS - IREMERATRASKERM FKKIAEZRE
{i[& - AR EREEES /M TKERER - RIMER AT A2RFAIREE < REN
B - MERAT NESHEEM 2HEERMEE - HBRARERAGEREER X L
B3l tEE -

HERYDIRIAES BRVEIERR N —HEREZMEIBEFIE R ERML - EFXFZAEEW:
(N FREXEEM MBS R BINEEREET (2o Rt E MR < B3 EN :
QEIIBERMEIRIR - TFRMBBRIENOE > BEFFZNNERESL 5 (4AEMRIESL
ERFES| 2 BB ER : OJAIEM T AOKMIERE  BitERERSAIIRIES ; (6)iK
ST EET - RS~ BEEE -

BRIBIN T EE# F—iy 2 (E A E RS &SI EA(Resistivity Image Profiing, RIP) » E
WAFT A BREERE - BERABRAOTAEE » BRlERRRRTNAENTEZENETE
1 (1)BresEilE ; QFEERERE I HMARE  QFEKENE » KB RENE
EEEIRE ; (A aBRERIFEE : OME R ERSE » DATIIREEEAESS
ERNERZEIMEE < B -

3-4-1 & )% 2 JRIE Principle of Electrical Resistivity Survey

R HE #E A R R B S AOR A E - AMFTIREAENEERE » —ARRIEER
(Resistivity)( VERBHIEEITE - B HMEEEREIEARP) » FRESERAIAIKR L - #1528
B ENR - HNEEREENE R - RS ARIEE < N R EREE (apparent




BB E TEAEK I AR TEE - M5

resistivity profile) - BESHIFRIMMBIAE ~ MBS  th TKEDASNEMERBINE » 2RIFS R
ITHIEEREER AR - KSR » EX ABHITRHIE D ~ BB (&  ESKEDS
1ETFIEE - Bfa o A ERE N E R A (Pole-Pole), ERIB{RLiak CACEIIREM
E 3-2 Fis - Hib - MEMASZMR(A B B) » ISERSBEAM T » THERSTEAER
SEE(1) 5 WIHBABSMIRENRM & N) , EERERDIMATSREVENZEY) - FTE
BB EZSEBEAMTHERLEE - EREEHUERMNENEEMER : SEAEM
ZAHEE > MATAIECEREES [ ~ EMNES AV IO 5T ELMENNREREZK
p,=Kx(AV/T)

N
A M LY v bbby d
e it 21
- rl2
l'22 rll
2y vy v e My v v v ey
i A B
0.=K - (AV/1)

-
RN RN _\}’ K=2m/[(1/r11)+(1/r22)-(1/r12)-(1/r21)]

v-gll(l’lipn

e s e s w e s & e AV : Bf7E

o o o o v o v o & e
e e e |
o ¢ v e e e e AB:&EHfE; M-N:ELE
n th P : FRERE

B 32 EREIRETEE
Schematic diagram of electrical resistivity survey

0P K [BI8 A IS (geometric factor) » HEREREIIFVBEHIIERR : pBRN
1REFEZR (Apparent Resistivity) » SBENMAUERIME < BIFEME - MERELESHEIE
. TETBtES I ZiFE N E - SRERERAA - EiESWEAH IR IER FE 2 St
1514 o E - EEREEED  AAERBRIEEZAIIK » B ZVESH 2 RIMMENR
ERARIE - MG —RIICFRAEREEEENRER  JlOESStECEEEME -

Ht - EMEREGEIEASTBE KRG ERBEZ2IRNEES(S - WEE SIS -
HEEXRIIEE - oBFRAECSEREERIBER BT _HEREERE REZTE
TIERERBRTRAETEBERSTE » BIRATEEREESmooth Model Inversion)
HERBRETREIDER  KEREMEEHENNESHEX) » W REMSERES
=2 - MEEEAFERERZA T




1.

2
3
4,
5 BE2EASREEREE/INIRBFHE

BB B -
KRR BET AR EA R IR RE -
BN R IR R A B R E S R RREE) -

IEREBEA ) FERESELETEER °

UER S5 SRKRGENESEBERA - TIRED » B tESENE

ES— RS E ¢ S EMHSEEERE - L2IRBEMERECEREZEMTRE
PEEFRIRS -
3-4-2 & [H A2 FEFA Application of Electrical ResistivitySurvey

M A B ATKGHE CHEESEIIBERP) - /ot NHPK DA ER L - tEET
AL TIIEEES

1.

2
3
4,
5
6.

EERBIEN - ETHEEIEESD -

. AEWEFIIE RIS - IEE S KBTS -
AEBEEEBMEE « &iEbediockiERERILEEE -
SEEH TN NKMEZAE « SKENDH - BE ~ BRFE -
. AEEKREESEKEIE S -
AEEEE °

NAMSET G EE - BESRMMERE « tEER « it NKETRAISNE A
Ri& > ORSRIMEERRAGR - WERRHBEERERIL - SXEUETHERSE
BRELNENRSBE > 2B 3-3 ik -

Elevation (m)

0 24 48 72 96 120 144 168 192 216 Ohm-m
1018 1 1 1 1 L L L L 500
\. IH-13
l -
980 - - - . 158
942 - : 50.0
904 - — 15.8
888 5.0

Iteration=5 RMS=4.66% L2=241

B 3-3 thEETGIE

Resistivity image profile




BIHET T REEKTESRTEEEL - P 5 Bl 5

Hydrogeologic Chara zation:

3-5-1 2KE Z R AIEL 348 Detection and Classification of
Potential Aquifers
IBRIFEIE < B KIEREHEE » BIFESLE A M KEBIRIFOREKE » #3LAN
2 IKMIBNZHE T KIKAL » SERERREFHBIDRE » ST KKAFHERE » BIOEEX
Z/KERRBIFTRESKE - BREEEEINEKZEE  IIUEEKESKECED - &
BPRERIFHIES—EM T KKAIE » BISERICSKEBURERZBIM K - SEEERES
HBSLAZ KL EF - BIRZEXNETRERBERATVIIRESKE -

3-5-2 IR i~ /K AsfE s §x ( £3ZEE - 2016) Groundwater
Logging Analysis

ToKEREC B » £ 5 BEKEZ it MK R TACRENER » ERIBIHAEESL
WIIAEERECEESRIRES » TEACRENES RS » WEBIH MKEHEE
HRIFERR o T T ENERM MK RERERIRHENT - HINEEBEREIM TKE
BR » BEEORE M NN BB EIBNREKEIMEEIIARE -

PSSRt TKIERE » (RISREBSRIZIHARBILAZ M KD » DIRESLAM T K2
LHEERE - FR - BEE LN ERSLEREEEHSLN) M TKEYRA » ERESLNRENE
B BELAMTNZLER - lEEREIEEMES - EERKERIRREVARERL -
Kt - St NKRENARENYREEHE - EI TS ERS2IRMANERCE - 1§
ILENOIEEE 5 BRSL T K RENEH -

BRi—fiVEERSERE4 ARG - IoRBRIAREENMERNTEIIEESS -
ST VmEes o AN —AREBET TUKALET - ASRNAIZS R SR EHBIREVAIIN - fREalielT - AR

AIZSERSLNKMIERE » ZUE T 25 cm » SENEIRERAL 1 T KL EE (specific
resistivity)(& - B SR IV B s 3t MBI HEE IS &S - BEREEZEENSLIH T K
BYEEIRRE » EBBERBEAZ/AER - BENIEELS - BIREMIFEes - RFE(E
TRFE)  HEbaRiEss S IHRErR » BRASESSLAM NKEVERRIR - FTUD
BADEZEANERIISICAEESS -




3-5-3 IR /KEER Pumped Well Tests

WKERTEASKETIIENFRE < ETRRMESLFUEESE » EREERZ
ESLEREGREOENER - BLETREMKEBEMT - REAHMEEDSIEL - 2
BlEREZEDMEH NKMIENAH - {REKEHEEECE » WE 3-4 (PTR » FFHTRSIK
BARRECE - WE 3-40)PTr  EUKMIERAIFZRE - EFERI TN AOK aiE R

ERIT -
KA #7,58] H 0 4T KK &
Poegsy / s
17 —_—

RiE K \ AJ}L / |
HRE | e \ / Ah2
L

TKAL R H .
g — |
/ /

I IR KR

BN ==

(b)

3-4 #KERE ()1ERREXKE (b) FFTRRENE
Pumped well test. (a) Confined aquifer. (b) Unconfined aquifer.

iRl » BTRERAIEAI 2 DIEKIL » WERIEETHIK - KGRI D/ TEA
KRIFFEDE - FFFEETRALUEES KB ETKREN -
—  FEREUEERIBPRESETHIK » St NKIENRIFRE < KMAEER » SR
TROKELRES -




BIFEE N T EREKIEREEEA - B B8 %

— FFEAEERUE R RV ERE TN > TSR BRI BB bt N 7KK

RIFE o

3-5-4 IR 12 ZE i Bx Packer Test

EEREOCKEEBHANGFERER B NG - REABIH TSP T
& T BEHBSERIRSEIE e 0Bl - B A R imstes /A R BE((L)ETEEE
PUKEBEABTIZEBEN o SLEREEARRE NAIR B < EKEEE M2 q(=0Q/ot) s /KB ST »
YIE 3-5 BT ©
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3-b BEE
Packer Test.
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Part Four

3t T HEK L& - axET B LR Al

Principle for Design and Construction of Subsurface
Drainage

4-1 IS

Introduction

4-2 tE[@EKE

Horizontal Drains

4-3 EEKFF

Drainage \Well §§




ERAIE N BPK TA(subsurface drainage) R BEFRIE LI R IK » BEIRIEEPHRSE
AREVEREEN < — < B0 - {EREOEKE (horizontal drains » LI T EIERENE)RIEEZE
% ERGEEEEEEBEBMEVEIKTTA - AR E T HEOSEKE <R b TET
A - Hop » EB2TIEEEWES - HE(Vertical Shaft) ~ 5375018 ~ EOEKE ~ KRB HE
IKE ‘;‘EU@FIEEPT%IEU‘EEK%ZEEEJF%EUﬂ%%ﬁ%EﬁZ&%I o It HEKEREC 2
BEEE: hEBEOEIKE(sub-vertical drains) ~ E£7K = (water Collection chamber) ~ £ E
%Eﬁﬁffﬁf@iﬁﬁi}i s RIESDERTHIKE - 25250ERERE - EATEHIKERNE L 525N
THETEREA - MEHPKE B M REEOSKEC I ERRIEEQSENE L ERRIAEEEL -

PVC(PolyVinyl Chloride, PVC & 2 I&)E/XE XMLV EEFMSLoorehole)
B IEhE(slot, SIHERESL)BESL  BAREESL « IRBIRT\HHEHERSL - W8 4-1 "B 4-2 &
4-3 Fm » EXNERZERI—TELFSLE » MNXEERLLEANIE C TERAEKEN » —fi%
RETN IEREFRSLIOTVE 4-2 A B~ C)» TIIFERERER - BRISENE BN IEHERISL I -
il SEEEERTETRE/NR 0.1 mm ZI2E » WimHHERKE et ol Z2] 8 e
RITEEZBUR
& PVC BRERIVHHIERSLIT N IERERIVEKEE 4-10) - ASULHRAEKEIE
sIIED - AREMITRREEMER)CBRIIEE » it FKIRAEA - EEFH L -
B IOt KOO fRIIRE 360° L iilEEEAEA » LUEEIKIDEE - [T » £
EXKEF » TRRENNRIKMCEZEEILRIER » ([BEMIRE<BEIEX » WARR
SEKEZRKE -
HDPE 27K ETREAEBSL<FISLIOTVE 4-1(c)) » IMERIBLEXECA T EHEIEE) - 1
ELEBEU W IERETWWEE B - I ERENE EmEIERRLES » H



MESEE REINWEESE - HECEE  RABOIESER LN ABE CEEaEtsE
MnE NEECBPKIEE) - i TAEEENES -

EKEZIKFEFESLBEERA 120~150 mm » K& PVC 5 HDPE SEKERIEEHY
75 60~100 mm o

~
o
~

~

c)
B 4-1 EXKE2 (a) BFEE3L (b) BIRTVHEMERSL (C) ZAELE3L

Horizontal drains (a) borehole (b) self-suction slot (c) heat-melt network

—RME - EKEERE CHIRASLESTRIEI C3EE » M N EETE RS EESL - MABILE
AKX ERVKBREEISEEEBIOED - 208 42 Fin - EEEEHEIEKER
£E(R.P.Martin ef al., 1994) » Y0& 4-3 Bz - S35 » SKERBEE Type 1 & 2 DAK Type 3 5%
#HER08 - WE 4-4 P -

)

A [ W W )
. (TITITAANN] (

D °6°%06°%0 % %6 °%0 O

E 90209000503020202030%0%0!

B 4-2 EXKECRIVBIBERERE Miloslav et al., 2013)

Side view and cross section of borehole of horizontal drains.
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4-3 EEERRAZEKELEE R.P.Martin et al., 1994)
Horizontal drain patterns commonly used in Hong Kong.
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A-4 EEINETBEE TYPEL & 2 AR TYPE 3
Details of Type 1 & 2 and Type 3 horizontal drains.
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— R

68 PVC KT » EEE SRS 0 BB EERSLIIREI T X - S8
B2 AR BLOREK) - ESEEMBBIEML mm xL mm E754830) » 208 4
BA-ABFR - BILIETE  SEEORERA—RISNESS  ETRE, | SHLEREL
Rig » MEIZEERE » WSREIHNES - IS KEBSREE 75mm 2 PVC &
BUIF » EHIE CRERSLTREE 6 mm Z5EkERE3LRIEEH) 25 mm)SELE 20 mm 2 E
3L(R38E4) 75 mm) «

—_ e —

N EH

A A, HEIKBEIR S NFaMIEE N - ETKBER » WWE 4-3(B-B)
B o IWBUEEIKEH B =1BIERESL - S —HRZESLMAASENEZ LHER - UENERT
KIEAEA o S_HERESLFAEEL MHEmE I - DUBERFAASEKENZINE
ERMEBRERLDER NoZIRRZEEN - FE=EEAEEKEEEPESENR TS
ZIE » MESEKELZERE NORREEZBERBER - BEROISEKENRN » WHEKX
BIREHKOmATImBFEEN

FE=E%EL L8501 - TEEMNEESEKE MHEE (MHERZRNEKIREE » M
TUEERS - XEERTILBERNEERM » MEASKEWEEARZREIKIIEE < ERG D
PESEREN1T » BBSR/KEREHKOIRATIm)FELE » IHZEER RR AR (R EE o EER5TX
% » PVC EEIKEWNEEMAL - LURRFRENZERIER ©

o —

=5=1

RERERE  BBRRREEENERNFAIKRR)  WEERMGENENEIR
ARZERE » REIESLN o SEIKE M EEE MRS NEK, E 4-3(C-C)Fim o FEERESL
HEEKEZPRERSER » LERABERNERMEESFRIRE L /KOZHN -

g~ S5PgEY

IERIEKEHEB AT 2E(GEO, Geotechnical Engineering Office), 2 8¢ 5TERFE5%
Rz » TZERIERERIE LIS HIEINERNE » WE 4-3(D-D)R(E-E)FTR - ILALIEKE
Nanrm=%A(Type-1, Type-2 J Type-3) » WE 4-4 P -



(—) Type-1

LNERARSLEEE(ERE 40 mmBEYE » KB T HETEIIHE /AL
BEK)  EIKETBEFHEHABILR  ZIHERANAEERISES (RS EERECSE
#3)) » WS KEBERUNESEME L BREcSEHIK -
(Z) Type-2

IF¥BEKEE Type-1 481N - EEREM T HYEIEE - BRRAICEERSCE
B BIEBNEURESIIRASKENZER
(=) Type-3

[t FEEE K ERMEREBEE(—3A 40 mm & 65 mm)o 23| BB ERTHER - Sk
B FESMIHERNEK(AESL) » RENEREM TEBIERE - LT ABKE
EXENE)TBABILA - B2 » N BEEEKENE)BLERIAELEEKENA -

—REKERERN 15~30m BFERRTIENS/ DRSS THIK - 86 » T2
BERNR5E - BH Type-2 8L » N\BESEKENE)ESHE - DUEERN T
YrERER R RZERNIE R ©

h-5HE

EXRERTHHERF - F2ERINENIRETZE - —RTREEENHROIVET
B3 - BB IALERER 36 mm 2 NFHIEKER - BHBIOAEZEE - £EKEKN
ARG » FEIFEHE7E LB SER)UBEETEIREIK - EFREEERERBIRL
Al ZESEERE - SRKERBERAM MOKUE LTS > BIESTNESHSL -
BHERVEREREKE BB IRIRZEEB LG IEICEN °

SNEVERZTEERE ML IERARRIEE < T1T1E » E2H PVC(PolyVinyl Chioride
REIH) K HDPE(High Density PolyEster » SEER 1% Mgt 1S EMmAY - PVC #RA—
RRAEEBHERES » MRIZEERE » BERSERETR—ANERT - 555 - HDPE ;REFE
BB  EEREBEEET) - AR « DURAEZREVIEE - [ - HDPE 1 EMELas -
MIESE ~ ARMEER - EMREZEURESIVER - RILEIREFEE XML - &i8
PVC-PE BSEEMBRITFREM T HREEEX - RIBBERIER » MOEKEEER 3~
4 TR BNalAEFEEE - M PVC SIKEMR HDPE SEKETZEM ° B 4-5 BMEN G E



LEKE » K 41 BMEMBE IR -

7 4-1 PVC B2 HDPE SE/KEHMELLER

Comparison between PVC-horizontal drains and HDPE-horizontal drains.

LR 9 g BRI LIS PR
PVC N FA® B 5 B 5
HDPE 5 bk i3 b:g i Ed i

) " )

B 45 BAEKE (@RI (PVC) (b) SBER I (HOPE)
Horizontal drains. (a) PVC, Poly Vinyl Chloride (b) HDPE, High Density PolyEthylene
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(a) Granular filter (b) Geotextile filter
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(a) Granular filter and (b) geotextile filter.
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Horizontal drain covered by geotextile filter.
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Cross section of a theoretical slope showing how the number of discontinuities intersected by a
drain can vary depending on drain inclination.
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Schematic diagram of drain configuration.
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Details of slots in PVC horizontal drains.
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Advantages and disadvantages for three types of slot width.
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Considerations of installation length for horizontal drains.
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Considerations of installation spacing for horizontal drains.
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Schematic diagram of parallel(or linear) drains and fan-array drains.
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Measurement of spacing between horizontal drains of fan-array.
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Considerations of installation orientation for horizontal drains.
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Mlustration of the location of drainage wells installation in slopes.
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Construction sequences of drainage well.
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Cross section of drainage wells.
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Long distance external drainage of drainage wells thru series connection
of drainage pipes at vertical shaft bottom.
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steel corrugated sheets. steel hoop for structural reinforcement.
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Structural detail drawing of drainage wells assemble by steel corrugated sheets.
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Sectional properties of steel corrugated sheets.

