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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 to 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, civil 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 be 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. 

In addition, it is also important for the design of horizontal drains to conjecture the 
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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. Meanwhile, 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 to 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 surface 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/transverse drainage diches on the slope 

surface and backfill of tension cracks are also crucial to effectively prevent the runoff 

from infiltrating into the sliding mass.  

The design of subsurface drainage (drainage well with horizontal drains inside) can 

be carried 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 

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

subsurface drainage.
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01 Part One

1-1 Background

 

Flow Chart of Subsurface Drainage Design

Objective of Design Manual

Introduction

1-3

1-2  



01Part One
第一章   緒  言 Introduction

1-1 緣起 Background

( )

  

  

( )

  

( )

 



1-2 地下排水工法設計流程 Flow Chart of Subsurface Drainage Design

1-1  

Flowchart for subsurface drainage design. 



     

 

conceptual model

(LEM, Limit Equilibrium Method) (SRM, Strength Reduction Method)

 

 

(

)

 

 

  



1-3 設計原則彙編目的 Objective of Design Manual

( )

 

 

 

 

 

 

 

 





02 Part Two

2-1

2-2 

2-3

2-4 

2-5 

Groundwater Flow in Soil Strata

Aquifers

Slope Stability Analysis

Subsurface Drainage in Slope Engineering

Groundwater, Stability and Drainage of Slpoe

Groundwater and Slope Stability



 

u = w h 

 

w = (KN/m3) 

h = (m) 2-1(a)~(c)  

u = (kPa) 

 

2-1-2 地下水對穩定性之影響 

Effects of Groundwater on Slope Stability (Illustration of Case Histories) 

( )

2-1(a)~(c)  

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. 

02 Part Two
第二章   地下水及邊坡穩定

2-1 坡地地下水、穩定性及排水
Groundwater， Stability and Drainage of Slope

2-1-1  Piezometric Pressure

2-1-2 
         Effects of Groundwater on Slope Stability  (Illustration 
           of Case Histories)

Groundwater and Slope Stability

u uuuuuuuuuuuuuuuu === wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww h hhhhhhhhhhhhhhhhhhhhhhhhhhhhhh



 

一、孔隙水壓作用於塊體與邊坡岩盤之交界面上 

2-2  

Pore pressure on soil block/bedrock interface-example case. 

二、上浮力作用於部分或完全浸水飽和之塊體 

2-3

 

Groundwater rise in soil slope-example case. 



 

三、孔隙水壓作用於塊體上邊坡之裂面上 

2-4

 

Pressure against uphill face of unstable block-example case. 

2-1-3 地下水之排水原理 Principles of Groundwater Drainage 

2-5 (

)

( ) Q1

Q2  

Principles of subsurface drainage of a slope. 

2-1-3 Principles of Groundwater Drainage



 

( ) h1 Q1

Q2 (Q1  Q2) h1

h2

(h2 ) Q3( h3 )

h3 Q3 (Q3=0) Q1

Q3 Q2 (Q3  Q2max) ( )h3

h1  

“ ”

 

 

2-2 地層材料內之地下水流 Groundwater Flow in Soil Strata 

2-2-1 達西定理 Darcy’s Law 

2-6 (uniform granular material)

1856  

 

 

Q = (m3/s) 

K = (m/s) 

i =  

A = (m2) 

: 

 

 

h =  

L =  

2-2-1  Darcy's Law

2-2 地層材料內之地下水流 Groundwater Flow in Soil Strata



=  

= = (Q/A) 

=  

2-2-2 粗顆粒地層水力傳導係數之影響因子 

Factors Affecting Permeability of Coarse-Grain Strata 

2-2-3 細顆粒地層及地工織物濾層之體積流率衰減 

Attenuation of Flow Rate in Filters of Fine-Grain and Geotextile 

2-2-2 
         Factors Affecting Permeability of Coarse-Grain Strata

2-2-3 
         Attenuation of Flow Rate in Filters of Fine-Grain and Geotextile

1
2

Q



 

2-3 含水層 Aquifers 

2-3-1 定義 Definitions 

( )  

2-3-2 含水層之類型 Types of Aquifers 

一、拘限含水層(圖 2-7(a))： 

(confined unit)

(

)  

二、滲漏含水層(圖 2-7(b))： 

 

三、自流井現象(圖 2-7(c))： 

( )  

四、非拘限含水層(圖 2-7(d))： 

( )

 

(1)  

(2)  

(3)  

(4)  

(5)  

2-3-1  Definitions

2-3-2  Types of Aquifers

2-3 含水層 Aquifers



 

五、棲止含水層(圖 2-7(d))： 

(

)

( )  

 

(a) (b) 

(c) (d) 

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 含水層之水文特性 Hydrological Characteristics of Aquifers 

(hydrologic characteristics) /

 

 

1.  

2. 

 

2-3-3  Hydrological Characteristics of Aquifers



 

一、傳輸係數及貯水係數 

( )  

b T(transmissivity) i=1(=1/1)

2-8  

 

 

T = (m3/s)/m 

q =  (m3/s)/m 

b =  (m) 

K = (m/s) 

i = (=1/1=1) 

A = (=b×1)(m2) 

T (=q=K×b)

Transmissivity in a confined aquifer. 

(storativity) (1/ h)

2-9  

 

S =  

V  = (m3/m2) 

 =  



 

(a)  (b)  

Storativity in (a) confined aquifer and (b) unconfined aquifer. 

( )  

 

( )  

b

 

二、孔隙率與土壤分類 

n (=Vv/VT) Vv= VT= / n

(Uniform spherical 

mineral grains) 47.65 %

25.95 % (Meinzer 1923a)

 

n=3 % 30 %

(Dolomites) n=1 % 30 %  

Cu(=d60/d10) d60 d10

60 % 10 %



 

Cu 4.0 Cu 6.0  

1. (Well Sorted Well Graded)

 

2. (Poorly Sorted Poorly Graded) ( )

 

三、比出水率(Specific Yield) 

n(=Vv/VT)

(Sy Specific Yield)

 

Sy (= Vw/VT) Vw = /

VT = / (Meinzer 1923b)  

( ) n

50 %(=Vv/VT) 48 %

2 % 2 %( Sy = Vw/VT) Sy

n(Sy n)  

2-1 Sy (

0.5 1.0 mm) Sy Sy

 

Range values of specific yield for various sediment textures. 

地層材料 
比出水率 Sy (%) 

最小值 最大值 平均值 
黏土 0 5 2 
砂質黏土 3 12 7 
粉土 3 19 18 
細砂 10 28 21 
中砂 15 32 26 
粗砂 20 35 27 
礫質砂土 20 35 25 
細礫 21 35 25 
中礫 13 26 23 
粗礫 12 26 22 



 

四、水力傳導係數 

(hydraulic conductivity)Kx( )

/ (

) 2-2

Kx

Kx Kx

 

Range values of hydraulic conductivity of unconsolidated sediments. 