R F gk AR B & 4B B i 1% # 7 a4
T L 0 | Z A

(mm) (mm) (cm?) (cm?) (cm?)
2.7 33.90 54°45' 70.51 22.99 19.88
3.2 33.11 55°07" 83.78 27.15 23.56
4.0 31.82 55°43' 105.2 33.75 29.44
4.5 30.98 56°07" 118.7 37.85 33.11
5.3 22.60 56°48' 140.5 44.37 38.97
6.0 28.33 57°26' 159.7 50.04 4411
7.0 26.41 58°25' 187.6 58.10 51.44
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Sectional properties of steel reinforcement hoop (or ring).

S e Bra s Bwmiasd g B @ 1%
(mm) Brafh BaEe (cm*) (cm) (cm®)
(gi%) w oo ™ kgm0 fy Z, z,
125%125 65 9 10 30.31 23.8 847 293 5.29 3.11 136 47.0
150x150 65 9 10 30.31 23.8 847 293 5.29 3.11 136 47.0
175%175 7 10 11 40.14 31.5 1640 563 6.39 3.75 219 75.1
200x200 75 11 12 51.21 40.2 2880 984 7.50 4.38 330 112
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Sectional properties of steel reinforcement hoop and its applicability for diameter range of vertical shaft.
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Groundwater drawdown profile due to subsurface drainage of horizontal drains under
steady-state condition recharge from rainfall, irrigation, or upward seepage.
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Groundwater flows into drainage wells which extended to the impervious layer.
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Application of a fictitious impervious layer located at an equivalent depth (d) beneath horizontal drains to

transform (a) a horizontal and radial mix flow into (b) an equivalent horizontal flow.
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Drainage equations of horizontal drain and comparison for their applicability in different situations.
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Initial groundwater level and boundary conditions for Glover-Dumm equation.
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4 \|K S\ v\ 4K 8 \|K S\ v\ 4K

Q

<

Q

o

3

3

Q

3

1
/-~
S
©olyx X
=

Hip
e - WREAERMTAONE BABE

- WREKERM AN ES TR E

Ravgoestimate =  THIREIKERHTAONTEZ 551 HISE

havg

v = WK ER(OE T IGEASBERHIK R R E)
K = WEZIKIEERE

S = SEKEEREIMIREKER < K rERTE

d = SKEETHRETEKECEERE

Hooghoudt 52T\ ERRIEGMIRSE K ERC M T AR ESER » DetitRmT
(surface recharge) ke # R EE K E (semi-infinite drain){F 5 252 B HEE IS « BEAULES > T
{ERER FEEHFXIZE (drain field) A BEENFER - Ft » BEREHOKSEHENGESEKE
IRRESD)  EMiREKER M T KKMESE BITRRERB - RKEMERIETE
ZERD > MRSENEECH N KKNIASE » HESEKEREEISIH(Iim) SHK O 5
[ D& o WIHEBEAEBKSED - EEIKEIR MR AR (i) B N KRB (E%)
TR EIKEZEFAEoundary effects of the drain) » FILHBIRAEHIHE TNA




A I RERSH T AOKMIE - BREEEY S KEFEE M TN KEEE, —HRER
195D T AOKMESE ZBENE - RSEEKEUIE(LIBIIE(T T KK ATHREEEE K
BB R K ELIEL) A R IEAZ(Crenshaw & Santi, 2004) o

ZRE

B-B'(it @ )
k-1 LA FokHF-2

) — —| |70
S

T

le N
A l‘ S 'l D N
B RARE KR

5-0 BEKZRBRFRIAM T KKUESE (hna, hag) STEMFEERZSIBSE -
L=5KERE » hna = MIREXEBPRUEZRAM FIOKUESE
hayy =REKEB M FNKUEZTHIBE » 1o = EKEHKE - S = FKEREE -

D= EKENHORIEZKEIEZRE (XEXKERE NHEEKEB IR ERRE R
Schematic illustration to explain various measurements of parameters required to compute the
groundwater height or piezometric head (hmax, havg) due to subsurface drainage. L=the length of horizontal
drain, hma=maximum height of the piezometric surface (or groundwater surface) at the midpoint of two
drains, hagy=average height of the piezometric surface along the drain, ro=drain radius, S=drain spacing,
and D=actual depth of low permeability layer beneath the horizontal drains



B T AOK L ENREE R < — AR - SIRIRREERZRIOT » i85 FOKIEI BT
DA E(Crenshaw & Santi, 2004) - EHEEKEIRNFEAIR(=RIR) S E EXETKBERLIEIH
(i) 7K s o 8N » SKE L2 N KK ESESSEHBDRE » e
BRI N AOK I EEEKER ALY - LEABLIEL(the point of drain contact) X #8735
IKEL)E(RERE K ik Le AIMIE) » WE 5-7 Bk -

Typel : Va2 <0.01
TypeII : 0.01 <V» <0.3
Type Il : Vu >0.3

B 917 [ 47 2 48 1) 26

La
l—— L2055 La

67 HTRINOK I ENRFAER AR, IERR Y RKEEER (vo=v/K) ©
Hi =t FXOKLERIIEE » v =HHER » K=KDEEFRE
General drawdown types of groundwater table and associated normalized recharge (va=Vv/K). Hi=initial
height of the groundwater table, v=recharge rate, and K=hydraulic conductivity.

S TNKEDER v FREUKDEEREN Kvo=vIK)FIEREZ1E » N NOK B R EE
fE(Type | ~ Type Il 2 Type INZEFEMZHE - SKEHXEM FIOKMLREE » 58S
[EEURERVHE KK NI E DM » BIMRFR—E AR LR (vn) R B K E LB E L. (the point
of drain contact)Z&BEIE » ELRFFEIREDFEW T -

Type —EEIREENE FF5 2 T IKOK (I ESREEKESEME—I - KB
IS EEENERNRAIRELEIREE] Le=Ld) © & va< 0.01 FFHEERIKTIDIEEFREL » i
TKEERREIE RS EEE R S IKK @ -

Type I-AEERENE LT N KKIASERREXESEMGCRESRLE » /)
B2 50 %2 S EHRR(R] Le >0.55 La)o & 0.01 <va< 0.3 BFFEHZANILEREY R T IKOK(L
EI

Type I—{ERIREINE 52 T AK M ESEAREKESEMGCRESRE » X
1% 50 %2 S5 /KERRR(RN Le <0.55 La) » MNENSEKE LDEE (L) Z5&7E 0~0.55L4 2 » & vn<0.3
Fr(AEERISK NEEREL - 7 TKERIR S 2 IR S A AR < SR N 7KK TE - Lt
FREV R N NOKMIE » ERERM MKEERIFESLIBR - WERERME KT8



—ROBIRIRE R SEKERPREM T NOK I ERFAEE  @FER Tyee I » B
KB N 2XKNBIE » 20E 5-8 Bz » Crenshaw and Santi (2004)f5 BT S KERE
IR GIIm) < HKOKG - st MKKIESREEKE - BEE RN —RIERHEEE
EXRERNMOOFFIEE LT » WEARBENEN e N XKAIEHi). R KIKAL
BTN MAENE UBMIE - IHEREKEREEISIn L (Lo=01t)
180% Lo L BERE. KBENEURIMIE(L) » TS NAOKMDRESE D7D - IRES 1 BRIRE
206

R AOKMIEREFSS 1 EB(Zone-1) - EEKELRERE DO EE (Zone-1) » #I'R
KK EL BSSER/NIREINAKES (MEEITASI KRS TN LIESEBER
BLIRER)

R KOKIEREESS 2 BB(Zone-2) « fEERIKEURERA TSI EBER(Zone-2) » #i RIK
KUIE L BESERKRENTAST B RGBS (MEEINASI EXESIH N NKIBSES
RECIRS)

Hy Eky
R K KA & 4 10 £(3.05 m)fE — 18 5 £ Bp

EHEKGEE 10 ftiF— 2] 5

;

10 0

hioo

60

SPERFZhae | S
%ﬂ(,’é_‘. H H H H H
Lioo Lec E KB HEAK D
| T 7J<:J<ﬁu£7 | T 7J<:J<ﬁu£7 -
MEE & BEE &

B 5-8 SNEHKEZIM T AKITEIE
Groundwater drawdown profile due to subsurface drainage of horizontal drains
HREESEKE M MK TIENIEL M - RItEEEZEE/KETE 10 f(0.305 m)
EfRE M NI OKNESE » RAWIREERFETELE - STESRRISTAT ¢
1. {KIBIER L EZR (normalized recharge, vn) L BEENE » ETE M N KOKIEIRFEIR
I—FE*ER(F 5-7 - Type-l, Type-ll, Type-lll) o



. STESEIKEUELIE(L: . the point of drain contact)
EHEwERE 5-9), KE—IHE Le %K ATETE L% :

L% = —99.642(v,) + 81.047

L= LXxL.%
€100
Hib s
L% = LoBEKERE LGB E=(LJ/L)x100 %
Le =  SKEUENMNEEKEURNMNE DBEKE ZIEEIL

G (7K Oim) E25H)

. ST N KOKIERASE (hma) 521 T KK EISE (hav)

SEEKEYE L REKELKOL)MEZR LM P AOKIESERBER] » 8l
tEmE R Lo 2 Lo KM TN KOKMUESELRME - SSEHRITEREY S TVR 2D 0
(Crenshaw and Santi, 2004) -

- HERINOKTEDRRESS 1 B (Zone-1) 2 M AOKUESESTR IV T -

h1l; =iXx Pavg
Hep

hi = (CERE 1 BRSTERCES (U 10 f=3.05 m A—ERRE)2
H R KOK N ESEm)

i = HREFEERLUER i (i=10, 20,30, ....60 f)H i< L(HIBEKE
i ERYEn 5K & AR A BEKIS IS BRREAS | (M) i(ft)

hao = FEEHPKEEZH NKKEFISEm)

Le =  SKEURUIEm)

R KOKMIEDRREES 2 B(Zone )M TNKMISESTE, BERERE hwofB
R R LT ZR ()R E 5-9(0)KE—LEIE Hi % » hioo (BTJFRABAFRBFIKGE Hi 2
B0 Hi%e# FKOKAIEDNRFEFSS 2 [E(Zone 2) it N NKUESESTEL TV T -
. EtEM TR KIKAISE haoo



FRFB i B 5-9(0), KIG—HEfE Hi%EUKATIEE Hi% -

H;% = 95.509(v,)) + 42.929

Hi X Hl%
higo = 100

6. HRIKIKNIEIRRESS 2 EB(Zone-2) 2t FAKIUESESTESTNIU T

Hp

Hi%

Vn
Hi
h2;

Lc

h100
Nmax
L100

havg

hioo — b
h2; = (i — LC)M + havg
100 c

ERERNR NI BETI7KEE ha (Fhaoo){EAR EEXDIBEETI7K
SE(Hi)Z B2 tb=(hda/Hi)x100 % 2%=(h100/Hi)x100 %
IEREHER

RIRBEXD LB TI7KTB

DRSS 2 BERSEERE | (2L 10 ft=3.05 m B—(EE%E)<
R ESE(m)

HRERYERMREE i (=10, 20, 30, ...,60 ft)H i< L. » BJAHEIK
ERERIEINREXOEASRABEKSEC BBRER 1| (m)ZX i (ft)
EIXNEUFRIE (M)
EEKERNFENIR M N KOKIESEMm)
MIREINEBPRAUE M TN XKUESE(M)
EXRERRENEXNERNFEAIRBATELE) (M)
ERHKSE it NI EISEm)

RBRART I N NKIBEBLSERS » BES 1 BRE 2 B2 NKKAL
BEEAT : hlik h2ith » oI hna U hay RETETE ©




BB T TEEEK TR EEEE - M 8 5%

Point of Drain Contact ¥ =-99.642x + 81.047

Calculation R*=0.9734
= 90
2 32 80 x
= -z
3% i
E0 g 50
Sfiw
EQ =
i
-5
e 10
0 T L L} Ll
0 0.05 0.1 0.15 0.2 0.25
Normalized Recharge
(a)
Recharge Distribution y =95.509x +42.929
Correction Factor R™=0.9375
o 70
I'ﬂn - /—'
?u' .5 %60 / -
Bt
§ ] = 50 __‘.—.""-'_
= O = s
=3 2 40 -
L8 =
zz5%
- " g
S = 20
52
.%‘ e 10
=
0 T T T T
0 0.05 0.1 0.15 0.2 0.25
Normalized Recharge

(b)

5-9 IKEBIREEKISECER (0) BELKBEXEUIRMIE (L) BEETR
RENERER (L) ZBDLE L% (0) ALUKEEXERAIR GRA) it N KKMIESE hioo
BEEORAFREDE T XKIESE H2B25 H%
(a) Chart used to obtain point of drain contact (Lc) as percentage of total drain length (Lioo). Plotted values

are based on computer modeling. (b) Chart used to obtain height of water table at end of drain (hio0) as
percentage of initial water table height (H;).

gEPR Crenshaw and Santi (2004)f@H 2 SEKEBPKOEREEIEERLEERERS -
B CRLEIEE - 28 » HORZEEKEZITRINAo GRKFHEREKE)ZUESEE
HIEREKECIER Ay GRXFERIME) 2B - Cook (2009)5% T ZEEKERAE TSE
FEKME < TS b (BIIEKFIE ) - DEHEERINEURIE(LNE SIZIE - WEER 5
IKERIZIERE(h) - Eoh » {ZIE2ABEESEL » 20 5-10 B - Cook, Santi & Higgins (2012)
PR TRIER E2KHF Crenshaw and Santi (2004) & Cook (2009), i FEAERIZ B M Ak °
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| WRE B

#
¢ T'?k;/(ﬁz & FELniR 2 & 71 7K 8 Pn:
e, -..\Z Pr=RDCn +hth‘c+(Ed)n
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£ Sk A
_______ P PN v 71'\‘71( B
P RDC"% ........... AR ARG E Py gk o

hmax ----------------------------------------

e NELA A EXEFZEL §
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5-10 FAWERDMIEIESTET (RDC equation) KIS BRI T IOKNIEBIEE
Schematic illustration of groundwater drawdown due to subsurface drainage of horizontal drains
showing the piezometric surface estimated using the RDC equation.

Cook, Santi & Higgins (201 215 HEEKETTFZ A (elevation angle)E RN AL 5°
Al L BIWBIZIEANT -

L.corrected = L., = L.(ft) — (a + @)

Hop, LeBI(ft) r o RROEENI(E). BEEINEFIFRINAaXDS 10°(0>10°) HE FSEEX
BIEREeHRI AR 5 (925 °) » [EIFE K>9.8x107 m/s (3.2x10°¢ ft/s) » BISTERNIGZIR
RFBEERECEFREE" L ATEE -

g0 it » EHRRAEREHIXGE I TKEER 2T I DM - RILBEZRAKEEZ
[EERIZR he 1 hmaEITRIEMELE - AT LUKEEKER AR (Lo, the end of the drain)
TERFKIZIC BETI7KEE hd (=hioo) © EEKER/BUEREKENEFRIBFIRNADS 5 °FF » BI7KEE
ZEIERBhBIBIZIER he © 18 - (ZIERAERKEBIZEIERE he LETHEUDT

hf = hg — hpax
hecorrected = hy, = he(ft) X [1 — M]

Hop »
ht = JKEEEERSE(EZEEM NKEEXRZENTIDHZIELE)
hd = EINEIBRMEAIR(Lwo, the end of the drain)X Lioco f22 BE/J7KEE

(=h100=ht+hmax)

AEKEVEE(Lc B)MIREKEFPRIE - AEKESENU

2 EIIKEBEH T KNI ESE)

hte (EIEARZIEIEERNB(ZREXKERE NOAEXKEZHF
IKFHEREZAZ1E)

M = BEFRFRS(FFERE 5-16)

hmax



RDC(Recharge Distrioution Correction)/ 552\ FBAZ BEEEHFNIZE D » I TN KEFE
RENGIDMHER » UREIBLESEKESDEREZILI FIOKME - LB
HITRKIKAIEB hma(=7f Lc EBMIREKEPRUECH TN KKUIASE)FRIGIER D -3
BUET i NROKMIEREIIE » 2—REIRDHH(Cook, Santi & Higgins, 2012) ¢ & Let< Ln
<L » SIEERASKEH DM NCRESIE CaIMEEEEE R (L, 0) & (L, hi) » JRIEK
RDC 75125\, STEIAIT :

Hp
RDCn

Hp .
Pn

Nimax

(Ed)n

RDCp

RDC,=mxXL,+b
m= e
(L_Ld)
b=hfc—(m><L)

HEKERBERERIm(FNEXOim) EiE - EE L &< RDC {E
EXREENEARE—RE » ILREADR LB/ L (Le< Ln<L)
EAZ1ER < SEINEUIRNIE (<L)

EXREFIRE

(ZIESREE 1R < IKBBIZ IERIER

BRI T NOKUETH FISTERATKE

B, = RDCy, + hypax + (Eg)n

h, = RDC, + h, + E,

1t Ln BBEERR < B2 /07KE8

{EIEEB JI5T(Specified piezometer) N2 [B2/J7K5E

™ME, {FRBAEKERERRISH (KON BEERABEZESE n @
2l EfERE

TEEXEURR(C B)MIBEXE[PRIIE » TEKESEUL
2 B IKBEEH N K IESE)

FnEEloBRECEXNESIE

{E3EREBE/I5T (specified piezometer) T~ [B27J7KEE
TEEXELKOMERFEREEE < B /)5t RDC 7KZE(=RDCn)



Er = [BEIEIZSE

= HUROKEEER

= KDEER/RE

MIREKER < FII/EE

=  AEEKEDRELC &) EMRENE DB EMEC K FIE
= BOKEE(EKE)ETHOREBEREKECEERE

o X » X <
1

5-4-2 Tsao, Wang and Chen %= (2005)
Tsao, Wang and Chen Equation (2005)

Tsao, Wang and Chen (200512 B &K EFBERIESR » FALIER SHEOIBSLILEITH N HEE
Ko BEIER MBS EURER - WE 5-11 & 5-12 Firmke

A S B ——

TR 46 & 71 7K 37 T KSR TR 4R

Ro I

6-11 SKEBEMELTEE

Diagram of a horizontal borehole in aquifer

5-12 EaEXEEIT=E

Diagram of horizontal drain boring




BIHET M T REAEKTESRTEEEL - P 56 Bl 5

B (KB ERIEBEE < ZKIE R, BRA Shin(1989)pTiRE 2 STETIIET » #EMEEIR
EKREZHKE(drainage rate) < bE< » BRIAERENEINE » ORERAMESEXKE
$E3L AR © Shin(1989)FTIR SRR EFPKR(EIIFE JXKE)FIRETVU T

nxKxL’xho

= 2.3 X log((smh —72/sinh 751;))
Hop s
L” = SKEBEBMZFLERCEE
ho = HITKFITREZE=(H-do)
K = SKEZSBHGRE
= BKEEE
ro = EKEKFESLHE
Ro = HEKEM MOKNERREEEHE
H = EEIKFHPKEESL RobERERE < BR/I7KEE
do = FAKFESLZEETIKEE

1&K¥#E Shin(1989)/512, » ME#b & & K& (horizontal drainage boring) < B T -

2b Tryy TXK XL h
r = —smh expyln (smh —) —(ho — —)

2b Q 2
Hop
Q = BEEEIHIKXR
2r = MEEOEKERILFARSAERE S DK R
h = REEEJTIKEE

fEQEENEHEFESLE N=(CxRo0/20) » E1 » 26=sin}(r/L)

AEEFRAEITARKSEIND - SIEEEREST °

— EKEETONEKEZEERE ()
SRETONENKEMEZERFRE(D) » JHMEE B ABNESHE Y E




KB - B & (reginal geology) /3 kK — fi% it & & (geologic map) & T % it & &
(engineering geology MAP)IME]TE ° Luthin(1966) EFRNEKE L KDEBERBER BB
SKEE L 1/10°-Hooghoudf(1940)#E5E 5 SIKEE N NEKELEERE (EEKER
BB(S) » NEKBERFRE(D) - UREKEFE(n)LREEfR » W BILLEERERIZIENBIE
EINEBPKEE I KRR L ERER A7 RES IS e EXNEBIKERE 21BN °
SERE(AFENTRTUT

D

B [1+?T—gxzn(n%)]

Hop
= BEKBEEKE)ETSEZEKEZE
D = BEKEEEKE)ETOEEKEZEERRE
S = mMREKEBFIINKEEE
rn = HEKEIHE
Hooghoudf(1940)FTiRE £ R E (d)ZSTEMR » 25 5-3 Fn

< 5-3 Hooghoudt (1940) 2 EEFE d fB(re=0.1 m» D & L I3 m
Equivalent depth (d) proposed by of Hooghoudt (1940) (for 70=0.1 m, D and L in meter)

I S5m 75 10 15 20 25 30 35 40 45 50 I 50m 75 80 8 90 100 150 200 250

D D
0.5m 0.47 048 049 049 049 05 05 050 050 050 050 05m 050 050 050 05 05 050 050 050 0.50

075 06 065 069 071 073 074 075 075 075 076 076 1 096 097 097 097 098 098 099 099 099
100 067 075 08 086 089 091 093 094 096 056 09 2 172 180 182 1.82 183 185 100 192 1.94
125 07 0.82 089 100 105 1.09 112 113 114 114 115 3 229 2.49 2,52 254 256 260 272 270 283
1.50 0.7 088 097 111 119 125 128 131 134 135 136 4 271 3.04 308 312 316 3.24 346 358 3.66
175 07 091 1.02 120 130 139 145 149 152 155 157 5 3.02 349 355 361 3.67 3.78 412 431 4.43
200 07 091 108 128 141 15 157 162 166 170 172 6 3.23 3.85 393 4.00 408 4.23 470 497 5.15
225 07 091 113 134 150 169 169 176 181 184 186 7 343 414 4.23 433 442 462 522 557 581
25 07 051 113 138 157 169 1.79 187 194 199 202 8 356 4.38 449 461 472 495 568 6.13 6.43
275 07 091 113 142 163 176 1.88 198 205 212 218 9 366 457 470 482 495 523 6.09 6.63 7.00
300 07 091 113 145 167 1.83 197 2.08 216 223 229 10 374 474 489 504 518 547 645 7.09 7.53
325 07 091 113 148 1.71 1.88 204 216 226 235 242 125 374 502 520 538 556 592 720 8.06 8.68
350 07 051 113 150 175 193 211 224 235 245 254 15 3.74 520 5.40 5.60 5.80 6.25 7.77 B.84 9.64

375 07 091 113 152 1.78 197 217 231 244 254 264 175 374 530 553 576 599 6.44 820 947 104
400 0.7 091 113 152 1.81 202 222 237 251 262 271 20 3.74 530 562 587 612 6.60 854 997 111
450 07 091 113 152 1.85 208 231 250 263 276 287 25 3.74 530 5.74 596 620 679 899 107 121
500 07 091 113 152 1.88 215 238 258 275 289 3.02 30 374 530 574 596 620 679 9.27 113 129
550 07 051 113 152 188 220 243 265 2.84 3.00 315 35 3.74 530 574 596 6.20 6.79 944 116 134
6.00 07 091 113 152 188 220 248 270 292 3.09 326 40 3.74 530 574 5896 620 679 944 118 138
7.00 07 091 113 152 1.88 220 254 2.81 3.03 324 343 45 374 530 574 596 6.20 679 9.44 120 138
800 0.7 091 113 152 1.88 220 257 285 3.13 335 3.56 3.74 530 5.74 596 620 6.79 944 12.1 143
9.00 07 0591 113 152 1.88 220 257 289 318 343 3.66 3.74 530 574 596 6.20 6.79 9.44 12.1 146
1000 0.7 091 113 152 188 220 257 289 323 348 374 3.88 538 576 6.00 626 6.82 955 12.2 147
el 0.71 093 1.14 153 1.89 224 258 291 324 356 3.88

838




BIHET M T REAEKTESRTEEEL - P 56 Bl 5

& D>, % 53 12 d SHEEEEmATEPelw, 1978)  BREZH DR S

=2, WE 513 P »

Actual (D) vs Equivalent (d) Depth to
Impermeable Layer Values

25

Z 2 s =30 fi
= Y "D >5/4 s 1

4 o I
'g 15 - ast” S=20 ft
7] ot
o ot S=15 ft
= I .o‘.
5 = S=10 ft
= O
=8 - S=5 ft
o ]
n ]

0 I 2 34 s 6 7 8 9 W

Depth to Impermeable Layer, D (ft)

6-13 REIBRALAEEKEZ OB KECEERE
S=5KERIE » D=-BEXEE TONEKEZERRE
BIcPRs RIS D=S/4 2B - & D>(SI4A)F » EEFRE(d)REE
Design chart used to determine the equivalent depth to impermeable layer (d) for rolled wick drains.

S=drain spacing and D=actual depth to the impermeable layer. The dashed line is for D=S/4; when
D>S/4, the equivalent depth value (d) is constant.

Van der Molen and Wesseling (199113 R 2 E&FE ()2 AERBEUWT -

nL
ry 2D
d=ln+ 2 x=% s T'0=$ s u=b+2r0
nro+F(x)
Fx) =25 55— for x>0.5
n=1,3,5,... n(l_e—an) .
2 x
F(x)=—+In— for 1x10%<x <0.5
4x 21
Hop »
L = SEXKESHOKESERR
= BEKEETORNEKEBZERFE
r = SIKEHEK
= SKEZEE

b = BIKERZIEE




input : 0, ry,

and lirst estimate of L

de_ FLE

L
In §D+ Fix]

5-14 Hooghout 2 EEFE (d) Z5tEREE (Van der Molen and Wesseling, 1991)
Flow chart for the calculation of Hooghoudt's equivalent depth (d)

—~EKEEE(S)

EEKEBREE)IHIFIBRS FERERB) » BREEHKBE(dan field) iS5t &E
EXREZFIIER(Sa) » TFRERFKIECEKEBEEE. Crenshaw & Santi (2004)F #1753
IRBRSCEIKE » AFMEE B AT - Hof - BEIKERIgin(EKOm)FEE - &
INEBENEBKEA—E 3m(Z 10 fthER - BISTEEECFIIEKERBIE - LEIE5ATA
UEEREERENRIECEXNEIEEE » ToREKERITMEH B IBIRAS
PE T ECERTN ©




pe (1)
O 10 20 30 40 50 60 70 80 90

Lenght into the slo

6-15 REFNBEARR YIS KE FIEEE

Methodology for determining average drain spacing for the drain field. This allows conversion of
complex drain layouts to evenly spaced, parallel drain layouts.

EIRELE AR NEEKE - BEERS 10 ft (3.05m) « EEAEKN y()REEZET -
s EZEEKESEBIECIRIy - UREKEEAKGE y()RER FII™EE

Savg(y) *
Savg)=(Z())/ny
Hop»
Sagy) = BEKEENERA Y (f)RERZEKETII/EEE
Xy = ASEKEENERA YR)FRER S SEER L IR
y = ASEKEEAZEN yR)FEREITIEETSEE RN
Ny = ASKEENERN y(f)REREBEENE -

HEEEBPKGEC I KE/EE:

Savg=(Z)+Zaoyt...+Z¢)) /In

Hop
Sag = BEKEEABEAFNAREES SBEEKEHIB R B FIIBEE
2y = EEKEEARAY)RERSERE IR
n = AEREKESENBRARRER y(=010, 20 ft ... ) RBEHEENE”EE

=no+Nio+n20+......

Cook et al. (2008a) &% STIFOIER A 2 WIBRIEE -



1. REEKELTEIIREKER » SXEWIEETR 8~15m -

2. PRAEREA TSR ENEN - SEKEYIEEEETS 1~8m o

3. KIFIRMIE T - Bt LERESHBEESHUE K - BIoENSEKE T IREE -

4. KEINECBENER - B BEEKEIIEE - FETSHIERESEKEZEE

= BKEITHREE (L)

BEINEZFFINERK(>25°)  BIDVEETIEERE » UIRIREKSEARNERR
FEENEERE) - HREKECH  UIKBERSHERS K EBENE @ RIEGATEL
SEXKEFIRE(L) - —EME » REILEKETIRRE  UABEETESE 3~5m &3
[REI (Royster 1980) - BIEEKEmBARE(EKELEZT B ERE)BONIE[ 3~5m-

PO~ #ROKEER (v) ~ IERRIEH TKEER (v) RIZEERE (Q)

TR EZR (VB P IGEABPKGE(EEKE)CREK  TELEMEEC M TKEE
BBINPH TKAEREERE o HTKEERV=Q/A) » DISEKEH KO REERER
(Q, m¥/day)BRUEKE AR EEE A=L x S, M)RETEKE - REBAREX Q ZEETE
EEIRMEKE KRR EBZ B T ER HOKREB BN i ERIGEKS -
EXEZWIFEREE A IREKERE L RLIBEIONSEC EKEFIIEEE S 2RETE
KB NI EER (V) AR A REZESI R EKERNEAR(=ET » the back of the drain)
T ESE (hd) ©

vzﬁ_:% s v, =v/k

Hep s

v o= HTRIKEEIEER(m/day)

Q = HKEZEFEEPKETHEKEK MY/ day)

L = HEKSEOSEKEZHIREm)

S = mMIREKEEZFIDKF”EEE(m)

A = xS, EKEZETEETEEM?

v = IERREHITIKFEEZR=(VIK)

K =  SKEKDEERE(m/day)



F ORI ELZ DieaE (H)
MRNOKMIEC it aEREETEERIBKGHES (S KEIKEETER N
20 ft (6.1 mBEVIBESER - IRAIUE » N NKUBESEREFAZREE -

7\ IKDEERENK)

EME 2 KNEEFRENK)ARTE 6.0x107° m/s~9.8x10" m/s 2 EEIF(E S B LT SM-
XMEWL SCWEMLT ML WEERT CLE) EOEKEZHIKIRNE - K ERER -
EOSEKEREEAMITIEEIIPIKE (Crenshaw 2003) - K [EfR S IEREEHEKER T
R AKOKMGBREEEKEL T EIE

T EKEEZETONEKELERFE (D)

SXERBERRINR(EKOEE NSRS KEEERR - OliSHERER  BEMHE
Bl TIEMBERGE - 52KE N LB KNEEREIRBFRESKEKDEER
-+ — Bl T TR ERAEZEKE(Luthin, 1966) SEZEKEZ—REER
AIFEEEKERAKACNAERRUECREHEESKECREEE) RTEEKEE
L RREKE < BEIRED)

N~ EREHRIAE ()

ENETRIEEEN L 2°F 10° - (BRAITRINETE 25° (Comforin 2005)  Sant
et al. (20010, bEHBENITRIATER L FAEE - DAEENSENEARTES
B2 EEE K » OISR NSRARAR SR IEE - FlaEEENE 2t
TAOKTERREE ] - BEKEITRIBAR 5 °F. SXESHARRRS LRGSR
(Cook 2009) » EMHSERENEHK N MEETTE2 BN -

N MEEIKEIER (p)

IEKFUHERNIEEXKEHANENE - EIER (9T EBERER - BEtEEX TIgH!
BERGEKE - 5B L » KIRANEESKBIEENEKIR(9<10°) - SEZEXKEE
ABe<10 °» BIEZEKEHEE CHEKEBGERRALRE - HIEZKErZEHEKEM
2 AEEKEIERTRRAREEe0°



T~ IBIEFEREE S (M)

ZIESRBIES M ETKEXRETTRIB) » NSIEEXKEIEB(QRKDEEREK)
ZBME ) ZRETECKIG » WE 5-16 B -

3
- .- a=5, ¢=0
— - a=10, $=0
— =15, ¢=0 /
25 +——— ___ qg=5,4=5
....... a=10, $=5
—mm- =15, $=5
, _ _ a=15,¢=10 g
=
i15
2
1
05
0 - v r - .
1.0E-08 2.1E-07 4.1E-07 6.1E-07 8.1E-07 1.0E-06 1.2E-06

Hydraulic Conductivity, K (m/s)

B 56-16 BIERBRESAUSTRKEIZIERE h(RKEHRIBoR MRS KEIER o ENRE)
Multiplier for use with the head correction factor, hr. The drain inclination is “a” and the low-permeability
layer inclination is “ ¢” Both inclinations should be measured in degrees.

5-16 EBEAREKETERINEa<LS R FOREKEER <10 2155 - (ERFFHE
iy /K EHRINBuR NOIEEKEEB eLUTI 5 * 2 BBk,

M:’:

SETIETd] GO

DHETTIACETED > IRTFISKEHEEEZIFRZ. BISERTED » KIHRARR
EELIIENENE - HItOEENDAEERRERER TIEZRE - TERIER
TSR EKEHKORETVEBREEE A ACKER - B » EIRRE VR 30 %T » BREFE TS




BB T TEEEK TR EEEE - M 8 5%

HRsRATH » WOKEHE P TV AGETERETETE Greg et al. (2013)

Cook, Santi, Higgins (2012)2 StET3% » TEER LB —LREl. FIRELERTERS -
TR IO REK IS EIERVEI7KEE - BIEREVI7KEBRZUKEE(H N NOKUE)EESEKESIEL
T IS RRmERR - E—7 : EHRESEKEEXERIERBRERER=
HEKXR) » ERENRERLIBENZIER - EZR : ERKEIIRINEXR 5°F - REX
EREBIDEBEFEREZBENER - XEEKEFTRIMAKLR 10 °F - EKENE
IBHEKBY BRI RERIRISESI D EEL - Cook, Santi K2 Higgins (2012)FTiR 2 J512T » £
EREFIRMBEAR 10 " ESNKEEEKDEEREK>9.8x107 m/s =3.2x10°° ft/s) 2 B
I » B EIEEDD/VNGEIE - Y » Cook, Santi 2 Higgins 2012),2 STETIATEERE » R
SOEK < BENRSEBIIE TR RIPTIER - S1EENEENIRESTER NEVE LI R NOKL
B EBIRAHIKZIER » RIEHERIREEEIKE I T IOKMIE - SBEAFE - HIRFI®
DEEKEZHIKIR, Cook, Santi & Higgins (2012)FTIR TN HELASTE © #HRUL
&% » AIEREfER Tsao, Wang and Chen (2005)FT 285 STR AR -

St 2 HE X T T2 25t 5805 Sample Propleme)

5-7-1 ZEIEIELMMNEHIR (Jasper) ithB& (Crenshaw and
Santi, 2004)Jasper Landslide, Indiana, USA

RNETEZEMIFAEBEHSEZ M ZETI[Jasper, Indiona)itiEE#ERS T (CLIERER
LiEMEKEBRIEE TIZE 757 - 2000 £ 6 i oTiE0 » HIJER M4 REKE - K
FEIT1% 20~100 ft (6.096~30.480 m) - 5% 5-4 (RETERFRZMHREREL » (DERRIBERDITZIK
ILRFEFSI BN BRI R P LEE - MIFRAREMERIMEER] - LITSIEZD
fEEd » B85 —HERPEkEBRKEZHKET » WE 517 Bz -




Location of analyzed
cross-section

Retaining wall

2-SI(inclinometer)

Indiana State Route 545

5-17 HIEZHRINEENOBETEE (BE8EKE  KIBAHREXEIKTZEER)
Site map of Jasper, Indiana (plan view) landslide showing drains, locations of piezometers,
and estimated cross-sectional drainage area.

I 04 ENSBZMINEHTIOM BRI ATIE T PR 2 AR 8N
Parameters required for analytical equation used to calculate the groundwater level
of landslide at Jasper, Indiana, USA.