地層材料 水力傳導係數 cm/s 
黏土 10-9∼10-6 

坋土、砂質坋土、黏質砂土 10-6∼10-4 
坋質砂土、細砂 10-5∼10-3 
級配良好之砂土 10-3∼10-1 
級配良好之礫石 10-2∼1 

五、均質性與均向性 

( Kx Sy) ( )

(homogeneity)

(heterogeneity) 2-10  

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



 

 

 

Kx1 =  

Kx2 =  

m =  

b =  

Kx1  

(1)  

(2)  

Kx2  

(1)  

(2)  

( Kx Sy) ( )

(Isotropy) Kx Sy

(Anisotropy)  

2-11

(flattened grains) Kmin Kmax

2-12

 

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



 

Fracture network and associated anisotropy. 

 

2-4 穩定性分析 Slope Stability Analysis 

Fellenius(1927)

 

 

2-4-1 極限平衡法 Limit Equilibrium Method 

(LEM, Limit Equilibrium Method)

LEM (SRM, Strength Reduction Method)

 

2-4-2 有限元素強度折減法 Finite Element Strength Reduction Method (SRM) 

Pan (1980)

 

2-4 穩定性分析 Slope Stability Analysis

2-4-1  Limit Equilibrium Method

2-4-2 Finite Element Strength Reduction Method (SRM)



 

(FS)

( f) ( d) (FS= f / d)

(SRM)  

一、理論背景 

/ c  (= )  tan  ( = )

r p

( p/ r) FS(= p/ r)

FSmin=( p/ r)min

Zienkiewicz(1975) SRM

Plaxis2D Plaxis3D Flac2D Flac3D (Finite 

Element Method FEM) (Finite Difference Method FDM)

SRM 2-3

 

Comparison of researches on trength eduction ethod ( ). 

研究者 研究內容 

Zienkiewicz et al. 
(1975) 

藉由折減因子 R=(1/FS)且 FS 1，對邊坡之有效強度參數 c  (凝聚力) , tan
( =摩擦角)進行折減，且兩參數之折減率需相等。當強度參數逐漸折減至邊
坡發生破壞 態時 所對應之的 FS值即可定義為邊坡之穩定性安全係數。

Donald and Giam 
(1988) 

透過土壤之有效強度參數 c , tan 值之改變與數值網格節點變位之關係，來
決定邊坡之整體穩定性安全係數。 

Matsui and San 
(1992) 

藉由結合應用有限元素法與抗剪強度折減法的觀念，用以評估邊坡穩定性安
全係數值及臨界破壞面之位置。其中，明確地定義了邊坡破壞時之剪應變發
展情形，並作為後續推估滑動面位置之依據。 

Griffiths and Lane 
(1999) 

考量邊坡內含有軟弱夾層與地下水之影響，並利用有限元素法與抗剪強度折
減法，探討評估邊坡之穩定性。由於邊坡在破壞發生過程會產生急劇的變位。
因此，可採用位移向量及網格變形，來呈現邊坡破壞之過程，並找出滑動面
的位置。 

二、強度折減法之特性 

Y.M. Cheng et al. (2007) 

 



 

( ) 

 

( ) (inter-slice)  

( ) (

( )

 

( )  

( ) (genetic algorithm)

(simulated annealing method)

 

SRM

 

(

)

SRM (1)

(2) (3) (4)

 

( )

(Cheng et 

al.  2009) (SRM-3D) (LEM-3D)

LEM-3D SRM-3D

 

Cheng et al. (2009) SRM-3D LEM-3D

SRM-3D LEM-3D

LEM-3D SRM-3D Cheng et al. (2007a)

 



 

( )

 

 

2-5 坡地之地下排水  

Subsurface Drainage in Slope Engineering 

( )  

 

一、攔截式排水 

(trench drains)

2-13

2-13(a)

2-13(b)  

(a) (b) 

General classification of subsurface drains. (a) typical interceptor drain. (b) imperfect interceptor drain. 

二、被動式排水 

2-14  

2-5 坡地之地下水排水
Subsurface Drainage in Slope Engineering



 

 

Typical passive trench drains (plan view), short parallel trench drains along slope direction,  
arrows indicate directions of groundwater movement. 

(

) ( )

2-15  

Agricultural drainage. Example of passive drains acting as interceptors. 

(Hutchinson, 1977)

 

2-5-1 地下水流動行為通則 Rules on Behavior of Groundwater Flow 

一、地下水流動行為通常不合邏輯且變幻莫測 

 

二、地下水流具有記憶性 

2-16

2-5-1  Rules on Behavior of Groundwater Flow



 

2-16(a)

2-

16(b)

2-16(c)

2-16(d)

 

(a) (b) 

(c) (d) 

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. 

2-5-2 地下排水設計 Design of Subsurface Drainage 

通則一： 

 ( ) (excess water)

 

2-5-2  Design of Subsurface Drainage



 

通則二： 

( )

( )

 

通則三： 

 

通則四： 

 

2-5-3 地下排水效能 Performance of Subsurface Drainage 

 

  

2-5-3  Performance of Subsurface Drainage



03 Part Three

3-1  

3-2 

3-3 

3-4 

3-5 

Hydrogeologic-Geotechnical Characterization

Field Investigations

Hydrogeologic Model

Introduction

Geophysical Exploration

Hydrogeologic Characterization



3-1 前言 Introduction 

 

 

 

 

 

3-2 現地調查 Field Investigations 

3-2-1 地圖資料 Map of Jobsite  

 

3-2-2 地形調查 Terrain Evaluation 

 

 

3-3 現地水文地質模型 Hydrogeologic Model 

(site characteristics)

(hydrogeologic model) (geotechnical parameters)

 

3-1 前言 Introduction

3-2-1 Map of Jobsite

3-2-2  Terrain Evaluation

03 Part Three
第三章 坡地水文地質及地工特性調查

3-2 現地調查 Field Investigations

3-3 現地水文地質模型 Hydrogeologic Model

Hydrogeologic-Geotechnical Characterization



 

1.  

2.  

3.  

3-3-1 集水區劃分定 Watershed Delineation 

(watershed delineation) (hydrogeologic divides)

 

(watershed boundary) (no-flow)

(water budget components) 3-1

 

1. (outlet) (downstream location) 3-1(a)

 

2. 

 

 

(a) 

3-3-1 Watershed Delineation



 

(b) 

5 ft(=1.524 m)

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. 

 

(surface topography)

(1) (Digital Elevation Model DEM)

(2) (3)LiDAR(Light Detection and Ranging)  

1 m ( ) 30 m×30 m DEM

( )  

3-3-2 水文地層 Hydrostratigraphy 

(hydrostratigraphy)

(hydrogeologic units) (composition) (thickness)

(distribution) (position) (orientation) (geologic units)

3-3-2 Hydrostratigraphy



 

 

(geologic units) (hydrogeologic 

properties) (water bearing unit)

(facies)

 

 

3-4 地球物理探測 Geophysical Exploration 

(Geophysical Exploration 

Method) , 

 

(1) (2)

(3) (4)

(5) (6)

 

(Resistivity Image Profiling, RIP)

(1) (2) (3)

(4) (5)

 

3-4-1 地電阻法之原理 Principle of Electrical Resistivity Survey 

(Resistivity) (RIP)

(apparent 

3-4-1 Principle of Electrical Resistivity Survey

3-4 地球物理探測 Geophysical Exploration



 

resistivity profile)

(Pole-Pole)

3-2 (A B)

( ) (M N) ( V)

V

a=K ( V/ )  

Schematic diagram of electrical resistivity survey 

K (geometric factor)

(Apparent Resistivity)

 

(Smooth Model Inversion)

( )

 



 

1.  