TEREEAEN E(E] ESEP Gz

7kﬁ4§}§{§§i -6 I\ RE ) > ah A £
K (ft/sec) 4x10°  Coduto, 1999 B ks £ A S F
pri] N
gﬁ(ﬁs’/’;ﬁ) 223x10° MIBinsk 2000 % 6 A 8 A% TR AEEAE
1E 25 2
R 0 wkFal  AKFFHEE
&K% M 3E ) AT BB ARG RPN Z EARE T E o
11.07 3T . 1 e e
s (ft) AT @B 55 5 B (=) R o
fE A 2 otk _
RARZERER 00 mwFEm  gATERBEan
Wik I I
iy 0.28x107 FAX3E  v=Q/A
*&T’k’k‘ﬁ_“?g*” BEE 71 apkamm
EREETHREARL TER T L

. o 0.9
&2 RA d (ft) [ 5-13



. STEIERICER v REM FIOKNE FPREREINE Z UIBNIE Le ©
v, =v/k=9.28%x1077/4 % 107° = 0.232 (0.001 < v, < 0.3, Type II)

L% = —99.642(v,) + 81.047 = —99.642(0.232) + 81.047 = 57.930

_LxL:% 90x57.930
€7 100 100

RIESTEGR » IHPKSEZ M N KKCLRED TSI BB Type Il JRERIEE - K
ELENIE Lo » IREERETEIBIH(HKH)52 ft(Le=15.85 m) o 2-P IK{TERRIFFIHL
ENEEEERTBIGE ¢ TP-2 (La=21 ft)% TP-3 (La=86 ft)7K{1ER:EI3 » DRI I TIK
IKADEBIREE 1 [B(Zone-1) 528 [%EE 2 [B(Zone-2) -

. EtE hmax & havg

o \/? 2\ _ [ [pz8x107 javenz\ o
max =\ \[k |2 B 4 %1076 4 oo et
h o gS P\ g RO7 928 X107 o oa
avg — T[S K -7 8 4x107° c f

. STEIKETAIF 1 R 2KOKAT
(Q) 2-P KR AIH

(J;E_ x2> (jgjixlgoe7 X J(n.;mz - (4.5)2> ~ 0.9 = 0.625 ft

(D) TP-2 IKTEAIFHF(RFESE 1 )

= 52.13 (ft)

h
h1i=ix$ ;o (i = 21ft)

c

1.194
hly =21 X = 0.482 ft
52
(C) TP-3 IK(IERAIF(RIFES 2 =)

n _ Hi X Hl% _ 7.1 X 65.087
1007 100 100

= 4.621 ft

h R,
h2; = (i — C)lL""—L +hawy (i =86ft)
100 c

4.621 — 1.766

+ 1.766 = 4.257 ft



j==1\S B Ne) e o]

5-18 Rk b-5 R N IOKMIEIRE DT BIE LK #R B TP-2 - 2P R TP-3 2

SR RETEIXNILLER

TP-2(Zone-1) 2-P TP-3(Zone-2)
0 10 20 30 40 50 60 70 80 90 10 110 120
Distance Into Drain Field(ft)
| ----- Calculated——Observed|
6-18 M RAKMDREDHT B E X UETAH AR STBEKUSE LR
Comparison between the calculation and observation of groundwater table
heights along the analyzed cross section.
I 5-5 N KKNDREFEAMN S E DK UETAH £ ARSI R KIS ELLER
Comparisons between observation and computation of groundwater level along the groundwater
drawdown profile due to subsurface drainage.
IKAERA &> (ft) ERXAUISE (f) SIEKUSE (L)
21(i=21) 0 <
TP-2 b 1R AE 0 AB2(HH = &
(RIEH 1 E) 0.482(F4 £ = 1&)
2.p 2l EZIZCESZ) 0.5 0.652(%# f# % 1)
TP-3 86 (i=86) 4.6 4.257(# B A&AF)

(5% 2 E)
*ly R Z ATk h (kv aR)Ae H o AR NHERIFIE I (ft) 2 R A (1ft =~ 0.3048 m)

INTIEERE K=1.6x107 m/s » I N K#EER v=9.75x10"° m/s » EIXKEFIIRE La=27
m » EEIKEFIIEER S=5 m » EEIKEHIE r0=0.013 m » EIKEFFIIBa=10° - (KZENER
Ae=5 ° (ZIEEER S M=0.72 » i NNKELIIESE Hi=5.5 m » EEIKEEEIIm(EH7X
(i) < &% (Elevation of Drain Outlet) (Ed)n=0=0.61 m » E/KE IR IHR(H/KO) N oOEEKE

< =7%Z(Elevation of Low-Permeability Layer Below the Drain Outlet) (Eip)n=0=0 m -

(=B XEEKELIHERARAIRLEDERE - AFIE 1m B—ES0ER  £XE

KE 27Tm- Al n=0,1,2,3, ...... , 26, 27)

1. SEE 0 ERSBRET EKERREN  EENEFEE)  ENEE RS

KB ZI I FE Daverage REINEZE NN ENKELZEEFE d



(Ed)n = (Lnxtana)+(Ed)n=0
(Eip)n = (Lnxtang)+(Eip)n=0
Dn= (Ed)n — (Eip)n
Daverage= Dn /(n+1)=1.81 m
D 1.81

[+ ()] 1+ BB I8

(Ed)n ~ (Eip)n ~ LUK Dn ZSTEAGR » Q5% 5-6 P
2. SRR S KIEER va

d =04m

v, =v/k=9.75x107°/1.6 X 10”7 = 0.06
3. ET%_ Nmax hd& htc

, _\/?52 Lo ersxaoe s\
max =\ ¥ |4 |\ JTex107 4 A= Helm

H;% = 95.509(v,,) + 42.929 = 95.509(0.06) + 42.929 = 48.75
_ H;xXH;% 48.75%5.5
a7 100 100
he = hg — hmay = 2.68 — 0.21 = 2.47 m
hee = he(ft) X [1 — M] = 247 — 0.72 X 2.47 = 0.69 m

4, STEISEENEEENTE Le (1 M=3.28 ft

= 2.68m

L.% = —99.642(v,) + 81.047 = —99.642(0.06) + 81.047 = 74.97

LXL% 7497 %27
c=7100 100

Lee = Lo(ft) — (¢ + @) = (20.24 x 3.28 — 10 + 5)/3.28 = 15.67 m

5. #EKEE n @8I0 MR RDCh F372 30 KB 7J7KEE Pn
Ry 0.69
m p— =
(L—Ly) 27-1567
b=hs —(mxL)=0.69— (0.06 X 27) = —0.96
RDC, =m X L, +b =0.06 X L, — 0.96
RDCn 2 STEHER » Q5% 5-6 /R

=20.24m

= 0.06

P, = RDCy, + hyax + (Eg)n = RDCy + 0.21 + (Eg)y
EFGETEMEKEBPRUE M NIKMLRER « EXKE ~ URIEZEKE=EBS
EEE - WE 5-19 s ©



Elevation (ft)

100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00

Predicted Piezometric Surface in Drained Slope

= Drain

—Low-Permeability

Layer

-=-=-Piezometric Surface
at Midpoint Between

Drains

Length into Slope (ft)

100

Ln
(m)

Boo~wouohrwNr o

NNONNNNNRE R R RRR R R
CURWNRPOWOO®OWNO®UNMWN PR
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6-19 HIRERKEERNZIREM N AOK IR BIE

Predicted groundwater drawdown due to subsurface drainage of horizontal drains.

3% 5-6 M NEKE BRI RIE T IOKNETEFER

Calculation results of groundwater level drawdown after subsurface drainage of slope.

(Ed)n
(m)
0.61
0.79
0.96
1.14
1.32
1.49
1.67
184
2.02
2.20
2.37
2.55
2.73
2.90
3.08
3.25
3.43
3.61
3.78
3.96
4.14
431
4.49
4.67
4.84
5.02
5.19
5.37

(Elp)n
(m)
0.00
0.09
0.17
0.26
0.35
0.44
0.52
0.61
0.70
0.79
0.87
0.96
1.05
1.14
1.22
131
1.40
1.49
1.57
1.66
1.75
1.84
1.92
2.01
2.10
2.19
2.27
2.36

D

(m)

0.61
0.70
0.79
0.88
0.97
1.05
1.14
1.23
1.32
141
1.50
1.59
1.68
1.76
1.85
1.94
2.03
2.12
221
2.30
2.39
2.48
2.56
2.65
2.74
2.83
2.92
3.01

RDC, Pn
(m) (m)
0.00 0.61
0.00 0.79
0.00 0.96
0.00 1.14
0.00 1.32
0.00 1.49
0.00 1.67
0.00 1.84
0.00 2.02
0.00 2.20
0.00 2.37
0.00 2.55
0.00 2.73
0.00 2.90
0.00 3.08
0.00 3.25
0.02 3.67
0.08 3.90
0.14 414
0.20 4.38
0.26 4.62
0.32 4.85
0.39 5.09
0.45 5.33
0.51 5.56
0.57 5.80
0.63 6.04
0.69 6.28
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Horizontal drains:
Length=50 m
Central angle= 30°
Elevation angle= 8°
Diameter=7.62 cm

Part Six

tEmHEK LA ERERET SR
Z SRR ( ﬁﬂﬁéﬂ‘ﬁ )

Parametric Study for Design Variables of
Horizontal Drains (Numerical Analysis)

6-1 EHi SN EEIEEY

Numerical Model of Fictitious Slope

6-2 IEMEKE REKHRETER
Design Variables for Horizontal Drains and Drainage
Well

6-3 MEMENSE

Material Model Parameters

6-4 SUEIEH T [Diameter=7.62 e

Implementation of numerical S|mulat|on




BIEEE N T EAEKIESREEEA - B B8 %

O 6 Part Six
F\E BEOHEK ARSI SR
(BUEDHT)

Parametric Study for Design Variables of Horizontal Drains
(Numerical Analysis)

AEEHRATFEHRILER » DRI EQSEKE (D RKE - BiINREKFTEAEEE
SEUE(H T 2 1&RE(Steady-state condition)EdETEE(Transient condition)BE7K 1T A (DI iE

2017) o

SN i S E{B1EEY Numerical Model of Fictitiot

U

— IR

KIEDEMMIBE IS E - FRA—IRELLHIABNC HELER 2T BUBRE » i
EITHE N HK DASIERR TR B S8R > WE 6-1 B - HEF > Lo~ S~ BIR E DRIA&:
ENEZITRERE  1T8REE  LIRITERSRE - REBERE < XY~ Z Z2FREBE(X-ER
=0~250 m ~ Y-i£57=0~200 m ~ Z-3£57=0~100 m) » EIFEHVA 21.8 ° ({KiFa/E LT
SR FHIRE D AR B IR IUREK) - iEm K ENMIFEEERERE Y=70~130m Z&E » fElF
EER 60m > MIETE Y=100m [ » 20E 6-1(Q)P - MENEDITHIE R Hitta i AISIE
DRIR L-LR T-T'8IE » 3& 6-1(0)F77 -




L-L' profile = Longitudinal profile
T-T' profile = Transverse profile

X-Z Boundary Plane= Zero Flux Boundary Condition (Z.F.B.C)
Y-Z Boundary Plane = Constant Head Boundary Condition ( C.H.B.C)

(b)
6-1 BEEXKEREXHSEITEBUERE (0) EFTRIN (b) Mt FIGEFFT

Numerical model for parametric study of horizontal drains and drainage wells
(a) 3-D numerical model (b) boundary conditions of groundwater level.

— IR RIKTIEFFE

HEELIEREERR ERKEIIRRFZEFR(RimESR - roller boundary) » EIKF
e AX=0 &z AY=0 MEBNIEE AZ#0 - BRI EEEREFRESUBTERFIER
(EREBEST » hinge boundary) » HIKFIFE AX=0 &z AY=0 BEBIZE AZ=0 -

MR IKARIZET (Groundwater flow boundary)i&id 252 E » Y-Z FE% AR (open) »
HYEERAUITFE DK IDFFREKEEEFREF(constant head boundary) » X-Z @&
A (closed) - EMBEEEARILTEEM T KAELZESAREIRR Zero flux
boundary) - IR EIRENER AR (0pen) » X-Y FEEKESNER AR (Closed) » E IR
E&EIIR FilFReA -

= ~ B N IKOKAIER E

SENATE I N NOKAIER ED VA » iS5 08I Y-Z S\ B2t N NOKIEIEERE
A GW.L=70 m - 35 » i TEH Y-Z LA Dot TR SIERES G.W.L=0 m » E
6-2 BT o




BB TEREK RS EEEA - P30 B %

6-2 SEIRFRBERELZ 1 F7XOKAL

Initial groundwater level specified for parametric study.

6-2 IEMENKEREKHEZETEE

JESignVariables for Horizontal Drains and Drainageswe

FIEnEKELRSISH B EKERESRE E - EINEFIRELE S LIREKE
RERE L(E 6-1) - MEREOEKEKREEEEUEKERESEERE BN &
IKF ST BB FIERE -

— EiTmasEKE
HIREKERESEE(F30m ~ 40m ~ 50m ~ 60 m)Z S » BESEISEKER
537 U8 6-3 F - 2P » SKEREE S=15m ~» K Le=100m &REREEIE - bE&ET

1ERE(steady-state condition)HEIN D AT




(a) (b)
6-3 FTEOEKERESESHMFTAERE () =HIIERERE ) —HIEhIRE

Numerical model for parametric study on installation elevation of parallel horizontal drains
(a) 3-D perspective view (b) 2-D side view.

RIS EBIRRREREIKUEE R » IiREKERESEEES E=30m >
MERAFTEAEEE S=3m~5m~10m 15 m > H 4 $H(EABE C EKEREMKE DRI 21 1R »
3R 7R ~ 51R) » HEEIKERE LJfEEC » BHEREE S SEELENKERE Le=50 m ~ 75
m~100m~125m~ 150 m ~ 175 m » £ 6 #H - EIKERE S REE L BESEHAFETHR
HH 24 #H(4%6=24) - CilETED » EFBE(TERE(fransient condition)EEiEEE(steady-state
condition)BEZK DT » WE 6-4 Pz -

(a) (b)

B 6-4 FIROSKEREERERRESHIFTHEEREE () =HIESHEEE (b i TEhlRE
Numerical model for parametric study on installation spacing and installation length
of parallel horizontal drains (a) 3-D perspective view (b) 2-D side view.

— -~ miNEm&EKE

HIREKERESIZEEI0M~40m ~50m ~ 60 m) » BESEELESEXKE SR > WE
6-5 B - Hip » $7K§Z%Hk%f§‘(fon angle)J#s 8.5 ° ~ RER EREEE Le=100 m o
FiIREOSEKERIFEEETTROENEINEE - BRHIE Y=70 ~130 m Z&&E » INMIE




BIEEE N T EAEKIESREEEA - B B8 %

£ Y=100 m 7 - f&i% » S&E1THERE(steady-state condition)BEKDHT - Fi& » B LLERRRARER Y
TEOEKEFKMREE -

(@ (b)

6-5 BINEOEKERESESHINFTRERE (o) —HIESE1RE (b _H#TFEifEE
Numerical model for parametric study on installation elevation of fan-array horizontal drains
(a) 3-D perspective view (b) 2-D side view.

= 5EKH

EINFFRETBBUEMIEUIBARE » EBE=EMHIEIRT - DBIZ:(1)E0SE (X-EiZ
=150 m ~ Y-EE{Z=100 m ~ Z-[EfE=60 m)fE{E 1 FE » (2) &I (X-EEfZE=200 m ~ Y-EE1Z=100
m ~ Z-FERE=40 m)fifE 1 & » DAR(3)00 ~ TH@IShhE 1 EE - Hop » SEKHERER 4m -~ H
s 30 m~ HiEt[IERER 7.5 miTE—EEIKE - 48 > HEM NSEZEKERE DA
73156 5K 61R  MBHEKECHERKEER 30 °» FKERERTREEE Li=100
m > 90 6-6 B © BBi& - E1T1ERE(steady-state condition)H7k D4 » FRETENHE=18
RNEFEEIE AR T » $HERHIKMR 2 54

z

[

B

I

Ls

(a) (b)

6-6 EXHIBIFUBSEMTBERE (o) —HEIEERE () _HTFERlRE
Numerical model for parametric study on installation location of drainage well
(a) 3-D perspective view (b) 2-D side view.




FFHSE TV 2] Material Model Paramete

SERE  RANENBERAER L EH-EiR TEEI IR SEEETON - W
3 6-1 s o 5% KB EMMBBEKH RIETIZR STE T iR EIRS - RE
PRAREIEM AR » SRR NGB DERTATR
I 60-1 SEMRMERAC LEERIIRIZE

Input of material model parameters of soil strata for parametric study.

. Material Funsat & Kia
Soil Type (Ysat) E’'(kN/m») v o) v
Type (KN/m?) (kPa) (m/hr)
Colluvium drained A0 2x10° 0.30 5.0 28 0 3.6x1073
(23.37) ’ ’ )

4 24E

SR EERS RO 0 = BETRER - FE—HEAFITERSEKE RS 1T
EOEKEFIASEE - RE L~ B S ZIBR T » E{TIERE(steady-state condition »
t—>0)BEKDHT - B0 > EEIE E=30 m ~ KRE L~125 m ZIER T » BRFAANEERR S ETE
f&(transient condition » =0~60 day)3F7K D1 - SE_HERFRINEOEKEERSE: Fik
EOSEKEEAEASIEE ZBR T » EiTIERE(sfeady-state condition » t—w)HEK DT < B
0> EKEREFTESETEE L~100m o SE=#EREKHER TR SXHRETTIER
1EE ~ T8 12 ~ DA ~ 8IS 1 EE » E(TiERE(steady-state condition » t—o0)HE
KD

5 #1137 Implementation of Numerical Simulat

KEROSEXNEC TEBEKE) I AT (FITREARE N EEKFRIF U E S E
TISTHEER » OIEREVERIEE L ZRE FSIA TEBE 2 RE FS) » M T IOKMIFEAREE
hymax (A NEFERARIFE hne) ~ REFRECEKERE LaIEU NEBHEEER

908 6-7 Prn(Z3BE 6-1(0)< L-L'R T-T'affcRi= B E) -
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PSS(Potential Sliding Surface)
D.G.W.L. (Drawdown Groundwater Level)

I.G.W.L. (Initial Groundwater Level)

‘ Ontai Drsin
Pomax =
~A

* Ry = Maximum drawdown
of G.W.L
* L= Drain length at the

transition zone of effective \ BT e 0
groundwater drawdown) e— La _)l -----
* L4, = Penetration length of
®"" drain into PSS <— Lo
(a)
D.G.W.L. (Drawdown Groundwater Level) LG.WL. (Initial Groundwater Level)

Horizontal Drain

(b)
B 6-7 SESEMFTHELMEREESIEE () MElEL-L O)&EsE T-T

Cross-sectional profile of numerical analyses for various parametric study
(a) longitudinal L-L" and (b) transverse T-T'profiles.

EXREEHOXE » BEXERANRAImERZM NI OKMIRARE R KT IR E
ERNBNERTEECEKERE L« SEHITREER L Z2RE 6-7(0)) - 2E 6-7(q)
I B3 RER La X KINEFEREE (N FNOKMLRER - RE < EE)EE - EF;
Lo REEET B EEHHRASEZT BT BHEONEMIERERE Ly) » HEF
M TNIOKMDEEBREETRDETERB TR - iR L - L«REFESEETBE
WEMNMEEEERE (Bl L RETNEBER) » BIOESRIEBEBBIHIKNE -

6-5-1 £7K&&JE Drain Length

20E 6-8 P » T MK EEBRIERE DITIEEREE T » EKEM(FSIE £=30m » EKE
EREEARKD 115 m Z(=225 m-110 m)a)ZBEBEE(Lps=115 m) - P » Ly =5KE
LTI REFENEEANRNIDZBTRIELRE) - FKERE L EBEKE™E
SR EBEIATHER > WE 6-9 B - FXNERE LR » K2R FS BIREE  BE




La>125 m BB RECBEETBEE & LooLps=115m) » Z2REIFSIBESEIE » H
RRBESEKEITHREBEBIBIER(L>Les) » SBRMHAEEIIEKEREREIIKK
KIEREHIRETBE BN FK » HEHERIETE I R IR E S CHVEDA ©

|
|
Lpg=115m ———>)

B 6-8 FITEOEKESEBMRBED T BLEE

Potential sliding surface of numerical analysis for parametric study of parallel horizontal drains

1.64
1.59
1.54
i
|7}
2 1.49
= : —8— 5=3m
1
1.44 - : —— 5=5m
: —& 5-10m
1.39 4 -
1/Lp,,=|l5m —4— S=15m
1.34 T T T T T T T T T

50 75 100 125 150 175
Length of horizontal drians L4 (m)

B 69 FiTEaEKEREREREEREEELEMRECFE

Influence of installation length and spacing of parallel horizontal drain

on the safety factor of slope.