2.  

3. ( )  

4.  

5. 2 4  

 

3-4-2 地電阻法之應用 Application of Electrical ResistivitySurvey 

(RIP)

 

1.  

2.  

3. (bedrock)  

4.  

5.  

6.  

3-3  

Resistivity image profile 

3-4-2 Application of Electrical ResistivitySurvey



 

3-5 水文地質調查 Hydrogeologic Characterization 

3-5-1 含水層之探測與分類  

Detection and Classification of Potential Aquifers 

 

3-5-2 現地地下水檢層試驗(王文能，2016) 

Groundwater Logging Analysis 

 

( )

 

25 cm (specific 

resistivity)

(

)

 

 

3-5-1  Detection and Classification of 
         Potential Aquifers

3-5-2 ( 2016) Groundwater 
         Logging Analysis

3-5 水文地質調查 Hydrogeologic Characterization



 

3-5-3 現地抽水試驗 Pumped Well Tests 

3-4 (a)

3-4(b)

 

(a) 

(b) 

Pumped well test. (a) Confined aquifer. (b) Unconfined aquifer. 

. 

 

3-5-3  Pumped Well Tests



 

 

3-5-4 現地栓塞試驗 Packer Test 

(L)

q(= Q/ t)

3-5  

Packer Test.  

3-5-4  Packer Test



04 Part Four

-
Principle for Design and Construction of  Subsurface 
Drainage

4-1  

4-2 

4-3 

Introduction

Drainage Well

Horizontal Drains 



4-1 前言 Introduction 

(subsurface drainage)

(horizontal drains )

(Vertical Shaft)

: (sub-vertical drains) (water Collection chamber)

 

 

4-2 橫向集水管 Horizontal Drains 

4-2-1 類型 Type 

  PVC(PolyVinyl Chloride, PVC ) (borehole)

(slot, ) 4-1 4-2

4-3

( 4-2 A B C)

0.1 mm

 

PVC ( 4-1(b))

360

 

HDPE ( 4-1(c)) ( )

W ( )

04 Part Four
第四章  地下排水工法 -設計與施工原則

4-1 前言 Introduction

4-2 橫向集水管 Horizontal Drains

4-2-1  Type

Principle for Design and Construction of  Subsurface Drainage



 

(

)  

120~150 mm PVC HDPE

60~100 mm  

(a) (b) 

(c) 

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

4-2

(R.P.Martin et al., 1994) 4-3 Type 1 & 2 Type 3

4-4  

 

Side view and cross section of borehole of horizontal drains. 



Horizontal drain patterns commonly used in Hong Kong. 



Details of Type 1 & 2 and Type 3 horizontal drains.



 

一、第一型 

PVC (slot, )

( ) (1 mm x1 mm ) 4-

3(A-A)

75 mm PVC

6 mm ( 25 mm) 20 mm

( 75 mm)  

二、第二型 

4-3(B-B)

( )  

( ) ( )

PVC  

三、第三型 

( )

4-3(C-C)

 

四、第四型 

(GEO, Geotechnical Engineering Office)

4-3(D-D) (E-E)

(Type-1, Type-2 Type-3) 4-4  

 



 

( ) Type-1 

( 40 mm) (

) (

)  

( ) Type-2 

Type-1

 

( ) Type-3 

( 40 mm 65 mm)

( )

( ) ( )  

15~30 m /

Type-2 ( )

 

五、第五型 

36 mm

( ) ( )

 

4-2-2 管材 Material 

PVC(PolyVinyl Chloride

) HDPE(High Density PolyEster ) PVC

HDPE

HDPE

PVC-PE 3

4 PVC HDPE 4-5

4-2-2  Material



 

4-1  

Comparison between -horizontal drains and -horizontal drains. 

 抗拉強度 接續狀況 施工難易 阻塞後清洗 

PVC 小 方便 較易 較易 

HDPE 大 較難 較難 較難 

 

(a) (b) 

Horizontal drains. (a) , oly inyl hloride (b) , igh ensity oly thylene 

4-2-3 過濾層 Filter Layer 

4-6(a) (b) 

1. 

2. 

3. 

(Jie Han, 2015)

4-7  

4-2-3  Filter Layer



 

 

(a) Granular filter and (b) geotextile filter. 

 

Horizontal drain covered by geotextile filter. 

4-2-4 配置原則 Principle of Configuration 

(Cook et 

al. 2008)  1. 2.

3. ( )

4. ( ) 5.

(Smith and Stafford, 1957; FHWA, 1980; Hoek and Bray, 1981; Nonveiller, 

1981; Dharmawardene and Weimer, 1988; and Mekechuck, 1992) 

(FHWA 1980)

(water-bearing planes)

, 4-8

 

4-2-4  Principle of Configuration



 

Cross section of a theoretical slope showing how the number of discontinuities intersected by a 
drain can vary depending on drain inclination. 

(permeable fractures)

(compartmentalized 

water) 175 m 4-9(a) 

( )

( )  

( )

( )

( ) 4-9(a)

( )

 

(sub-parallel) 4-9(b)

( )

 



Schematic diagram of drain configuration. 



 

( )

4-9(b)

 

( Rahardjo et al. ,2002)

( Lau and Kenny (1984) and Martin et al. (1994))

 

4-2-5 管壁開孔 Borehole and Slot 

(slot , ) 2/3

120 4-10 (w) 0.25, 0.5, 1.3 mm

4-2  

 

Details of slots in PVC horizontal drains. 

4-2-5 Borehole and Slot

o



 

Advantages and disadvantages for three types of slot width. 

0.25 mm 集水管較容易淤塞，需要定期清理。通過窄孔的土壤顆粒較少，可使用於
細顆粒土壤為主之邊坡區域。 

0.50 mm 最為普遍使用。若因時間限制，無法採取邊坡土樣進行實驗且邊坡土體之
顆粒尺寸具有高度變異性時，建議參用。 

1.30 mm 可使用於粗顆粒之砂質或礫石邊坡，並允許有限之細砂或淤泥在開始阻塞
前進入集水管。 

Forrester(2001)  w  (d85/1.2)

dh  (d85)  

 4-2-6 打設長度 Drain Length 

( )

( )

4-3 100 m

300 m(Kleppe, 1984; Abramson et al., 2001; Ho; 2008; Zuyu et 

al., 2008; Miloslav et al., 2013 )

 

60~100 mm 60~90 

m( )

(fracture intersections) Smith and Stafford 

(1957) 6 m

4-2-6  Drain Length



 

 

( )

( )

(Ld)unsat (Ld) 25 (Ld)unsat 25 ×(Ld)

(Read & Beale, 2013)

Considerations of installation length for horizontal drains. 