EXKERE Ld REEE S #H NAOKCLRFBEAEIREE L FE < hamax 7511 R KKK
BEE > WE 6-10 Prn - EEKERE Ll » FR TREE NER TRENSIERREREIN -
SEINERIRE TN B RE RS A Bt NN BRENEI7KEBRA - LEFERASE
EXREBOKTEIBA M MKUEREAREE e NEELZ IS - EKERBRE S BE -
EXRERNHEBIRETEECENERE L EBHEREER 2RE 6-7(0)85E
T RKOKADREEER N P AOKAIENRERT « REPTEZEEBEERA » MAIEAXREE huma
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K - MEEKERAIRMGI M FNREEREENECRINE » BIRRAREE -

35

30 1

b
h
i

Pwmax (m)
=1

—
Lh
L

[
(=]
P

S ] v L) ¥ L] T L) T L T T v
50 75 100 125 150 175

Length of horizontal drians L4 (m)

6-10 FIEmSEXEREREREM FIOKIRAXREE R
Influence of installation length and spacing of parallel horizontal drains
on the maximum groundwater drawdown.

6-11 7RHALRR RO S| B N AOKADREE » IEEE S=10 m» EKERE
Le=75~150 m 75l » CIERZSANBIIEKERE L OliEaRARESE huna SR EEE
(M RAOKMIENREER] ~ REPTEZECEE) - B - REER Lo NESEKEREZIE
R -

L5 m | Lam11.2m | hwna=12.7m | F5=1.444 | [ L~100m [ Za=15.0m [huma=17.2m | F5=1500 |

(@) (b)

L~125m | La=18.3 m | hwmae=21.7m | FS=1.547 L~150m | La=19.3 m Ihmar‘=25.8m FS=1.580 |

(© @
6-11 FITEAEKEREHFEXRBEE /i KEEFESEE L (S=10 m)

Influence of installation length of parallel horizontal drains on the maximum groundwater drawdown
and the range of drawdown area (for drain spacing S=10 m).




EXNEEREBRE S RRE LEERR NBBPKEE 0 WE 6-12 Pk » 1E1ERE
(steady-state condition)Eix T » AEAIEERB R N ENERBIKSE 0 SBIR—E0 I
EHIREKERERE S K LECE T » REA(t>oo day) BEKZILATER - BT » SlBAIEIRREIE
iR R S HIRBPKEE 0 FEWi - BRE LAIFERK -

400
—— S=3m

50 75 100 125 150 175
Length of horizontal drains La(m)

6-12 FiTEnSEXERERERERIKSE 0 2k%

Influence of installation length and spacing of parallel horizontal drains on the total drainage capacity.
6-5-2 ££/KE”EE Drain Spacing
UEKERE L~125m ~ FEE S=3~15m 2361 - B 6-13 5RBEKEE BRI T K
IKMLREITRCEE - BB » EKE-EEREIFKIBERT » H KRR
BERZERBCTE  NEEKEREBRIGHES(EE 6-11 [LE) - Bt » (K CETERS
KOG M ESH 2RSS MK R B KEERIUBDERE(EIEINEKEELER

S)RISEBB -

[s=3m [La=47m | huma=243m || F5=1.556 | [|S=5m[Ls=9.9m | huma=23m || F5-1.554 |

(b)
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S=10m | La=18.3 m | huma=21.7 m || FS=1.547 S=15m | La=19.5 m | hyma=21.6 m || FS=1.542

(© @
0-13 FTfEQEKEBRHRNRES N REBEE 22 (Li=125 m)

Influence of installation spacing of parallel horizontal drains on maximum groundwater
drawdown and range of drawdown area.

THRHEKEE Q FRUSEKERIRE » Ok GEREKEITIHKSE g WE 6-14
BT - TEREREIBIT Nt—>oo day) - EHIFIER EKE S BEEE - EERKERBEE S KB »
HECEREERD - &% i NHICRIAR S 8RS NER—2EIBPKER » BILER
EXREZHIPNTE q K -

70 1

60

50 75 100 125 150 175
Length of horizontal drains Ld (m)

6-14 FiTmOSEXKEREREREERENETIIINSE q Bk
Relationship between the installation length/spacing of parallel horizontal drains
and the average drainage capacity of a single drain.

&R (steady-state condition)HEZX 270 » (EAEEINEREE S ZIBER T » LZ2fREXFS
HRIAEEZE R - HIEREHOK DT EE2RE2IREKERBIK(t>0)B 2GR » Rib-AE5%
IKEREE S » ERHERBFKBETEERVRIRAEE - INEIfEiERE(steady-state condition)HE7K 1B
LT BB THEREIFRIFENEEEE S SR BFKRERE - FIt » JYBRERAERE
(tfransient condition)BR7K DT » SREITERINEREEE S < 28T -




fEERE(transient condition) JEZXK DT » IKERREEKERE L=126m ZIFF T » B
B NEREEE S &7 60 RPZKILIELLER - SIEHER » 2IE 6-15 B - HE I » E3X
1~5 RNZIEEITZ 2 fREN FS BEEREER - W5 6-2 i - RIPEFREKEENEREEE S
T > BEKEARS t=1~60 day @ = fREUETER - fEHKERR - EOSKE™EE S £ HIXKIER
H2RERARIFENA - MESIOKEFBIEER - EHKRE FS BEXEESXHE
v JIIE » HERFEEERGEZZPTRENLZZHRE FS BEIRER » EKEEEREE S
EEENTERT -

3% 6-2 INFHEMAEXEEHIKHIRE (t=0~60 days) & Z 2 fREUEHTE

Promoting rate of safety factor due to subsurface drainage of parallel horizontal drains.

t (day) 1 2 3 4 5 10 15 30 60
S (m) AFS (%)=Promoting percentage of FS (%)
3 28.7 34.7 36.6 375 38.4 39.8 42.6 49.1 57.9
5 26.2 32.7 34.6 355 36.9 38.8 41.6 48.6 57.5
10 2222 29.5 30.9 324 333 36.7 40.1 46.4 56.5
15 21.3 21.7 29.7 31.2 32.2 35.1 39.1 46.0 55.9

35 1 AFS (%)=[FS(t—0)-FS(t=1~60 day)]x100 %/[FS(0 day)]

15

1.45 A
- J
o 14 A

-~ 5-im

1.35 1 —h— S=5m

—f— S=10m

—— S=15m

13 B e e T S e e e e L e s e

0 1 2 3 4 5 10 15 30 60

Duration of subsurface drainage (day)

6-16 BPKHIEBEOSE KEMEERIEETZERECEE
Influence of installation spacing of parallel horizontal drains on the safety factor of slope.
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6-5-3 £/KE$]5& =72 Drain Elevation

TISREHIK DT, BASEKE TR SE £ HERIET L2 REERENTE
J0E 6-16 PR © FEF]E 12 £-60 m [ » E@ESENEBRITAYIEI THAOKME » BIKE
WK ZEFREBIRBANERZ » H FS=1.349: R2 » £ IRESE E=30m PIIER T - EQSE
INERIFRAISH S ARKIE NERE  HN RIS » @2 REURF RN T H FS=1.497-
BIRIET L2 RE FS SEKEIIREE £ 2 EMA - 1138512 E BBt T KK
FTEER(MENEDSEKEBESARERD) - th N EPKRERBE © IETDBIRAII G T KKE
THRECEKE  HHPKBEBRE 2 5EEE7KEE -’ » R —ERIF—BIEEKmES -
HEPKER RS -

Elevation of horizontal drains E (m)

6-16 FHIEOEXESEHEREE T T2 REFTE

Influence of installation elevation of parallel horizontal drains on the safety factor of slope.

SKEHRSE E M FIOKMUIRKERESE hine IBEEENSE  WE 6-17 & 6-18
FIR - IR R/ SIE(E=30 m)i2 S2KE » EXFIDEEEAM NOKMIEC T » BEEXRK
BRI 7KK E R BRRER A » B BRENETI7KEER A » BHPKEE Rt FIKK(I&
RKEBFEERAK - K< » HFRASE(E= 60 mZEKE » EBDSDESSEM FKIKAL
B T BEKERmEM KM EREC R EHPKS 8RR OREFEHEE R
R » EABEURTT » EEKERESE E /) ~ BFTRMERE » B SAOKMDREE
Pmax FIK o




Pwmax (I]‘I)

0 ¥ T ¥ T T
30 ] 40 50 60
Elevation of horizontal drains E (m)

6-17 FTEREKERESRREM TNKISEXREFES /A
Relationship between installation elevation of parallel horizontal drains
and maximum groundwater drawdown.

E=30m | La=16.4m | hma=169 m | FS=1.497 hyma=11.65m | FS=1.451

(a)

(d)

6-18 HIREMEXERESEHENREE hne RRFEREEZF/2 (L~100 m ~ S=15 m)
Influence of installation elevation of parallel horizontal drains on maximum groundwater
drawdown and range of drawdown area.

6-5-4 EKEFITEREARIT RN ZER
Comparison of Configuration Pattern

FiNEOSEXNERTITROENE ZHIKRERDR » REIREBISREEAT » thmiE
ANARBRECEKE THPKIER NIBE ML ZMRENFS M FKKAIEARES Mo
URHKEE OFER

TR T » BINENSEKEITRENTSIE £ ZRFGREF TROEKESIE
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LR » 208 6-19 K3k 6-3 Fin - I Tmm SRR ERMBEE < HKBIEBRFERERAX »
IEFEREREIBIT TN (1> day) » BEUKSEEEMMBEHRA - &It » IHITEOSEKELERIEE
MHCENR ELRREDEKEEMS  LRFIRRFTEOEKE CEXRES hma
REOKEE 0 REBIRWVIHKEE ¢ K - MBWEIRREERE - WE 6-19(0), KR 6-4 BT
No

1.6
1 ~—— Fan-array horizontal drains
1.55 —&— Parallel horizontal drains
15 -
- i
oo 145 .
14
1.35 1
1.3 - : : : . . : :
30 40 50 60
Elevation of horizontal drains E (m)
(a)
18
i ~—@— Fan-array horizontal drains
> —d— Parallel horizontal drains
12 A
E 10 A
%
: s
= ]
6 B
4 B
2 <
0

30 | 10 ' 50 ' 60
Elevation of horizontal drains E (m)
(b)
6-19 BIRRFITREAEKEZLLR () IEEEZEREFS (0) M P IKKMIERRBES Ao

Comparison of fan-array and parallel horizontal drains (a) factor of safety
(b) maximum groundwater drawdown.




I 0-3 IR TEOSEKEERINCZEHRE

Comparison of safety factor for draines slope using fan-array and parallel horizontal drains.

Elevation (m) Fan-array horizontal drains Parallel horizontal drains
30 1.463 1.497
40 1.417 1.451
50 1.366 1.392
60 1.330 1.349
Without subsurface drainage 1.322 1.340

® -4 BIRR T IERAEKEZHKSELR
Comparison of drainage capacity of fan-array and parallel horizontal drains.

Average drainage capacity

Total discharge capacity (single drain)

Type of horizontal drains 0 (m¥/day)

g (m*/day)
Fan-array 108.66 21.73
Paralle 113.86 22.77

6-5-5 LK H 2 U E Location of Drainage Well

EXRHFABIKIBER FZIBEEZ2REFS » 03k 6-5 A o EKHEERAE MERES
X FSESERERS - BN - 710 » NMER AR EKFHMEE B m » REbE
TERIMEEINFFH— ) BIRA/IE - BULTIR - A8 T » BUE DT SEIKFH s I B
B TNEREN - ISEKEREESENER » B2 oK mBEE -

I 65 BRI UEHERIEEIE L= RBCTE

Influence of installation location of drainage well on safety factor.

: : i 24 S £ o T

1E .}:"— 7

7R7~}( EBE/L‘LE (uu F_I_‘") (uu F_I_‘") (%ﬁ)
FS 1.462 1.528 1.573

AR E AR Z 2B B FS=1.293
EXRARNEERNE SN L TARERE hwmar » 207R 6-6 7R © BEKFFMEZIS TS
AN R AOBRIFE hwmax LEIBERIRONER B AKX  HREKFHMERIEBIT MERENR > &
IKFE NEEKEEM NINOKNE R EEREMEE » BOKIFEKE L5 RE)ETIKEE
B > WIEHPKEERIRS - SEGIRT « T:ERSHER 1 BEKHF  BIERKR NER S
RAREE (B hwma=39.2M : EEE hna=25.6 M) » ELEREIERIBERE RSN
B(PEK hwma= 155 MIEEH 2 B - MBLERA MBI EREEKHB(TIEE hma=
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24.8 mIERBINES - EUL » 1P ~ 2R BB RSN » HOLEREEZ I T KIK
IRFVRFEBTIERENRS - 5358 T MERMREREENT » #RFNBRIHEKR
RIFERANEFUERE N CREIIKYR » (BHOBZERIE 63%(= 24.8 m/39.2 m)EL LAY
KRR - ERFARMERIEISR M N AOKADEEE » 20E 6-20 P

® 6-6 ERFHMERMUELEIH TNKURARBEECTE

Influence of installation location of drainage well on maximum groundwater drawdown.

: : o (%

EARFRESE i ik (4 fz)
(%) (R ik Tk

urmax (M) 155 248 292 25 6

(@) (b)

(c) @

6-20 EEKFHMER BT FAOKMDRF 2
R ZXOKALE (8) FIEARRERAE (D) TR (0) THEIK (d) T ~ TEREREENFF

Influence of installation location of drainage well on the groundwater drawdown.

EXHAERNTRRMUE KRS ZHKEE Q(mday) - 405 6-7 Fim - FEL » EIKHZ
HKBEDNRSSEENEIKSEZEN - BROTA » MR SR EKHTIKE
£ R DERERS - AXZEREAB MR THEREKRKHNZENKE » HiiBSER
{[E B TN EEC R ELE » HBPKEF SRE)EIKEEIRA » RILRERHRRAE 2
TRK o B BOITHERTR - BEFID ~ TSR 1 BEKHIHIKEE » /)
IRAETER KR MER SRR BEREKH RS E 2RI - EXERER - i~ T2IiFE
IKHFEIRHETI TEIKES » DRSS TN MIERRE - iSSEHE 2K
15 MEE T SREKHFPR FEEKEZICIR(TEEEH D LEEKE LTI TK
XBELZL) -




I 6-7 EKRFHABMRNMIEC XS EZ LR

Comparison of drainage capacity for draingage well installed at different locations.

: . Gk &4 Ty ¥~ Figk
ERFABEMLE (% ) (% ) (4 &)
Q (m*/day) 149.16 189.15 220.78

EIKHFIERNIE - BRIRRRMHE - BEELEESKEEZKIKPTEES - FEs
IRIBENES A SKFH - BERRIEIE NKOKAL » B BEIES @ BB IESta B B EE L L7}
B ERRERERTEEE BT -




BIEEE N T EAEKIESREEEA - B B8 %




St

Part Seven

EEEKEM FHIKIRE

Z IR R

lllustration of Case Histories of Subsurface
Drainage Remediation

7-1 ANEMMB iR EEKE i HEK
TEZEREES T ( MEESE - 2017)

Design and Analysis of Subsurface Drainages of
You-Ye-Lin Landslide (Lin D.G. et al., 2017)

7-2 B BERE T 12
Remediation Work on Li-Shan Landslide
(W%% C KRR #REW 2017)

. N [ —— e 1 RO .

2 EIEG R B
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O 7 Part Seven
STE EOSEKEM FEPK T IZSH#FR

lllustration of Case Histories of Subsurface Drainage Remediation

IR B EO SR E M K DA D 17 (MBS » 2017

Design and Analysis of Subsurface Drainages of You-Ye-Lin Lands ide
(Lin D.G. et al., 2017)

EMHBHIER IR ERME LR 2N (ADZNHUZ 700 A) » 2008 F 9 HEM&HE
£8E) - BRIEBIEAERKY 20 55 » #BEARIFER 40 Q8 » SHEHIEREBENE
BENER  RIEREZEREMEE

7-1-1 #3Ef71E Location

NEMHBRAIIRERAELERAIREN B8N ERESIREEEEEKBN -
INEMHBEE RGN R EATI TEEER - WBRIN A ERE 166 &8 - HBEHY 40
B> 208 7-1 B e

s You-Ye-Lin
landslide

-1 WEMBRIE A-ASIERBESERSIE B-BEERARENEAZE

Location of You-Ye-Lin landslide.




7-1-2 |1& - M KithE Climate, Topography and Geology

INEMMBERIRRER A - FIBERER 82% - BUUBFHRERIZE o (KiED
RRFERERFIIFEFRSLIxRIHENSGIRERILEIRE EFHR)ER  BI9R
£23.0 °C» ‘FIRERERERA 7 B 285 °C» EIIRERZEER 1 B4 16.3 °C  [F[
FESRETENERES  1BWZ/ 5 A2 6 HEFMBHERS T 10 B2 L » mMEZREVE
AR MRS » TIIFNAET 8 BOiERe 17.6 H - MEEMR 5~9 BESHkES
EMEL » EE1T 1776~4306 mm 2 5(2003~2016 &2 FFIIME4 3050mm) » 10 BE
BE3IARECEH -

NEMBERREBIEL HENTFE » KB 820 m~1110 m(F 9Bk
1,000 m) » EXEEMIB T ZERINEEIER] - EEIKRERD 2EREED » D BAZRA K o i
BEKEEZ 3MRIEE 6t 1A 5 fRIEFTEEAlERS - M EMIt SR B4 L (Sheng-
Mao-Shu creek)EEKE » £ ERIZHMEREREEE » LS FERAE D2 ERENERZE »
IWEABSZREHT - B BREERILLKEMRIRRAIENER » EFEEKEANZE
IRERISTMEEIREE - 558 » B s £ (Hai-Tu-Lun creek)FEit it EZF B R - FHHtiBE D &l
AER ~ EEME M ER - U TRARAIRARC USIRR2R » E2XKAmFAEE
B2 - JAlt A EE L B mes DA R D » SSRGS EES < BB IERER » I
S|EBIRREIEC OEE - WO B IREEL « omEER @« mitBlERHEREE
558 - AIRABBLIFEEK TIER  MUIRSBANRER - EUUSTIRERE - B
166 SEFRE(Road No. 166)@:8LIFE » F£H5 22T - WEMMIBEIEE) T8 & [ER
EE5 N EERERE - IEMESHEETIES/KEE - MATONEEEE MERBET
A% o BEEME - MWEMBR SRIIEEEINS: - MEIRSEERIERERED -

SN BER < B LIRSV AR ERAL-FERA(NE-SW)ED » TEHEZ CIBRKIE K - BEEENfE
S-I6-RED - BWEMREEREEES - BEERORIER < EEE - EfEEmEL 50
E - BEElEEMEASMI R EEE - WEMBEAENEINE] - EL » MEMIMEE
ZIMER CHTSEE » sSREASIDHEEBY SHEEEXOEMNIESERE(Ss/Sh) -

MEBIRRIMEREMRET  ERRRECE T EREETE(Coluvium) 2 E &l
E%Y 8.65~35.8m » EEHAREZHEIY I « HTHFRESRILEIRIEEEN - BEPCR
L ERNEEBEPIRETEREIE  iNEEENBMEMMEN TETE - TIETEOH%ER
[RZBIEFE T REHE(CL) ~ (REBITH7 T AR (ML) ~ 1REE1EEE T R D T REHR(CL~ML) ~ K45
TEWREHESM) o

BECNIRFEEEC T » 2NER  BIEEMIES - HANENREE 2 SR T 5
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SXREN DRSS W—RESHEILUEEBNRBHER - ALt » 1#iFitEEEE
WRE CEFRald » EARTEHNESRE » P EZ 52K -

EREEERSEURERENBENBNSS)RE Bl EMERERINSE
Ay BEARE - OJEEE 25 m DAL - EREERE > NURMAENE  SiEE - Bt » 1 E
RIEENSLIMRFEIREE - BRILEEESIRE -

7-1-3 e @ =81 2 B K= Landslide in Typhoon Seasons

BERTE » WENMEENBIRIE « 8 ~ KNEFERER » NI EERRAREIX

2 SERMEEMESMBIRS - LEM 2009 54 5 RS S HAR(08/06~08/09) »
HEK 24 /MFRIEWSIZE 1080.5 mm (RRAFWE 104.5 mm) » HENERHEE XFER
A ERMEMREREIMN BISE 122 ROE » BEESTIMRAER KELVE
#esls » B REBRRETBERERITLITRL - 3% 2015 F£8 B 6 0 PEMEAES
£/(08/06 ~08/09)F3ABEIMIIE » 7£ 3 HARZ RIEMEIE 629.0 mm (BERESNLMEI) - F
B RIEEBZRE I B 1 B SHEFERW - WSHERE 166 ZEREK NE » WE 7-
2P e

TREBERES DR R HREN LR Y s e

Tension crack on main road Tension crack of buildings Slope failure of main road

B9 R LR 1 £ B AR L B T E B 25 BB
Road subsidence due to Road subsidence due to damage Damage of retaining wall
sliding failure of hillside of retaining wall beside main road

B 7-2 MEMMBEREFKE

Damages in typhoon seasons of past years in You-Ye-Lin landslide.