Royster  
(1980) 

集水管貫穿滑動面後之向外延伸長度，不得超過 3~5 m。若集水管打設長度
明顯超過滑動面，則施工將變得極不經濟且可能造成地下水回滲進入滑動破
壞區之情況。 

Lau and Kenney 
 (1984) 

若集水管貫穿上邊坡之潛在滑動面後，若持續延伸增加打設長度，則地下水
水位洩降影響範圍區對潛在滑動面穩定性的提升幫助有限，且無法獲得額外
之排水效益。 

Nakamura  
(1988) 

若集水管達臨界長度(critical length , 集水管出水口端至潛在滑動面之長度)，
則縱使持續增加集水管長度，亦無法影響地下水水位之最大洩降量。 

Cai et al.  
(1998) 

當集水管達臨界長度後，若持續增加長度，邊坡穩定性安全係數之增量亦會
隨之下降。 

4-2-7 打設間距(扇形與平行配置) Drain Spacing 

( ) (Nakamura, 1988)

4-11  

(Mekechuk, 1992; Santi et al., 2003; and Cornforth, 2005)  

(access and site layout) 

(Crenshaw and Santi, 2004) 4-4 Smith and Stafford 

(1957) 7.5~30 m

7.5 m 30 m

4-12

4-2-7 ( ) Drain Spacing



 

 

Considerations of installation spacing for horizontal drains. 

Huculak and 
Brawner 
(1961) 

高透水性地層區域適用之橫向集水管間距約在 9~12 m； 
當集水管遭遇到豐富地下水時，可考慮在初始測試階段所打設之任意兩根集水管
間，至少再額外補充打設一根集水管。 

Hunt 
(2005) 

依據土壤材料性質決定配置集水管間距，透水性較低之細顆粒土壤適合間距為
3~8 m；透水性較高粗顆粒土壤其適合間距為 8~15 m。 

Cornforth 
(2005) 

平行集水管垂直打設在滑動面上之間距一般為 1~3 m。由於設計標準缺乏一致性，
一般建議採用之間距其範圍值差異大。 

 

 

Schematic diagram of parallel(or linear) drains and fan-array drains. 

 

Measurement of spacing between horizontal drains of fan-array. 



 

4-2-8 打設方位 Drain Orientation 

( )

(

 (Santi et al.,2001a, b)

( )

( )

4-5  

( )

 (Read & Beale, 2013)  

Considerations of installation orientation for horizontal drains. 

Smith and Stafford(1957); 
Cornforth,(2005) 

為了使橫向集水管維持正值的水力梯度，集水管可從出水口往坡內
向上傾斜打設，使滑動面區域之地下水能在高效率的情況下排出。

Cornforth  
(2005) 

縱使橫向集水管打設仰角可達 25 以上，一般集水管打設仰角約維
持在 2 ∼10 。  

 

4-3 集水井 Drainage Well 

4-3-1 施設位置 Location of Installation 

( 30~40 m )

(

)

4-13  

1.  

2.  

3.  

4-2-8  Drain Orientation

4-3-1  Location of Installation

4-3 集水井 Drainage Well



 

2 m

( )  

 

 

Illustration of the location of drainage wells installation in slopes. 



4-3-2 井筒材質 Liner of Vertical Shaft 

(a)初始地表開挖 (b)安裝環狀鋼襯鈑   (c)回填 2 m 厚混凝土固定井口

(d)井內開挖 (e)安裝鋼襯鈑加強環 (f)鑽設橫向集水管 

(g)以透水性地工織布 
包覆橫向集水管 

(h)集水井附屬設施 
(階梯及工作台) 

(i)集水井之危險防護設施 

4-3-2  Liner of Vertical Shaftn



 

 

4-3-3 井筒口徑 Diameter of Drainage Well 

(shaft)

( 3~4 )

(horizontal drains)

3.5~ 5.0 m

 

4-3-4 集水管及聯外排水管之配置 Configuration of Horizontal Drains 

and Drainage Pipe 

5 cm (

) 5 °~10 °  

一、集水管之開孔、佈設及材質 

50 m 4-15  

( )

4-3-3  Diameter of Drainage Well

4-3-4  Configuration of Horizontal
        Drains and Drainage Pipe



 

( 120 ° )

 

 

Cross section of drainage wells. 

HDPE(High 

Density PolyEster )

PVC(PolyVinyl Chloride )

PVC-PE

(non-woven geotextile 

filter)

(borehole)

(slot)

0.1 mm

 

二、靜水池聯外排水管 



 

4-16

100 mm PVC 3 ~5 

 

Long distance external drainage of drainage wells thru series connection 
of drainage pipes at vertical shaft bottom. 

4-3-5 鋼襯鈑井筒之結構應力分析 

Stress Analysis of Vertical Shaft of Steel Corrugated Sheets 

一、適用範圍 

(

3.5~5.0 m)

(

)  

二、土壓作用力之分佈型態 

IV

(

)

15 m 4-17 ( )

 

4-3-5 
         Stress Analysis of Vertical Shaft of Steel Corrugated Sheets



 

 

Distribution of earth pressure. 

 

1. mH  15  

)(0 HKp th  (1) 

2. mH  15>  

)15(0 th Kp  (2) 

 

Ph = (t/m2) 

Ko =  

 = ( =30° Ko=0.5) 

t = (t/m3) 

 = (t/m2) 

H =  

三、鋼材之斷面性質 

4-18

50 cm T=2.7~7.0 mm

4-19 4-20

4-6~4-8  

 





 

Sectional properties of steel corrugated sheets. 

板厚 
T 

(mm) 

切線長 
L 

(mm) 

角度 
 

 

斷面矩 
I 

(cm4) 

斷面係數 
Z 

(cm3) 

斷面積 
A 

(cm2) 
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 44.11 
7.0 26.41 58°25' 187.6 58.10 51.44 

Sectional properties of steel reinforcement hoop (or ring). 

標準斷面寸法 
(mm) 斷面積

(cm2) 
單位重量

(kg/m) 

斷面慣性矩
(cm4) 

斷面迴轉半徑
(cm) 

斷面係數 
(cm3) 

H×B 
(高 寬) t1 t2 r Ix Iy rx ry Zx Zy 

125×125 6.5 9 10 30.31 23.8 847 293 5.29 3.11 136 47.0 
150×150 6.5 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 
200×200 7.5 11 12 51.21 40.2 2880 984 7.50 4.38 330 112 

Sectional properties of steel reinforcement hoop and its applicability for diameter range of vertical shaft. 

集水井直徑 3.5 m ~ 5.0 m ≧ 5.5 m 
型鋼加強環 H-125×125×6.5/9 H-150×150×7/10 

四、應力分析 

( )  

(1) (buckling pressure) 

4-21

qu  

 3
3

r
IEqu  (3) 

(3) 3~9

(3) 3 FS= 3.0

qallow  



3

33
r

IE
FS

qq u
allow  (3) 

E  

I = =IL+IH 

r = IL IH L

Liner( ) H Hoop( )  

qallow

q0  

3
2

r
IEqo  (4) 

 

Circular tube subjected to uniform load of soil pressure. 

(2) (bending and compressive stress) 

4-22 a c Mmax

 

kh

O
h qP

rPM
/1max  (5) 

 

o a c ( 1% o =0.01 r)

Ph N  

rPN h  (6) 

R20. 0000

r

Ph

2r



M N L

  

caL
L

a

L

i

A
N

Z
M

 (7) 

M N H

 

saH
)1()1(

H

a

H

i

A
N

Z
M

 (8) 

 

i=  

a=  

AL=  

AH=  

HL

L

II
I=i  

HL

L

AA
A=a  

 

L < ca 

H < sa 

IL IH   

ZL ZH  

AL AH  

ca sa  

 

Plain view of deformed vertical shaft subjected to soil pressure. 

a

e
b

f

c

g
d

h

R



( )  

4-23

Pe Pe 10~20 t/m2

 

4

4

061.0
2

=
rkIE

rP
FF

h

e
kd   (9) 

 

Fd = ( Fd=1.5) 

Fk = =0.1 

Pe =  

r =  

kh = ( )  

E I =  

M N

L H (7) (8)

a c o ( (5) o= )

Phe= Ph+ Pe  

 

(a) (b) 

Schematic diagram of (a) Uniform soil pressure. (b) Uneven soil pressure. 

R20. 0000

Δ/ 2 Δ/ 2



 

4-3-6 鋼襯鈑井筒之施工規定 

Construction Stipulations of Vertical Shaft of Steel Corrugated Sheets 

一、鋼材材質規定 

( ) JIS G3101 SS330  

( ) H JIS G3101 SS400  

( ) JIS B1180 JIS 

B1181  

( ) 4.5 mm ( 4.5 mm) 4T ( 40 

kgf/mm2)  

( ) 5.3 mm 7T ( 70 

kgf/mm2)  

( ) U JIS G3101 SS400  

二、表面處理 

JIS H8641

HDZ 45 ( 450 g/m2 )

JIS H8641 HDZ 35  

三、施工要求 

( ) 2 m 210 kg/cm2

 

( ) 

 

( ) 

 

( ) 

 

( ) 

 

4-3-6
        Construction Stipulations of Vertical Shaft of Steel Corrugated Sheets



 

( )  

( ) 

 

( ) 

 

( )  

( ) 

18 %

1.5 %  

( )  

4-3-7 集水管與聯外排水管之施工 Construction of Horizontal Drain and 

Drainage Pipe 

一、材料 

( ) (PVC-PE) CNS 

13746 K3111 100 mm 50 mm

240° (slot) 50 mm2/m  

( ) CNS 13747 K61035 5 %

(1) 50 mm 800 kgf/m (2)

100 mm 1000 kgf/m  

二、施工 

( ) 

 

( )  

(1)  

A.  

 

B.  

4-3-7
         Construction of Horizontal Drain and Drainage Pipe



5 °~8 °  

(2) 240 ° (slot) 120 °

 

(3)  

( )  

3 °

 

( ) 5 cm

  



05 Part Five

( )
Groundwater Flow Analysis of Subsurface Drainage
System (Analytical Approaches)

5-1  

5-2 

5-3 

5-4 

5-5  

5-6  ( )

5-7  

Introduction

Classical (Theoretical) Drainage Equation

General Comments of Analytical  Approaches (Limitation)

Variables and Assumptions of Analytical Equation

Determination of Parameters for Analytical Equation

Determination of Parameters for Analytical Equation

Sample Problems



5-1 前言 Introduction 

( )

(1936-1984)

( <10 %)

( )

(2004-

2012)

 

(drain field) (

= + ) 

 

 

 

5-2 解析法之推導變數及假設  

Variables and Assumptions of Analytical Equation 

5-2-1 推導變數 Derivative Variables 

( ) ( )

(S) (L) (v , recharge rate)

(K) (D) (d D

05 Part Five
第五章 橫向集水管地下排水分析法 (解析法)

5-1 前言 Introduction

5-2 解析法之推導變數及假設 
Variables and Assumptions of Analytical Equation

5-2-1  Derivative Variables

Groundwater Flow Analysis of Subsurface Drainage System 
(Analytical Approaches)



) (Hi)  

5-2-2 基本假設 Fundamental Assumptions 

( =

) (

) (excess rainfall)

5-1  

Groundwater drawdown profile due to subsurface drainage of horizontal drains under  
steady-state condition recharge from rainfall, irrigation, or upward seepage. 

 

Dupuit-Forchheimer (1863)

(radial flow) (horizontal flow)

Hooghoudt (1940)

( )

(radial flow) (horizontal flow)

5-2-2  Fundamental Assumptions



 

Hooghoudt

(

)

 

Hooghoudt

Dupuit-Forchheimer 

S

d Crenshaw and Santi (2004)

Hooghoudt Dupuit–Forchheimer

Cook, Santi Higgins (2012)

( ) (

) ( )

(H. P. Ritzema, 1973)  

 

5-3 古典解析法理論排水方程式  

Classical (Theoretical) Drainage Equation 

(

t= ) ( t=ti)

Hooghoudt (1940) Ernst (1962)

 Glover-Dumm (1954, 1960) De Zeeuw-Hellinga (1958) van Schilfgaarde et al. 

(1956)  

5-3-1 Hooghoudt 方程式(1940) (穩態排水情況) 

 Hooghoudt Equation (1940) (steady-state drainage condition) 

Hooghoudt 1940 Donnan(1946)

Donnan Hooghoudt

5-2  

5-3 古典解析法理論排水方程式 
Classical (Theoretical) Drainage Equation

5-3-1 Hooghoudt (1940) ( )
Hooghoudt Equation(1940) (steady-state drainage condition)



 

 

 

q = (m/day) 

D = (m) 

S = (m) 

h = (m) 

Kt = (m/day) 

Kb = (m/day) 

(D  0)  

(D >> h)  

 

Groundwater flows into drainage wells which extended to the impervious layer. 

5-3(a)

( )

( )

( ) Hooghoudt

5-3(b)

(d)



 

(D) 5-3(b) (d)

 

(a) (b) 

d

Application of a fictitious impervious layer located at an equivalent depth ( ) beneath horizontal drains to 
transform (a) a horizontal and radial mix flow into (b) an equivalent horizontal flow. 

Wesseling (1973) Hooghoudt S

 

 

 

ha = h/2 (m) 

d = (m)  

(

) 

Moody (1966)

(h)

Donnan

Lew and 

Graham (1988) ( ) h 80 %

ha (=0.8 h)  

Lovell and Youngs(1984) Hooghoudt

) )



 

Ernst(1962) (H. P. Ritzema, 1973)  

5-3-2 Ernst 方程式(1962) (穩態排水情況) 

Ernst Equation (1962) (steady-state drainage condition) 

Ernst (1956; 1962)

(kt) (kb) Ernst

 

Ernst 5-4

h( h)

(hv) (hh) (hr) hv hh hr  

 

 

  

  

  

Geometrical illustration of a two-dimensional (2-D) horizontal and radial mix flow converges  
on horizontal drains (based on Ernst s assumption) 

5-3-2 Ernst (1962) ( )
Ernst Equation (1962) (steady-state condition)



 

h(=hv+hh+hr)  

 

 

h = (m) 
 

q = (m/day) 
S = (m) 
Dv = (m) 
Kv = (m/day) 