7-1-4 IR ETH| Field Monitoring

RIS HIRINERSE  BRNEEEINER » BNEMDBEENZREEEEEER
AT @ W IAFREIERIE FIKAIER RIS « BO4-W ~ BO8-W ~ BO9-W ~ B12-W : H
ERBEEEERA-1 ~RA-2) ~ iEOEKE (EIFR=ER) ~ EXKH -

— ~ MEREFFRN R S IKOK T ED

Mz 7-1-F 7-3 MeEHARM TR B b 2T E H TR B /K (T EARERY < BERhIE -
533 YY-BO8-W  ~ YY-BO9-W ~ YY-B10-W ~ YY-B12-W B35t T\ e EBENM L KISt I B HERI% -
T EERFMIFRE%RL 4~6 XEIKAIG5ZEE CF - BFRAHERN 10~15 XEF TF - BIHEER
[EEREHMREMEEREZNET G » BEMELLZKDDREFREE P —EREE
IR E I ER — IR - BUENEEIREIRFNEHEEE) - HETEHRBMH
TRREFEEMRANINER TN T  BKERE : D TERIRERRRERE FE—E 2.0~
45m BENENECESE - IWIRELHREEESZEREHE - BAFMEBIISHME
LB » U0 YY-BO9-W K YY-B10-W —E5BI3| B A E /S ELBREE -

RIEH EME U 104/05/24~104/05/28( F A MAF M) < RIEFEWER 4595 mm ;
104/8/6~104/8/13(#5BENMEE) = RIEFETIE 2 824 mm ; T 104/8/14~104/8/26 2 Ri&IEME
73 685 mm : 104/9/27~104/9/29(+1 BEE[R) = RIEFENEA 778 mm « MYNEME 3 BIREN
104/05/24~104/05/28(5 A RYIEER) & 104/9/27~104/9/29(4t BEME[E)E5 1B S5 14 1% 2I&ERRE - (B
12 104/8/6~ 104/8/13(@*lﬁjﬁ)jmﬂ)[€¢"l< 824 mm RIEMS LB 104/8/14 T 104/8/26 £i&
[%RUE 685 mm B3 BRRANTIS B - BB RS 21T - IKA St EBMAIME 2 51T » T
LERERFMEE 800 mm D FF; » ERBHEBRFEEREWE - BIFEEY6EEEE
WEIREIEE -

5 7-1 MBI T IO EF L8

Groundwater rise in typhoon seasons.

Observational JinieL R Rise variation

Typhoon groundwater level  groundwater level

well (m)
(m) (m)
Soude|0r B08-W -11.60 -7.39 4.21
(2015/8/6~2015/8/9) B09-W -34.00 -21.19 12.81
Dujuan B08-W -6.88 -6.72 0.16
(2015/9/27~2015/9/29) B09-W -35.22 -24.32 10.90
_ B08-W -16.20 -15.00 1.20
= B09-W malfunction malfunction malfunction

(2016/9/25~2016/9/28)
B12-W -16.90 -12.97 3.97
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B 7-3 MEHEAEMT P XK &L E
Monitoring of groundwater level variation and groundwater rise in response
to the torrential rainfall during typhoons.
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It E R B RS RIS LEH IR - IR0 MEEEMSO0 ~ EifRKRE
SRR EEGREBE S OEMEE— - BESOEREREIE -




2015 F 8 H 6 HhEMREBEISSHIRE HRE 3 SLIEEE YY-B09-W-YY-B10-W »
& YY-B12-W (or BO9-W, B10-W, B12-W)ERBIRL SR AT » HUEHEHMIIE5ZE 40 ~ 63 mm » EIEH)
FIEE58REE R 5 E - 2016 £E 9 B 25 EHBUEMEE(2016/09/25~2016/09/28) B4 » THINES 1

SLHEEE(YY-B12-W)E BIETNEEFR - 35 - 5 BEEERIRNREET - @ I1EE 73

~ 140 mm » SBE)FS[QIMEAEREIG °

BETEABENEE LHCEREE » REMEHEETESKESE » B2BFEN
HEETE - 4 3 3LIERIE YY-BO9-W » YY-B10-W & YY-B12-W (or BO9-W, B10-W, B12-W) =2
BIHHR - IKCEAIEERMESECHESIEmE L - 08 7-4 Pir > OlEREN e EIN
KB EEEECRAE L  FRIREEEBHIRCEAL » BEBKIVEAIED BRI
MR T-36m ~ -2l m K-12 m - MiEESE T ALIRARERRE MED » MIRHIR
RIAFRER T RIEEC PR - HETRER DHREIERIFRECESR - TRtEZE
£ » S/ BO9-W ~ B10-W 3|\ EiEiR E HEREE < E 81T - BEGISIFRES 2015/08/29 ~
2015/09/02 HARS - B2 E RS A ORRESYNR A —EARY - B 7E &5 0 B M fEL (2015/08/06 ~
2015/08/09) i@#&#Y 24 H -

Elevation (m)

[:::::] Sandstone

800 1 T I T I I I I
0 100 200 300 400 500 600 700 800
Distance (m)

B /-4 B-B3EIEHIEETAER FHEfmEE %)

Estimation of the potential sliding surface based on the observations of inclinometer
along B-B’ profile. (after typhoon Megi)




BIFET T RAEKIEREEEA - B B8 %

= ~ HEBRYPIREERAI- M E R A

NEMMB R MERBFRECE » (REEMBEIREDEE ~ i NKITEEE T DD
B UIRIBHEEERE S DEAMIFIENRRTE © & 7-5(0)52 YY-BO9-W ~ YY-B10-W IL{TIFTE
REMEMERRAIRR - FBHEFEABROMHM MRQRABEHE - R T
SKEBA MR - B 7-50)RNEMMIEE < HhE E BB SELL (opparent electrical
resistivity structural model) - RIP-1 #RE£E 250 m » A EFalt iR 2 Mt EliR - BIeHeE
EWAIZ R BT - WBRINEAN IR REEERERE 2 BEMEDE » HIE
EEEE N TMAEEEKXKIE 16 ~23m 2 -

MEMHBEC FBEERTE » MR ATHEY » i MXRIRBERIFTE
EARSEEEDMERE (pa =15~125 Q-m) » Mt NAOKAIEASMDIEEREEN » FRERIE
#Z T 5.0 ~ 30 m < (clays and saturated silt pa =0~100 Q-m; clayey sand pa =200~500 Q-
m) o AEEEEM NARET  IRIBE E3MTREKHF » AUBERIRERHHIREEAM T
K BREIRESHE T 7)NOKAL » SZRPRESIEENR - IRIFMSERI AR SIEENE & R
BRET RA-T(YY-B12-W)B 8 8NRES < BEE0 » ML S FSKBRIMIERT 17 m » B#R
RIEM NKAK - BERISBENRASIRENER B K » A5l MIKINEERBEE » BEEEI N INGE
NBBNEE -

y \/ A ;
A

LTINS

- L2y Residential arca
al | Drainage well




Elevation (m)

1051

1007

963

920

Elevation(m)

6 -
lteration =4 RMS =321% L2=115 Electrode Spacing =5m

(b)

1050 —

1010

970

(c)

(d)

RIP-1(250 m)

100

210

188

71

266

- 100
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Ohm-m

210

B 75 WEMMBEERAER (a) EFRAIIRMEE (b)2-D RIP-1) E/MAl
(c)2-DRIP-1) &M% (d)3-D &=MAT (e)3-D ZEME

Electrical resistivity survey of You-Ye-Lin landslide (a) arrangement of survey line (b) 2-D (RIP-1) before
(c) 2-D (RIP-1) after (d) 3-D (RIP) before (e) 3-D (RIP) after torrential rainfall.

7-1-5 BEEHEKEHE GRBHK )

Horizontal Drains for Emergent Remediation (Shallow Drainage)
BEAM MIOKMERSEMITRISECEOEKE » MIRnAERZIREASHE
BE BB K > B HEREKEEREE - (ERIIERRETZE 2 K
= BIRENNEIMEIRENE » [IESEEIRERT - [REBFRIN NKEREART

it
KESE
VSIVAIA
% o
HBEM . MR A ERIEENE T A58 R & 5 mRiRiFEm /K E (horizontal drains)

ETEREHIK  BUBREI RSB MKIINEANZK » LR IBHEE < N EIE
EAIETEME » W OITEREMEZ ARE I T K « fEaS/KENREZR 30 m » K EER
3.0m: B 12cm» BE 7.6 °» FERSOEIFTEPKIRSIIE BEEETT - B T K
BENELRFE - EOEKETERIEMEOE @ 5837 YY-W02 SR RIS B fEOEKE
ZMEKZS 8x10° cms (BRE T3 » YY-H10) » S YY-WO1 KB RIFH 2 BRI SEKE A
S84 4.8x10°cms (BE T /5 » YY-HO8) - &£ /KB 2 i EEIE A : 6.32x10%~ 2.11x10cms
MEERBEAEKENIE e BRI ERSEKENERTED » BHEM T KIKAZKY 1~3m
AREZIRE » #hERIETHaEREMEE CiIm - @It » PEMMEEBIE » DUHRRIT
SKEZKE » BHEM N KOKMIRE -




HBEA 5 R E L EMEINE(2016 FHEEDHEIKE 2500 m) » EIRRAEAZE
ZIBPOKIIEE » HIETHBEBRECBEITE —ELUR - ERAELNEKEZIKEH
EFER » 17 2-D BUERE DT - mOSKERERBIHIRIM FK 'HET<ZKZNKIQE%§§E

BEAEHY 0.89 m (F43) » BEENEANER T » @RSXKEEEG NEXTEEHFR - (DS
BEbPRNEAMED

BRINEMER RN EEEEA » ﬁ%ﬂ‘iiﬁ%}%‘ébﬁ?%ﬁ EIBENIMSR L IRES - JT1T
IBEREOEKE  IWEREH K BERMAZNENRENMETE - REBEHEERR
e ESUEREEE ZﬁTzAEJEEﬂ%HWﬂZM%m@ﬁ% SEERSY - TMHE(S IS T =K
BRIAEER S 17 m > BERREM KK - SERIDBENRESSHEIER BRI - it T IKIX

EREE - IWTEMIES R TKKERNBEHER -

7-1-6 E£KHBcE (REHK)

Drainage Well for Long-Term Remediation (Deep Drainage)
EMMERIMERBRIFRE I Fem O » ESIERSIZ2 8RR 7-2 Fimx -

3% /-2 WEMHBESENHRETZSE

Design parameters of drainage well for You-Ye-Lin landslide

Drainage Well-1

Drainage Well-2

ERIE (M) 20 16
L RH* A (M) 4 4
R H H A H SAMRIR K SAMRIR K
%R 5 =R 4
k% B E SA2(m) =R 10 H=—R 8
(PR R &R ) . 15 E =R 12
ERupct 19 Rt 15
%R 6 %R 6
e o =R 5 A 5
£k B B #E(R) 5= e 5= R -
FRu s 6 AU 6
EAREBRERAE (M) 50 50
EARERENA (°) 8°~10° 8°~10 °
ERERKASAH (0 120°, 150 ° 120°, 150°
EARELR (mm) 7.62 7.62
EREM A PVC PVC
PEAREHE (cm) 10 10
HAREHA (0 8°~10° 8°~10°
HeR B A HDPE HDPE
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7-1-7 BENERKEEEE Numerical Model of Landslide

— ~ R AY

RIBTEREEEZE SN TRGERIEZDE(2008) MEMMEITEASREINRBS
£ & 2008~2016 FAHEMEBRSE » MANENNERAREHE CIRMERRESRER
IR —#HEEBIRE - WE 6-6 Fin - —HRBRECEOR IIREWNT:

FBIEELY X Y Z HEEFREE (X2 - 0~264 m Y-85 : 0~185m~ 25257 : 0~133.6
m)e Lt » 2RITHREREZE S KT REERERDE(201 7)NEMEEENHFRIETZ
BEE  IKBEKHRESIERCIBER THEMESE KA ETEBELR - -

a1
- >
2 O o X
ik

1189 m Residential area

7-6 WEMIEER = HENERL
Three-dimensional (3-D) numerical model of You-Ye-Lin landslide.

N ERRG

E 7-6 B > FSERIEEREITRNOITE » HEERENERIEER R TR KE
IIFRHL2R (RimEFR roller boundary) ETK A2 AX=0 & AY=0 MEB{IE AZ#0-
HERLEEZFRIREA B TERHIEFREELER hinge boundary) » EVKFIRE
AX=0 |z AY=0 HEB{[ZE AZ=0 -

S HEIBREREREZ RO » # TKETR (groundwater flow boundary &4 5% 7€
51\ - WiE 7-6 B - PUEEIEESFR(EN Y-Z plane ~ X-Z plane BIEHER) ~ ARIBEZ5R(E]




X-Y plane [HEIETR) S5 E mFIGEFR(open boundary) » HEMIEEERRELEFE 2K
JHFEAHEE R EKEEETR (constant head boundary) - g% » KE((B] X-Y plane [KEETR)ER
E A3 BETR (closed boundary) » EVJIRE 54 It BN N R E L (zero flux boundary) -

=~ I R IOKNELZETERE

KB N KEFURF 2 52 7E - BERANEMBEKMENAIF B12-W £ EH KRR
Y EARS (XM IEEE/E - 2016/09/26~2016/09/28),2 1t R AKIKERBIE » FARSTERDIGHE T 7KK
(IR LRSI EAE -

PABRTE T 2 BRI IEEREN Ksar(=Ks) 73 1.0x107 em/sec 731 » M6/ BIZK(L1&R 8 B1 2-
W 2 BFEKNEVAIBRMEIER T 16.9m » 7127\ Flow conditions 2T\ HH » BIpEZHIREZETR
2R FZAR SRR S EENEIREL 4 [EABR M T AOKMISTEG W.L. - Bl z FEZ(E) - 20
7-7 B - bEtR - SETIERRE MO - ISR E 4 BRER M NNOKIISE » IEEE
TIBREE RO » BEIKMIEREIH B12-W ZHMUK NSt EBHEERAERIIR T 12.9m /815
BRI - KE D SRR ETTE » TPRERWE ot N2XOKUE » WE 7-7 B »
@ - BHEUBRELC P ( D8RRI (@) ORI D1 » ASEtER S 5.0 m &
HZE013moe

rﬁ:ﬁ

7-7 BATEL Kea fE73 1.0x10 cmi/s I5ETEADIaE T KK EIHEREFE < XEBERER E
Pressure head boundaries specified at the four corners of numerical model to calculate the initial
groundwater surface for Ks=1.0x10"* cm/s(=K;) of colluviums.
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7-1-8 EXKH RIEOEKERERE
Simulation of Drainage Well (Vertical Shaft with Horizontal Drains)

B SEKHBERETEC TTREEE  BEEKHFZERITE=(shell element) ~ f&EE1&E
IKEZHPKITER(dain element) ~ DUR 518/ T IRRE < REITTEH(Interface element) =7&7T

B EKE (drain element)/£AZT\PERA ['Line Drain TEE ) &8k » LKIEET]fEAZn =
RERI—ER  BERZIHEN T2 REShomalEE & 22 (vacuum)MiEE T (mode) °
Line Drain ;&R = SHEEIROI5XEAREE/I7KEE h - & Line Drain jeviir )2 /KBTI (SXEETI7XKEE)
STREREZERREE hFF, EXNERBFILEKENEABILIE) - 2N - 5 Line
Drain 52 EALIE & (normal mode)E h 52 E4 0m » Z0[E 7-8 B o

EEKRHEIRR LT » SKHEEERFINERIZERE < SLESETERER  ESPE
IKHEERSEERZ BT LB > RREDNEDRT - ERER N - i MGRAZEE
BEANEKAN - At - FBUERLD » ol EXKHNEREERAEFRETR(nterface
element)liiG E52 ERNEIN, KARBKRIM MKEEERE ASEKAD » WE 7-9 Fimx -




Horizontal drains:
Length=50 m

Central angle= 30°
Elevation angle= 8°
Diameter=7.62 cm

Horizontal drains:
Length=50 m

Central angle= 30°
Elevation angle= 8&°
Diameter=7.62 ¢m

(b)
B 7-8 EMBEERHEERE (a) BRIFMMENHHERE (b) EXHEBRIEZHHE}

Numerical model of subsurface drainage system of You-Ye-Lin landslide (a) peel-off view
of the inside of the model (b) vertical shaft with horizontal drains

Positive interface

Positive interface

o s
.| K
B /-9 EXKHNERERLFRETTER

Interface elements specified at the surface and bottom of drainage wells.