(K D)h = (m2/day) 
Kr = (m/day) 
Dr = (m) 
u = (= / ) (m) 
a =  
    a=1 

  a=1 
  a

(Kb/Kt)  
   Kb/Kt 0.1 

a=1 
 0.1  Kb/Kt 50  a (Kb/Kt) (Db/Dt)

5-1  
 Kb/Kt 50  a=4 

a

Geometry factor of radial resistance (for radial flow) obtained by the relaxation method 

Kb/Kt 
Db/Dt 

1 2 4 8 16 32 
1 2.0 3.0 5.0 9.0 15.0 30.0 
2 2.4 3.2 4.6 6.2 8.0 10.0 
3 2.6 3.3 4.5 5.5 6.8 8.0 
5 2.8 3.5 4.4 4.8 5.6 6.2 

10 3.2 3.6 4.2 4.5 4.8 5.0 
20 3.6 3.7 4.0 4.2 4.4 4.6 
50 3.8 4.0 4.0 4.0 4.2 4.6 

(* Db/Dt = 下層地層厚度/上層地層厚度；Kb/Kt =下層水力傳導係數/上層水力傳導係數) 



 

(drainage intensity, DI)

(H. P. Ritzema, 1973) (DI )

 

 

 

q = (m/day) 

h = (m) 

=  

5-2  

Drainage equations of horizontal drain and comparison for their applicability in different situations. 

圖式 圖層剖面 集水管位置 適用理論 集水管排水方程式(穩態排水) 

 

均質土層 
位於土層與
不透水層交
界面上 

Hooghoudt 
(1940)/ 
Donnan 
(1946) 

 

 

均質土層 
位於不透水
層上方之土
層 

Hooghoudt 
(1940) 
 with 

equivalent 
depth 

 

 

兩 層 
均質土層 

位於兩層土
層之交界面
上 

Hooghoudt 
(1940)  

 

兩 層 
均質土層
( K t K b ) 

位於下層土
層中 

Ernst 
(1962)  

 

兩 層 
均質土層
( K t K b ) 

位於上層土
層中 

Ernst 
(1962) 



 

5-3-3 Glover-Dumm 方程式 (1954, 1960) (暫態排水情況) 

Glover-Dumm Equation (1954, 1960) (transient drainage condition) 

Glover-Dumm  (1954, 1960) S q

5-5  

Initial groundwater level and boundary conditions for Glover-Dumm equation. 

Glover-Dumm  

 

 

 

S = (m) 

K = (m/day) 

d = (m) 

t = (day) 

 = (drainable pore space) 

h0 = T= 0 (m) 

ht = T=t (m) 

Glover-Dumm

( )  

5-3-3 Glover-Dumm  (1954, 1960) ( )
Glover-Dumm Equation (1954, 1960)(transient drainage condition)  



5-3-4 De Zeeuw-Hellinga 方程式 (1958) (暫態排水情況) 

De Zeeuw-Hellinga Equation (1958) (transient drainage condition) 

5-3-5 美國墾務局方程式(1978) (暫態排水情況) 

U.S. Bureau of Reclamation (1978) (transient drainage condition) 

5-3-4 De Zeeuw-Hellinga  (1958) ( )

5-3-5 (1978) ( )

De Zeeuw-Hellinga Equation (1958) (transient drainage condition)

U.S. Bureau of Reclamation (1978) (transient drainage condition)



 

5-4 近代解析法實務排水方程式 

Modern (Practical) Drainage Equation 

5-4-1 Cook, Crenshaw and Santi 方程式(2004, 2012) 

Cook, Crenshaw and Santi Equation (2004, 2012) 

Crenshaw & Santi (2004) Hooghoudt (1940)

hmax

havg 5-6  

  

  

  

 

hmax =  

havg =  

=  

v = ( ) 

K =  

S =  

d =  

 

Hooghoudt

(surface recharge) (semi-infinite drain)

(drain field) (

)

( )

( ) ( )

(boundary effects of the drain)

5-4-1 Cook, Crenshaw and Santi (2004, 2012)
Cook, Crenshaw and Santi Equation (2004, 2012)

5-4 近代解析法實務排水方程式
Modern (Practical) Drainage Equation



 

(Lc) (

) (Crenshaw & Santi, 2004)  

 

 
hmax havg

L hmax

havg r0 S
D 

Schematic illustration to explain various measurements of parameters required to compute the 
groundwater height or piezometric head (hmax, havg) due to subsurface drainage. =the length of horizontal 
drain, hmax=maximum height of the piezometric surface (or groundwater surface) at the midpoint of two 
drains, havg=average height of the piezometric surface along the drain, r0=drain radius, S=drain spacing, 

and D=actual depth of low permeability layer beneath the horizontal drains 

 



 

(Crenshaw & Santi, 2004) ( )  

( )

(the point of drain contact)

( Lc ) 5-7  

 
vn=v/K

Hi v K 

General drawdown types of groundwater table and associated normalized recharge (vn=v/K). Hi=initial 
height of the groundwater table, v=recharge rate, and K=hydraulic conductivity. 

v K(vn=v/K)

(Type I Type II Type III)

(vn) Lc (the point 

of drain contact)  

Type I— (Lc)

( Lc=Ld) vn< 0.01 (

)  

Type II—

50 % ( Lc 0.55 Ld) 0.01 <vn< 0.3

 

Type III—

50 % ( Lc 0.55 Ld) (Lc) 0 0.55Ld vn < 0.3

( )



 

 

Type II

5-8 Crenshaw and Santi (2004)

( )

(Hi)

(L0 = 0 ft)

Lc (Lc) 1

2  

1 (Zone-1) Zone-1

(

)  

2 (Zone-2) (Zone-2)

(

)  

 

 

Groundwater drawdown profile due to subsurface drainage of horizontal drains 

10 ft(0.305 m)

 

1. (normalized recharge, vn)

( 5-7 Type-I, Type-II, Type-III)  



 

2. (Lc , the point of drain contact) 

vn 5-9(a) Lc % Lc %  

 

 

 

Lc % = Lc L =(Lc/L) 100 % 

vn =  

Lc = (

( ) ) 

3. (hmax) (havg) 

Lc (L0)

Lc L0

(Crenshaw and Santi, 2004)  

4. 1 (Zone-1)  

 

 

h1i = 1 i( 10 ft=3.05 m )

(m) 

i = i (i=10, 20, 30, …,60 ft) i  Lc(

i (m) i(ft)) 

havg = (m) 

Lc = (m) 

 

2 (Zone 2) h100

(vn) 5-9(b) Hi % h100 Hi

Hi % 2 (Zone 2)  

5. h100 



 

vn 5-9(b) Hi % Hi %  

 

 

6. 2 (Zone-2)  

 

 

Hi% = hd (=h100)

(Hi) =(hd/Hi) 100 % =(h100/Hi) 100 % 

vn =  

Hi =  

h2i = 2 i ( 10 ft=3.05 m )

(m) 

i = i (i=10, 20, 30, …,60 ft) i  Lc

i (m) i (ft) 

Lc = (m) 

h100 = (m) 

hmax = (m) 

L100  = ( ) (m) 

havg = (m) 

 

1 2

h1i  h2i hmax havg  



 

 
(a) 

(b) 

Lc

L100 Lc% h100 

Hi Hi%

(a) Chart used to obtain point of drain contact (Lc) as percentage of total drain length (L100). Plotted values 
are based on computer modeling. (b) Chart used to obtain height of water table at end of drain (h100) as 

percentage of initial water table height (Hi). 