7-1-9 MiEN £ 8 Material Model Parameters

— ~ TERMRISE
KERGIERIRRS - IS LED R 3 EEN » WiIRAEH-EmEII(Mohr-Coulomb
model, M-CiE T L2 TIBTRIEEE » BRS8N 25 7-3 B -




BIHETE M T REAEK AR TEEER - P 5 Bl 5

I /-3 ERIEEDMATEREM-Efm (MC-mode ) T EHETNSE

Input Mohr-Coulomb (M-C) material model parameters of soil strata for slope stability analysis.

Soil Material /U E’ , c o v Os Ksat

Soil Type (ysat) 2 1% o o 0
layer Type (kN/m?) (KN/m?) (kPa) () () (%) (m/hr)
20.89 3.6x10?
First Colluvium  drained (23'37) 2x10° 0.30 10.00 28 0 0525 ~
' 3.6x10™
Second Shale drained éé'gg) 7x10° 035 3924 29 0 0.010 3.6x10°
Third  Sandstone  drained éggj) 7x10°  0.30 0 35 0 0.370 3.6x10°

firzE (1) Colluvium % Ky 8.2 3.6x102 ~ 3.6x10° ~ 3.6x10™ (m/hr) » #F % sk R R 334
Ksa=3.6x107 m/hr -
Z RSB RIZE
SEIKHFZHEE - HIEER BT (Plate i1 T1REE - (KB EM M BR RIE T 122 #i 3R
stE - DRI ESEKHF < HEE - Jt » AATRIRE—RER GBI 218 -
{EARMOTZE(Plate element) M RHENSE - LURERIRIG < SR IRI2451E » Wk 7-4 Fr

I °
I /-4 BRIEEDMATE L SN IR RSB
Input material model parameters of corrugated steel sheet liner for slope stability analysis
Material Thickness 1% , E’
behavior (m) (KN/m®) Y (GPa)
Linear isotropic 3.2x10° 77 0.3 200
ik

(1)y= 4 B4 E =77.00 KN/m® (James M.Gere and Barry J.Goodno, 1972)
(2)v’'= sAM A =0.27~0.30 (James M.Gere and Barry J.Goodno, 1972)
(3)E’= SAM 5 KALE = 200 GPa (Andrew Pytel and Jaan Kiusalaas, 2003)

7-1-10 8BS 8RS ( EIRMERIERIEEE )
Verification of Numerical Model

Y0E 7-10(Q)PT » RIBEEALLE = HEERE TR - BISEDQFHRMORRIISIEE
ZT3E - EEEIRMEAER » 0B 7-10(0)F17R » BIRIRIKIEE TS R R IR ARG T
RSBENONEARED - ILERBBEE < BIRIBE 50— - 555 » I=HEBMEREHT
RIRBFENL - WE 7-10(c) - HEPIR > UBLHEEERR » RIS T MEEEK
Mz TEEREHEHE - [GIRILECE ELDEEE - BILHIRMINRINERSE
ZIBENEE > WE 7-10()PPRERR - DR EEEESEAIAET -




B LR i) B2 E(E B-B'8lE) < 2 THER(E 7-10(e)) & AIFER(E 7-10(f)-
ERNEMNEE < BUERILE B DIKESE KB HRIFHETEIE - Rt _HEHitmg8BE G
Bi2RSEEZIEENIRS - FE L “HBEERIRT(E 7-10) » REBuRMmATR
(& 7-10(0)89—887 - Bt > SIEKREL _HEMn BB EEBECRERE  BIEAEH
HREFRMRBEELERE 7-10€) - M » LLimE < BENRE R BEHREEREL -
B =R _HELEIRER - IR <51 -

T Sliding direction estimated
Direction of incremental
displacement from road cracks
Sliding direction estimated
from slum
H= — = A R EITII
(a) (b)

() (@)
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1100+

10004

Elevation (m)

900: [::::] Shale
| :] Sandstone
800

I I I | I I I I
0 100 200 300 400 500 600 700 800
Distance (m)

)

B 7-10 BEEEFEGRERNEARR LS () RIIBSBESIELO (b) RMIIBEASE (©
SIEMRIBEIENL (d)BRAMERBEIER(L (¢) 515 B-B'HitmiBEE (f) &R B-B'Htm/BEEEr Al
Comparison between simulation and observation of potential sliding area for numerical verification (a)
total incremental displacement field (b) sliding direction based on surface surveys (c) calculated 3-D
potential sliding area (d) observed potential sliding area (e) calculated 2-D potential sliding surface along
B- B' profile (f) monitored 2-D potential sliding surface along B'-B profile

7-1-11 BE& U247 Analysis of Potential Sliding Surface

DI 2IRWMEMMBRETEER » WE 7-11 Bk » TRRKAIET T » SKFHHEEK
Bl B R EEE NEMESE KHFREERE 7-11(0-1) « BEKHHIK 20 Xi& » BTiE
SEEEEIAEENE 7-11(0-1) » LLEEAEKAFERMES T2 KRR - EEMK
IARBEKIER T AAB BB esEXrE A EeBall I B 2sEEMEX(E(0-2) -
HEK% » A-AEIEERBEEETESE(E (0-2) -




(a-1)H &R FEE AL (b-1)¥ &R FEEAL

ksance im) Distance (m)

(@-2)A-A'3 &@FEFRE (b-2)A-A'¥| & F B R
7-11 WEMHBERNIKGL (a) HEZKAT (b) HEKEZ EEEEE

Potential sliding area and potential sliding surface along A-A’ profile (a) before (b) after subsurface
drainage in typhoon season

7-1-12 it N KIK DR BE 24 Analysis of Groundwater Drawdown

INEEM BRI T HEKET B4R D BILIET B8 (fransient condition) & 1588 (steady-state
condition)3E1 7575 °

INEMMBRARTE LK NEEREUIRA Ka=1.0x10* cm/s » RfIERT A-A'SIEETER
£ E 7-12 P - BBt FAOKMDREEIR < BT R] - 1 SREINHFHIKIE - 7255 20 HATZ
La(=tBEREFHEEEKERE)EZEEDEHEKIEER N » B 1 REXHFE
TSt St N IKOK M & F B (R HENE) » ARIBE M8 20 m > IR KKATA
N5z 2 SRENHMEBELRF(REEHER) - BUILTR] - AIETEETECEPKEE, 7
1% 1 SREEIKHHE MEKLRENK 24 m > F Lan (BT BB EEER - MEIEREENEEE
TEDEHEUA » UBIIEEES TRRCHIKEE - It > i 1 SEEKIHE @RS
8 2 SEENHHE MBRBENHY 10.5m (=24-13.5m) » IEFF 2 SRENHF < BRURERE W
Z NERIRIAE DR - PEBEEBISE
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hwamax 52 hwamax 22 B7% 1 SR/ 2 SRERIKFHIB RNIKLZ SR ARBEE - 205% 7-5 P » A
SMEARIHIK 20 XS » B85 1 85K (hwima=10.19 MR D8R, RICEIRFES/)R
B 2 SREEIKFF (hwemex =13.00 ) © KNGS - (ERBIESIECEKERBRS ZHIK
BERHIKHE. It EER A-A'EIE C1-CLEE(E 7-6) » BM/KAEHEEK 20 HET
B N AKOKAIZESRE » QB 7-13 B - B TN AOKEEIERAEBR 81 m TEE&H/VER) 71
m > R 7KOKBER D 10 m 2R 7-5 IKADEEE 10.19 m 4B T

3% 7-5 BRET Ka=1.0x10" cm/s 2 RN CRIF

Maximum groundwater drawdown during subsurface drainage in typhoon seasons (Ks=1.0x10* cm/sec)

time (day) 1 2 3 4 5 10 20
Nw1,max (M) 5.96 7.76 8.59 8.84 8.97 9.85 10.19
hw2,max(M) 7.96 9.40 10.24 10.66 10.93 11.88 13.00

=l | Groundwater Level
- — Day0) — Day4
—_ Day | Day 5
100=] | — Dav2 — Day 10
) — Day3 — Dav20 E 5

= = 5
= E 2
C— - E
g 3 =
= -) /-, JVE
- Drainage Well-1 Eene
& 50=— g L
m E~ B i T e
- E TR TVl e
B & - De—f2m =
= Note: |
= E: Li= Transition length of eftective groundwater drawdown
= La = Drain length at the transition zone of effective groundwater drawdown
- E D.. = Distance between two drainage well
hyues = Maximum drawdown of groundwater level
0 L0 v W 3 e W S ] e e e I ] N e e M e e e e vt o 33 vl o e W i g o Pl o 1
0 50 100 150 200 250

Distance (m)

/=12 BRTET Ka=1.0x10" cmis ERMERBPX &M FIOKDERE A-ASIETEE
Longitudinal variation of groundwater level with elapsed time along A-A’ profile under
subsurface drainage in typhoon season (Ks=1.0x10+ cm/sec)




(a) (b)
7-13 MBI C1-CLEIEEMKIHIKAT « & 20 H2ZEE () HKET () BEKE

Transverse variation of groundwater level and groundwater head contour of C1-C1’ profile which
perpendicular to A-A’ profile at the maximum groundwater drawdown Fu1,max () before (b) after 20-day
subsurface drainage in typhoon season.

7-1-13 EXKF 7 EEEKEFKESED T
Discharge Capacity of Horizontal Drains

AEBREIERKHFZEOEKEIKSE 5 LSEEKHMURR/ W HKESERA Q-
R IEZER MNEZEOSEKEN RS d1 ~ d2 ~ d3 ~ d4 » 2 SEEIKFHFEIRLLER(HIL0 2 SRE
IKHE 3 BHIKBER Quus)(ZRE 7-8(0))

TERRKALT » B12-W KA HRE I T 7KOKAIFEER T 12.97 m» B5A 1~ 2 57E
I T IKKAIDBIFEEZR T 11 m & 5 m» 1 SEEEKFHEE 1+ 2 BEKE Qi B Quicd)
BRI > 2 SREEKHEEIRSE 2 BEIKE (Qua et TAOKMAT - (BRARREEHF
FRAOEMTIK  BESS 1 EEKEEEL BKERBREECIER - 206 7-14 &3 7-6 B

AR
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300 +
~ 250 1 =t
_;E? a —e—Qwld4
= 200 1 —e—Qwld3
: 150 E —i— Qwid2
? ] —8—Qwldl
= 100 -
2 ;
2 5o I e = =
= o S
0 +—F—F—————f— 8|
4 2 3 4 5 10 20
Duration of subsurface drainage (day)
(B-b-1)
500 -
450 3 —e—aQw2
& 400 —o—Qu2d4
& U —e—Qqw2d3
£ 300 :

5 250 3
gig é Nﬁh
A £
A 100 3
50 3 O\"‘\e—w

I I - = e e - —
5

1 2 3 4 10 20
Duration of subsurface drainage (day)
(B-b-2)

714 SEMMBERAEEL (v QEKFSEBEXEZHKSE B) BT Ka=1.0x10" cm/s
() E|FKAL (D) 1 SREIKFF (2) 2 SRENRFF
Discharge of horizontal drains installed at different elevations during 20-day subsurface drainage in
typhoon season with high G.W.L. (a) drainage well-1 (b) drainage well-2 (Ks=1.0x10- cm/ sec)

I 76 ERHCEOEXNEBIKSE (a) 1REXKHF (b) 2 3REKH

Discharge capacity of horizontal drains (a) drainage well-1 (b) drainage well-2.

(a)

. Discharge of Horizontal Drains at Four Elevations Total Discharge of
Drainage Qi (m*/day) Drainage Well-1
Dt“(:ja;'on (i=w1d1~wldd4) Qu (m¥/day)

y) wid1 wld2 wld3 wld4 =3Qi

1 0.648 5.808 59.016 163.104 228.576

2 0.456 3.864 44,904 144.072 193.296

3 0.456 2.664 37.128 129.576 169.824

4 0.456 2.160 32.616 117.120 152.352

5 0.480 1.896 29.832 106.728 138.936

10 0.624 1.032 21.312 78.648 101.616

20 0.048 0.480 16.008 58.848 75.384

(1 m¥/day=1.157x10° cms (m®/sec), wid1=horizontal drains of Well-1 installed at highest elevation d1)
(b)




Discharge of Horizontal Drains at Four Elevations

Total Discharge of Drainage Well-2

Duration (i=Qvi/g(Tj]i/~dv3)2/214) Qua (m/day)
tay) g1 wad2 w2d3 w2d4 =5Q;
1 7848 21696 101760  236.664 367.968
2 2808 14502  76.704 214.440 308.544
3 2424 10368 60432 195.696 268.920
4 2544  8.208 51.456 182,112 244,320
5 1488 6984 45816 171.552 225,840
10 0384 3408 32,832 140.736 177.360
20 0240  1.296 24.264 119.112 144.912

(1 m¥day=1.157x10"° cms (m®/sec), w2d4=horizontal drains of Well-2 installed at lowest elevation d4)

7-1-14 ‘2 EM R A= Promotion of Slope Stability Analysis

PUNEMIE R BB T Kat {873 1.0x10™ m/hr 2361 » SEIFIETEMZ 2 (R8N FS()ER
FRZKAIEME THEK 20 Xi% » OTFH 1.383 2% 1.521K TR IFIRIITREI D - S@IRTE R
R\ ZEHRHERRD 1.5) » FIAMBEENFHIRSIRIEE I IR R IEREEE - FS(Y)
LETEIEER » W 7-7 Pk o

I 77 MTNBPKERR Y T AROKMDRER Z 2 fAREE L (Ks=1.0x10"cmls)
Variations of groundwater drawdown and factor of safety with elapsed time during
subsurface drainage (Ks=1.0x10*cm/s)

Drainage Groundwater Drawdown Groundwater Variation of Increasing
ag of B12-W Drawdown Percentage of
Duration Factor of Safety
Hu(t) Percentage Factor of Safety
(d; ) (t=0~20 day) Pdrawdown (t_ofgg:)da ) Prs
/ (m) (%) e (%)
0->1 -12.97 — -15.27 17.73 1.383 — 1.443 4.34
152 -15.27 — -16.97 30.84 1.443 — 1.479 6.94
23 -16.97 — -17.47 34.70 1.479 — 1.489 7.66
3—>4 -17.47 — -18.17 40.09 1.489 — 1.499 8.39
45 -18.17 — -18.67 43.95 1.499 — 1.501 8.53
910 -19.97 — -20.07 54.74 1.501 — 1.510 9.18
19— 20 -20.57 — -20.62 58.98 1.520 —» 1.521 9.98
Remarks:

groundwater level measured from ground surface
Pdrawdown (%)= [AHw(t)]xloo % / Hw(o day) = [ Hw(t) - Hw(o day)]xloo % l('12.97)
Prs (%)=[AFS(t)]x100 % / FS(0 day) = [ FS(t) — FS(0 day)]x100 % / (1.383)
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7-2 HEER1TiE
emediation Work on Li-Shan Landslide \

FUMBEE 1990 FLUAREZFMEIBSE SR BHNT < T8 - 2/ EMRBAT ST
F9TY1L 1995 TEE 2002 FEARGRIGHEIEME THIK RLAE IR T - 3B RE e T
BEEZEERFEOHM TR IR B EEKHF RIPKERE)SRFFHEM T KIKAL LLHEER)
FrEkeZ=BF -

7-2-1 #IBfIE Location

B EMAIRErMERILKY 100 km AR IARD » FUKIEDPEEE QB2 &S -
tHEPEARE 8 iR REERXIRE 7 PRI R EE - HEZAVNZERFIELE » 1
7-15 B/ ©

[T

% Tt c P
] Fu-Shou-Shan Farm
.
. ’__ / TLi-Shan Hotel

B 7-15 HUMBEER - LhRSURSERIEE

Overlook Li-Shan landslide area northward from Fu-Shou-Shan Farm at the upslope

7-2-2 i AZEAtE Topography and Geology

2| | B R AT DR UAKTEER - EiEHA 230 AtE - BEaiL2E =A% » WE 7-16
BT - thEAEREE AL IERE » 25 1800~2100 m « HFZEE LM RSO ES A » KEB2HE B R
EBERILE - HIMBRILAIZABZLE - MBI REEMEEEREL
EffE - BBRINBEC PHfEEE -




Li-Shan Fault

Fu-Shou-Shan Farm

K| i-Shan Potential
Landslide Area

7-16 BRI Rt B EN

Topographic and geological characteristics of Li-Shan landslide located at central Taiwan

A EETECMERPHUEEE =L EEs - MMMETEZHERRINER
= TWE BRI RN S DEERN  BEEENEINEEIE - BEIEIE - i
BraBIKERIVEEETOER  BET - SERILE - PERLE - BERLE « RFT
BEEBR TS - (HEE ISRM DEEAETILE » 205 7-8 7 » HREUELZ®RARERKZ 63m o F| |
MBEBABUEKENZETETERR - HAAME » 810400 B « REIL=HBE - bk
RIBREBGHIBEN - AT NMEEEKEBRSE CIBEE  EREIBEHHIRL 9~
26 m - IRIEHEXEREIE(E2 SINGEEEET - DB E 2 /BB EERtithaRKY 40~60m o F||]
EEBTRFEETZMURRAICERS - EofeE2HAEERaSERICEHEMN » X2
EIERIGBRRE - AR ~ BEGIT - (HEERSEZITECEILRE « IRetER RELT

N

HE o
< 7-8 U eEER T
Features of soil strata for Li-Shan landslide.