Crenshaw and Santi (2004)

 ( )

 ( ) Cook (2009)

( ) (Lc)

(hf) 5-10 Cook, Santi & Higgins (2012)

Crenshaw and Santi (2004) Cook (2009)  



 

 

Schematic illustration of groundwater drawdown due to subsurface drainage of horizontal drains 
showing the piezometric surface estimated using the  equation. 

Cook, Santi & Higgins (2012)  (elevation angle) 5

Lc  

 

Lc (ft)  ( ) 10°( 10°)

5 °( 5 °) K 9.8 10-7 m/s (3.2 10 6 ft/s)

“ ” Lc  

hf hmax (L100, the end of the drain)

hd (=h100) / 5 °

hf hfc hfc  

 

 

 

hf = ( ) 

hd = (L100, the end of the drain) L100

(=h100=hf+hmax) 

hmax = (Lc )

( ) 

hfc  (

) 

M = ( 5-16) 

n



 

RDC(Recharge Distribution Correction)

hmax(= Lc )

(Cook, Santi & Higgins, 2012) Lcf  Ln 

L ,(Lcf, 0)  (L, hfc)

RDC  

 

 

 

 

RDCn = ( ) Ln RDC  

Ln = Lcf L (Lcf  Ln L)

Lcf = (=Lcc) 

L =  

hfc =  

 

 

 

 

 

Pn = Ln  

hp = (Specified piezometer)  

n = ( ) n

 

hmax = (Lc )

( ) 

(Ed)n = n  

hp = (specified piezometer)  

RDCp = RDC (=RDCn) 



 

Ep =  

 =  

K =  

S =  

x = (Lc )  

d = ( )  

5-4-2 Tsao, Wang and Chen 方程式(2005) 

Tsao, Wang and Chen Equation (2005) 

Tsao, Wang and Chen (2005)

5-11 5-12  

Diagram of a horizontal borehole in aquifer 

 

Diagram of horizontal drain boring 

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



 

Shin(1989)

(drainage rate)

Shin(1989) ( )  

 

 

L  =  

ho = =( H d0) 

K =  

b =  

r0 =  

R0 =  

H = R0  

d0 =  

Shin(1989) (horizontal drainage boring) r  

 

 

Q =  

2r =  

h =  

N=( C×R0 /2  ) 2  = sin-1(r/L) 

 

5-5 解析法方程式中採用變數之決定方式 

Determination of Parameters for Analytical Equation 

 

一、集水管至下方不透水層之當量深度(d) 

(D)

5-5 解析法方程式中採用變數之決定方式
Determination of Parameters for Analytical Equation



 

(reginal geology) (geologic map)

(engineering geology map) Luthin(1966) 

1/10 Hooghoudt(1940) (d)

(S) (D) (r0)

(d)  

 

 

d = ( )   

D = ( )  

S =  

r0 =  

Hooghoudt(1940) (d) 5-3  

d (r0=0.1 D  L

Equivalent depth ( ) proposed by of Hooghoudt (1940) (for =0.1 m,  and  in meter) 

 



 

D>(S/4) 5-3 d (Prellwitz, 1978) D S

5-13  

 

S D
D=S/4 D>(S/4) (d)

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 (1991) (d)  

        

  for x 0.5 

 for 1 10-6  x 0.5 

 

L = ( )  

D =  

r0 =  

u =  

b =  

 

D > S/4



 

d

Flow chart for the calculation of Hooghoudt s equivalent depth (d) 

二、集水管間距(S) 

(S) (S ) (drain field)

(Savg) Crenshaw  Santi (2004)

( )

3 m( 10 ft)

 



 

 

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

10 ft (3.05m) y(ft)

(y) y(ft)

Savg(y)  

Savg(y)=( (y))/ny 

 

Savg(y) = y (ft)  

(y) = y(ft)  

y = y(ft) ( ) 

ny = y(ft)  

 

Savg=( (0)+ (10)+…+ (y)) /n 

 

Savg =  

(y) = y(ft)  

n = y(=0,10, 20 ft ……)

=n0+n10+n20+……  

Cook et al. (2008a)  



 

1. 8 15 m  

2. 1 8 m  

3.  

4. 

 

三、集水管打設長度(Ld) 

( 25 )

( )

(Ld) 3~5 m

 (Royster 1980) ( ) 3 5 m  

四、地下水補注率(v)、正規化地下水補注率( n)及總體流率(Q) 

(v) ( )

(v=Q/A)

(Q , m3/day) A(=L  S , m2) Q

A L S

(v) ( the back of the drain)

(hd)  

    

 

v = (m/day) 

Q = (m3/day) 

L = (m) 

S = (m) 

A = L×S (m2) 

vn = =(v/K) 

K = (m/day) 



 

五、地下水水位面之初始高度(Hi) 

( ) 

20 ft (6.1 m)  

六、水力傳導係數(K) 

(K) 6.0 10 8 m/s 9.8 10 7 m/s ( SM

SC ML CL ) K

 (Crenshaw 2003) K

 

七、集水管至下方不透水層之實際深度(D) 

( )

(Luthin, 1966)

( )

(D)  

八、集水管打設仰角( ) 

2 ° 10 ° 25 ° (Cornforth 2005) Santi 

et al. (2001a,b)

5 °

(Cook 2009)  

九、低透水層傾角( ) 

( ) ( )

(  10 °)

 10 °

0 °  



 

十、修正乘數因子(M) 

M ( ) ( ) (K)

5-16  

hf ( ) 

Multiplier for use with the head correction factor, hf. The drain inclination is “ ” and the low-permeability 
layer inclination is “ ” Both inclinations should be measured in degrees. 

5-16 15 ° 10 °

5 °  

 

5-6 解析法之綜合評論(適用條件及限制) 

General Comments of Analytical Approaches (Limitation) 

30 %

5-6 解析法之綜合評論 (適用條件及限制 )
General Comments of Analytical Approaches (Limitation)



 

Greg et al. (2013)  

Cook, Santi, Higgins (2012)

( )

( =

) 5 °

10 °

Cook, Santi  Higgins (2012)

10 ° (K 9.8 10 7 m/s =3.2 10 6 ft/s)

Cook, Santi  Higgins 2012)

Cook, Santi  Higgins (2012)

Tsao, Wang and Chen (2005)  

 

5-7 解析法排水方程式計算範例 Sample Problems 

5-7-1 美國印第安納州賈斯珀(Jasper)地滑區(Crenshaw and Santi, 2004) 

Jasper Landslide, Indiana, USA 

(Jasper, Indiana) (CL)

2000 6 44

20 100 ft (6.096~30.480 m) 5-4

5-17  

 

5-7 解析法排水方程式計算範例 Sample Problems

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



 

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

Parameters required for analytical equation used to calculate the groundwater level  
of landslide at Jasper, Indiana, USA. 