W AR A ISRM
1. Ak BEWE ~ B RHR BT Vi
2. & RACK A RS R R M B ER L BB RBE L \
3. FAERAE E e k(AR 2~30 M)A s e kX EEE S AR 1, 1Iv
4. & IRALR 2 e B RAKR(AE 5~10mm) s 0 kX EBE LI EHFE i |
5. #é el 2 @&k 8 9 (& & >50 mm, RQD>75) I
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7-2-3 B EA KGR EZEREA
Mechanism and Main Causes of Landslide

1990 FF 4 B 11~15 H2 8BS @ ElEERR » 6 7 PR (BM<R) » BEX
RIEME B - B PEABREEECDE - IEAREME 8EEE » EEL 100m &K
#9150 m » SEBNREH 20 m » BRI T GTIEEE 300,000 m* - HEEH]) 20 % o KRiEMEE
S ZEZIMER L SBENTEEBIRMEFER - HAREME B TEBRE
WEARBREMKAZ RIEHIKEEIRZFHER

HE 7-17 OJ{8%0 » &R AHWE 155.5 mm 4524 H 19 H » 8448% 5 1.87F » H
MEMAK 5 B2 4 B 10~20 B £EMEE 586.0 mm & 4 BHRRIENEE 957.5
mm > BEAFEFEARLLER - I9R/HEAE - FIERIIEE 50 &F - @it » SIRIFHEERFER KX
SENEMK  IEBABETIEN » BEEXELREE B TEER - KR ITT
EEHEHENMRAEEEAM TN » FOLEEHE 2RO M EENELRE M
K BB REE D2 SLEKE - IR TEEMENRERIETENE - AL » KAEZ
BTN INOKNIEE) - SSHABREERENEE » #EBBRENTERR -

50.00 1200.00

45.00 s Rainfall intensity (mm/hr) e

Cumulative rainfall (mm) 957.5 mm

40.00

35.00 Landslide occurred
during April 15-19, 1990

T I T I T | I

[

S & 8

o o o

o o o
T | T

I

Rainfall intensity (mm/hr)
[
3
o
8
umulative rainfall (mm)

E_ T I T | I
T

5.00

OAOO et T . ] T . ] T — 0< 00
4/1/90 4/5/90 4/9/90 4/13/90 4/17/90 4/21/90 4/26/90 4/30/90
Date

7-17 BIUREUG 1990 FFRERECEK

Precipitation record of April in 1990 based on Li-Shan rainfall monitoring station
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Subsurface Drainage and Remediation

B 1990 FERER  HUMEBEERET BRI HBENREEFHFEREAZBE 5B
ERHECFELBEIER T 30~70m » BIRABEBIRIEE B H) - Tt » BUTTERIZA
RKERETAE » 12 1995~2002 (K 7 F)DFoHHT [HEEEEEE5TE ) » 5
EEFHTIESHYA 915,893,000 FT(#Y 9.15 {5, bilion) » ML EAEE ZHIES IR ATIHKFRE]
HiT - BEIEEEEE: BOKEETLRE - BKHIE BOEKETERPWIES 2
BEAEHERREEE S TE » WE 7-18 Frn - Hob» HUMIBERERCE s TIERM T
HEKGRIRTAZ » B15 1995 ~2000 FHBIFEY 15 FEEKH % 1997~2002 FEAE(FHY 2 f5RBEKIER
8 - IKBERRETER » BoLTIEFREM FIOKMZED 85 m FEiRIHERIELEREN
Z FS=1.20 (SWCB, 2003) - itZ a8 TEREEE— I TUILREAtE B IE5TE
BEERRERE S5 CHRWAFEE -

orrsiz

kil

[lustrations

~_ drainage gallery

drainage well
sv¢ horizontal drains
" " submerged dam
: check dam
~, building

road N
/\/ elevation contour E

Orieed

2052780 MEITED

7-18 FUMBEER T HPKREB e TIERER

Configurations of subsurface drainages and remediation works in Li-Shan landslide.
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— » BEXKH HEREQOEKE)

I EEPEKHAHIRERSKEM NKBEBWN T35 - HEEBWBIRRE 2
K QE 7-19(Q)FTR o @I TEERIR E 3 T KIS KFHHERR » DA T KIKAT -
ZEAIRIE  HUMBEERE S 15 FEEKF(1995~2000) - 90E 7-19(0)FFT - HHE
(vertical shaff)EBSEFFHREIRBHEERMIMESTIAL » BE 3.5 m» H% 15~40 m « EBREEKH
WEL > D~y RTI=F » DUKFAINA 2 °~10 °[ 2 5~10 57 » £ 40~70m >
EfE 70~100 mm 2tz &K E(horizontal drains) » DUREBFFAE S22 K © AT
RAFUUMBE Y2 BIEE T TS RIERIRTE DT » DIEMO=REIKHF W-6(20 m) »
W-7(25 m)kz W-8(15 m#i e REHIK B 2 IEEIHRAR -

vertical shaft

(@) (b)

/719 (@ EXFREAEKERE (b EFRRENT REDEKEZEIPKBI
(a)Configuration of vertical shaft with three-level of horizontal drains (b)vertical shaft assembled by
corrugated steel sheets and collecting groundwater through horizontal drains (SWCB, 2003)

— S HOKERE
B R Em R K ERE(drainage gallery) » WF] FHERE N RSN EEITSAEE
(sub-vertical) a2 IKE » RBEFFRAFEME BRI < BUREH T IK » DIERM T IKOKALZ R




I R HE K ERSE R B =45 900 m(G1 BE7K/ERE=350 m(1999~2001 FEE(F) - G2 HEZKERE=550
m(1997~2003 ThE(F)) » @B IMEERREE Y2 8lE » WE 7-18 Prn - G1 £ G2 #F
XEBELEOSED R 1910m J2 1865m > HEKERELL 1~2 %y E gL RSO
{E - TrEBeNEe T/oiE » 20E 7-20 B - BEKERERER B2 &K ZE (water collection
chamben KRR BT EE D SKE » DIRERUBEME < FREM N KOKAL - (I8
TREE NILEXKE » BEREBLmBEI LR FK » IEDSTVHERR - EBRREUHE
< BB E A MY 30~70 m » FILHPKERELSREREREHIE T 80 m ZHTEtS
BB > (EHPKEREANZHIE B E) < B MS AR °

Elevation
o NW Li-Shan Li-Shan s
1980 -} s Hotel G Hotell — - 1980
1960 - 1960
1940 | 7T\ & : L1910
1920 ] : e 1920
1900 o . s _ 1900
1850 o - Dramage Gallery | 1850
1060 'j.: 1560
m,_ -
s  Colluvial Soil ||| slightly Weathered Slate -
- Heavily Weathered Slate \\\\\ Bedrock mFractm‘c Zone

B 7-20 G1 HEXERER LB RIMERIE

Geological cross section and location of the drainage gallery (G1-gallery)

BPXEREEEC LB 2B BN - BES 207m T 2.1m» FEESHERK
B RERTHOKE » 08 7-21 Fn - ERBRIAT AR R BEHTR - ERENEECEK
= HR6m. ERFEZEES 3 m B3 m: Gl fEKEBERSE 5 BEKE » TBESEK
ZE 2RO CHEiESRKE 12~24 57 » SIKER 40~60 m 155 » {7 4,873 m : G2 BEKJER
B E 10 EEKE » FKERE 10,700 m - RIFESRIENSRET - BEKERBERVBEXAE Q 17
75 36~90 m¥hr (Qe1=60~90 m*hr » Qc2=36~60 m¥hr) o
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water collection pipe

water collection pipe ] water collection pipe
\ 3 - 1 W
H100x100x6x8 36
H-section steel
\ reinforcement

" _steel liner

! gusset plate 40 |
1 A 39 invert H-section steel |
H125x125x6,5x8 |

I't' t -..lif. 1 )
C-section steel AL . i Unit : mm
foundation 41 ~14

1252654648

(a)

© @ ©

7-21 (a) (D) BEKESERPKERBU) W EEE (Bx5-2.07T mx2.1mEE (0 EXEZEREEE (Ex5=3
mx3m) RTEEMERECEKE (EKEZEKXETR (@ HPXKEELO
(a) (b) gallery with a smaller cross sectional layout (widthxheight=2.07 mx2.1 m) for drainage
(c) water-collection chamber with enlarged cross section (widthxheight=3 mx3 m) and sub-vertical
drainage boreholes (water collection pipes) (d) groundwater collected in chamber (e) outlet of gallery

7-2-5 R ME & Kt M HEK 2 EER T
Numerical Model of Subsurface Drainage in Li-Shan Landslide 1o
PIMRBRUMEEREE Y2 BIE(E 7-18)&ETEED T » EARBRTHRE (FEM,
Finite Element Method) ilPRIZEE (LEM, Limit Equilibrium Method) (T T HEIKEE
B AR AEDTRERIEE DT o FIA DL HEUERT, » $THE8KHFREFNEE
EHEI N OKM RIBFHERIEE ITE TR M TS » WERFTH T KK ~ HESEEE
SKE  IRBHEBIECIEETZ 2R -

— ~ MR B TR

7-22 RS S E A FERKRIRCBUBIREL - 1580 7r ~ GEFRSE DRI/ -
2156 m % 1768 m » EEZBESRE 830 m o Ng, CWW % Shi, Q (1998)2 BIEDITHER » 16
ERBIZH FAKMENER CIBE T EBEE <& - WE 7-22(0)fr » BERES » CD




HRERE T ERERNAZIER  AB EEEFERRENENER(Q=0) - 555 » 1RIE
BERVSFRIM N AOKML ESBIZNE » 53 7E AD ZDER & BC GERBEEKIEBETR » KBS
EDRIA H=2140m 2 1750 m - BIRTREHDPEE JEOEKE H-10 REIKHF W-6 ~W-
7 Ko W-8 5 IX{IERBIF B4 ~ B5 RHEKERE Gl ~ G2 (i[hR Y2 BIEZ (& » WE 7-22(0)FT

ANC AN

7R S EEOENEEBIINEAE CERAZK il THKCRIT SR EIRIBE)

S B EBITNE

Elevation (x 1000)

Elevation (x 1000m)

specifiving boundary condition for
horiozontal drains:
() (potential seepage face review) =0

spcciﬁyin; boundary condition for
horiozontal drains:
Q (potential seepage face review) =0

Rainfall infiltration
boundary (m/hr)

t
2

Boundary coundition for
1.90 drainage gallery

Consntant
head
boundary

400 500 G0 T00 ROO B
Impermeable boundary Distance(m)

(a)

- ’ .
i rainfall infiltration boundary callpyiog

4 43 3 @8 heavily weathered slate

@ slightly weathered to .
intact bedrock

constant

100 150 400 450

200 300 350
impermeable boundary  Distance
(b)

500 800 B 850

B 7-22 (a) M N HRIGE TG (0) KB E Y2 Bl IR AR THIBE (BESHESIE « £XKEH-10

EEIKFF W6 ~ W=7 K2 W-8 ~ IX{IIERBIFH B4 ~ BS RBFKERE G1 ~ G2)

(a) boundary conditions for subsurface drainages (b) finite element mesh of geological cross section with
drainage wells of W-6, W-7, W-8, and H-10; observation wells of B4 and B5 and drainage galleries G1, G2

along Y2-profile
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S MTNIKEER R IR BE RS
SERZLPER AHREL (Ine-type) & EL 2L (point-type)HENGETR » D RIEER A LB E T~
HEoKRIEEINF RHPKERE EXKE -
(—&EXFHF
AAREEKRKAPcE—EREOAOEKEERGENE » RESREIFIGEREQ
(potential seepage face review) = 0) » MMENE M N K SIZEEILHIKER < 2124HE
1 > BISR ERALEKNEZRE Q=0 - 1F 7-22 Fi/R o BERAZ 2RSS HI 2 FRIE
HHEEE - BIEH » ERITHEKEFRGREIKERT (hh=0) ZIKTEERET -
BIEEOSKENM N KK L2 A EaflEE (BEETI7KEE » hp < 0)(Zi FIKIK
aEEREOSEKESE)  IFEKENSRIN T /SEEFIERE(ERETI7KEE » hp > 0)
LUK o FilEE E TS TAHERBEKAR T (1 N KE NS EEN B R R A EF5RERF]
BZRTEANTEIREZER - @It - BUEEERIARAFKIEER (h = 02 RES
TVRIEBREINEZHIKITR -
(D)BEKERE
RHBEVIEEHPKERE < HZXIEE - TOFHPKEREHIEERE 5 E5 /KO (SVEIXKE) »
IS EHRERRILEINGET » W& 7-22(Q)F7x - BERELD » BHEHPKERETRREIA
ZHEKE » TTESEHPNERE 2 I HKE(G1 BRiE= 1000~1500 I/min=60~90 m3/hr ~ G2
ERE =600~1000 I/min=36~60 m*hn & AEK1E - BEIEKEREZEEFINER
ZHPKE Qe » I TAETE ¢

hremy=| 2 lan = Qe
Qg (m*/hr m)—(IGXNGJ.NC (LGJ.NC

Hoh s Ne=E/KZE B2 (N61=5 » Ne2=10) ; le=E/KZEEE (le1=lc2=6 m); Le=E2/K =42
RE(Le1=6x5=30 m, Le2=6x10=60 m) ; Ne=B BN RESNKEP A EEOENKEHE
(Nc1=Nc2=5) - AR FEHE—EEKE 2 HIEFIIFRE 5 EEMEEKE - RETKF G
B G2 HUKERESKZED » —BHEKEZFIIHOKED R der=0.5m¥hr » ge2=0.16
m/hr o
(DBEEIM RS

BEEPER SR » JBENRECPH T NOK(L EF5 2 BifEE R B LIRS B R hS e AlAR




& DMITHZTEREEBRIDEIRNEMRREREELFE - N TIEKDITITHIIR
(SWCC, Soil Water Characteristic Curve)¥t i3 R84 T E2 N K mEN 1 TA & BT /J58
EEREEIFE - BEEH/FIIT(Creen and Corey, 1971; van Genuchten,
1980; Kovacs, 1981; Arya and Paris, 1981; Fredlund and Xing, 1994; Aubertin et all.,
2001 EREY 5 IR D5 1EHHR SWCC ZHIETSE » B DiliFFRa K 28R T ERE]
MED IR SRR ~ FKRIREFYIRTESRE TS SWCC - @FF » Bt
R IKTEEREIHIHR K(uw)~uw BJE SWCC 2RHES » HOF » un 2331 FRIKER - RIAZT
0 » FTEiE < SWCC » E5ERFINIE D MERRARHEG KT © LEAY » K(uw)~uw BIFRCP,Z B
AKTHEEFRE K » EHIRMIIHIKGEIESKS < &8 » BKIE Fredlund and Xing (1994)
EEL T M SWCC BBfR K K BITEIBEIRRTESS TIE L K(uw)~uw BR © Tsaparas, et
al. (2002) tHFEOtET  BEAIK I EEREE R AEAN TESR E R RRABREE &
B FRAZ-ERDMRERIEEDMERCBUBRIMRISE - W5k 7-9 K 7-10 B
T o BEDERAC TEBESH ¢ RJHERESIaEEKE - Fredlund et al. (1996)
RIEEMEMKIEER » EEES NN TIES@E CRIIIEL « Mmak 7-10 2
EERNEEAS DREUZEEBERT] » HI BN TIESENBE SR - HEUEN
75 10°~15°( =P ~¢12) o
3 7-9 BERVERDMEAMRISE (RERFIEL)

Input material model (unsaturated model) parameters for seepage analysis

njE A A K2 : &5 00
AR R 0.281 5.868
% E ¥ RALR B 0.206 2.858
55 B RALH B EHEAR S 0.230 4.9%x10*

O=sXn ; Osa=1xn=n (s =faFn &, n =3LFR &)

3 7-10 BRIBED TR A RIS B (B -EimED)

Input material model (Mohr-Coulomb model) parameters for slope stability analysis

. VAR E BE N JEIR A TR R A
By 3 Ll o o
7 (KN/m3) ¢’ (kPa) #’(°) &)
AR 17.07 10.79 27 10
iR E ¥R RALE & 22.56 19.62 28 10
35 RAL I B £ AT S AR B 27.06 294.3 33 0

My c” A ¢ WRIAER L T Row kT

(2)#k A5 B JE @ AR BIE B = [C4(on-Ua)xtan g+ (Ua-Uy)xtangP] EATHEIEAZ T AT o L P U & Uy
B 205 B2 LR AR R J1 B ILFR KR T o

QRLEFARZXY » FRZRABBAS LETRANH T ofe LIERBZBAMIT KA -
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AAFTERA Geo-Studio (2012a and 20120423\ » BH | IHERRRE Y2 SIE - $1#
# NEEXIDABIERD ~ & - SETERNAZRERIBEDHT » STEREMEAR < TR -
SUEUKBE DR 22 REVEM L - B8 » B ERA 1997 T2 IHEe/E (N HE2XAEFRT)EE 2001
FHCZ RO THEKIEIFR) < FMER - EITBEDHT - MERE < FMREEWE 7-
23(q)&[E 7-23(0)FT - 230 AR (1997/8/17~1997/8/28) » 1 T BEXEE B TAFIRZR5EAk
HEZ e ELHARE] (2001/7/29~2001/7/31) # N HEKEE 8 TIFE T EBEMIBAFIIZHR <1
EE - 2EE - REFCAEER - JHESTESBEENESKE » ITEEERIBENE
4515358505 < BT geESitar, 1992; Tsaparas et al., 2002) < &I, » FERIAZDHTIER
LinmisReE < BIERERNAS E -

30

]

25 1

o
o

20

S

(mmhr)

=18
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o

B 703 [ERVIEEEE (o) ZIOMEE (1997/8/28~1997/8/29) (b) HKZTEEL (2001/7/29~2001/7/31)
Rainfall hyetograph of (a)Amber Typhoon (1997/8/28~1997/8/29) (b)Toraji Typhoon (2001/7/29~2001/7/31)
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Efficiency Evaluation of Subsurface Drainage

— ~ BERE RO ERE

7-24 7% BS M T OKES BIUGTEMERVERRIEE 0 R ~ REMEREE I TN IOKMIE Y » &5
BHEEABCERE IR 1 m, EBHEERVSE - BS BAIGHETBEESAZ I T KIKL
NRERERRCNEE - I OlRE I B L MER BEREERERICINERE - ERHSEHERA
BIKFTER - LAY > s NEEKIDANMEIER] » &AM N XOKMARBHEREE A B EZE DR
#75 0.5m K 0.2m > EREINN AR EEEHEELL - BSIETEZCEREE - ItE
HoREHR _HEERE » BAEESESR = MICONERSHTEL -




Rainfall duration (hr)

0 5 10 15 20 5 30 35 a0 as
8
—+— B35 Observation
-« - BS Simulation
a 4
10 4

411 +

Depth of groundwater level (m)

(a)

Rainfall duration (hr)
001 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

—+— BS5 Observation

42— - & = B5 Simulation

(b)
& /-24 B ESRIuOHE RAOKMIREHE R EDAIFSRICE () LIBME (1997) (b) MRZMme/E (2001)

Comparison of groundwater level variation between simulations and observations at B5 monitoring
station during rainfall of (a)Amber Typhoon (1997), and (b) Toraji Typhoon (2001)

T AURECBUED I - BEEEE BRUMIREE BS ERBIGEEMEARIM T 5
IKIRMBIERT ~ BN IOKMERE - @S - IWERAZ DO » BERELTIRNRAE
BEHOSEZILEKED M » LIRRERIEERIEEDNZPIE

N PR IDEE BRI

Ut MK DA s BIE2EREE BRI < S IEH XKL 10~30m (SWCB,
2003) » DURfEEREREREH N AKX L R R - BB BS EERlIOBRAIGR(E 7-10)8
A0 > T NEEKIDARRIFE - M2 EeE AR (2001, S A EERSRE =27 mm/hr : BERVIERS t=29 hrs)
LR RIKRLFYFERSR T 50~52 m) » BRI N PEK TOAREVER] » < IBReR AR (1997 s Kk
MI5EE=24 mm/hr : [EREERF t=41 hrs) 2 it RAIKAI(HIFEHIER T 10~10.5 m)KIS[EFHEHY 40
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m o IR ZAOKADREE » EREIRIER M NEPKIUA(E 7-22(0)002 H-10 » W-6 » W-7
K W-8JEERNAFFEEREICESRE » IBMHR A ZMKRTE - BN EE - FBHEFEELCE
AR EREEAECVEE » SIRHEKGES TECIXIEERBNTIBNHIHR K(uw~uw
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