相關變數 數值 數值來源 說明 

水力傳導係數
K (ft/sec) 4×10-6 Coduto, 1999 粉質粘土之典型參考值

體積流率
Q (ft3/sec) 2.23×10-3 現場記錄 2000年 6月 8日之平均流率量測值

集水管打設長度
Ld (ft) 

90 現地平面圖 集水管平均長度 

集水管間距
S (ft) 11.07 現地平面圖 分析剖面排水場域內之集水管平均間距。

採用 5-5-1節中第(二)之計算方式。 
集水管之影響面積

A (ft2) 2400 現地平面圖 集水管之估計影響面積 

補注率
v (ft/sec) 9.28×10-7 方程式計算 v=Q/A 

地下水水位面之初始高度
Hi (ft) 

7.1 3-P水位觀測井  

集水管至下方不透水層之
當量深度 d (ft) 

0.9 鑽孔柱狀圖及
圖 5-13 

 



 

1. vn Lc  

 

 

 

Type II

Lc ( )52 ft(Lc=15.85 m) 2-P

TP-2 (Ln=21 ft) TP-3 (Ln=86 ft)

1 (Zone-1) 2 (Zone-2)  

2. hmax & havg 

 

 

3.  

(a) 2-P  

 

(b) TP-2 ( 1 ) 

 

 

(c) TP-3 ( 2 ) 

 

 

 



 

5-18 TP-2 2-P TP-3

 

 

Comparison between the calculation and observation of groundwater table  
heights along the analyzed cross section. 

Comparisons between observation and computation of groundwater level along the groundwater 
drawdown profile due to subsurface drainage. 

水位觀測井 位置*(ft) 量測水位高度(ft) 計算水位高度(ft) 

TP-2 21( i=21) 
(洩降第 1區) 0 0.482(稍微高估) 

2-P 51 ( Lc=52) 
x=4.5 0.5 0.652(稍微高估) 

TP-3 86 (i=86) 
(洩降第 2區) 4.6  4.257(稍微低估) 

*由集水管之坡面起始端(出水口端)起算，進入坡內排水場域 i (ft)之深度(1ft  0.3048 m) 

5-7-2 Cook, Santi 及 Higgins (2012)試算表計算範例 

Calculation Spreadsheets by Cook, Santi & Higgins (2012) 

K=1.6×10-7 m/s v=9.75×10-9 m/s Ld=27 

m S=5 m r0=0.013 m =10

=5 M=0.72 Hi=5.5 m (

) (Elevation of Drain Outlet) (Ed)n=0=0.61 m ( )

(Elevation of Low-Permeability Layer Below the Drain Outlet) (Elp)n=0=0 m  

(n = 1 m

27 m n=0, 1, 2, 3, ……, 26, 27 ) 

1. n (Ed)n (Elp)n

Daverage d  

5-7-2 Cook, Santi  Higgins (2012) Calculation 
         Spreadsheets by Cook, Santi & Higgins (2012)



 

(Ed)n = (Ln×tan )+(Ed)n=0  

(Elp)n = (Ln×tan )+(Elp)n=0 

Dn= (Ed)n  (Elp)n  
Daverage= Dn /(n+1)=1.81 m 

 

(Ed)n (Elp)n Dn 5-6  

2. vn 

 

3. hmax hd hfc 

 

 

 

 

 

4. Lcc (1 m=3.28 ft) 

 

 

 

5. n RDCn Pn 

RDCn 5-6

5-19  



 

Predicted groundwater drawdown due to subsurface drainage of horizontal drains. 

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

Ln 
(m) 

(Ed)n 
(m) 

(Elp)n 
(m) 

D 
(m) 

RDCn 
(m) 

Pn 
(m)

0 0.61 0.00 0.61 0.00 0.61 
1 0.79 0.09 0.70 0.00 0.79 
2 0.96 0.17 0.79 0.00 0.96 
3 1.14 0.26 0.88 0.00 1.14 
4 1.32 0.35 0.97 0.00 1.32 
5 1.49 0.44 1.05 0.00 1.49 
6 1.67 0.52 1.14 0.00 1.67 
7 1.84 0.61 1.23 0.00 1.84 
8 2.02 0.70 1.32 0.00 2.02 
9 2.20 0.79 1.41 0.00 2.20 

10 2.37 0.87 1.50 0.00 2.37 
11 2.55 0.96 1.59 0.00 2.55 
12 2.73 1.05 1.68 0.00 2.73 
13 2.90 1.14 1.76 0.00 2.90 
14 3.08 1.22 1.85 0.00 3.08 
15 3.25 1.31 1.94 0.00 3.25 
16 3.43 1.40 2.03 0.02 3.67 
17 3.61 1.49 2.12 0.08 3.90 
18 3.78 1.57 2.21 0.14 4.14 
19 3.96 1.66 2.30 0.20 4.38 
20 4.14 1.75 2.39 0.26 4.62 
21 4.31 1.84 2.48 0.32 4.85 
22 4.49 1.92 2.56 0.39 5.09 
23 4.67 2.01 2.65 0.45 5.33 
24 4.84 2.10 2.74 0.51 5.56 
25 5.02 2.19 2.83 0.57 5.80 
26 5.19 2.27 2.92 0.63 6.04 
27 5.37 2.36 3.01 0.69 6.28  





06 Part Six

6-1  

6-2

Numerical Model of Fictitious Slope

Design Variables for Horizontal Drains and Drainage 
Well

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

Material Model Parameters
6-3

Implementation of numerical simulation
6-4

Results of Parametric Study
6-5



( )

(Steady-state condition) (Transient condition) (

2017)  

6-1 虛擬邊坡數值模型 

Numerical Model of Fictitious Slope 

一、幾何模式 

6-1 Ld S E :

X Y Z (X-

=0~250 m Y- =0~200 m Z- =0~100 m) 21.8  (

) Y=70 ~130 m

60 m Y=100 m 6-1(a)

L-L T-T 6-1(b)  

 
(a) 

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

06 Part Six
第六章 橫向排水工法各類設計變數之參數研究
             (數值分析 ) 

6-1虛擬邊坡數值模型 Numerical Model of Fictitious Slope



 

(b) 

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

二、位移及水力邊界條件 

( roller boundary)

X=0 Y=0 Z 0

( hinge boundary) X=0 Y=0 Z=0  

(Groundwater flow boundary) Y-Z (open)

(constant head boundary) X-Z

(closed) (Zero flux 

boundary) (open) X-Y (closed)

 

三、初始地下水水位設定 

Y-Z

G.W.L=70 m Y-Z G.W.L=0 m

6-2  



 

Initial groundwater level specified for parametric study. 

 

6-2 橫向集水管及集水井設計變數 Design Variables  

for Horizontal Drains and Drainage Well 

: E S

Ld ( 6-1) E

 

一、平行橫向集水管 

E (=30 m 40 m 50 m 60 m)

5 6-3 S=15 m Ld=100 m

(steady-state condition)  

6-2橫向集水管及集水井設計變數  
Design Variables for Horizontal Drains and Drainage Well



 

(a) (b) 

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

E=30 m

S=3 m 5 m 10 m 15 m 4 ( 21

13 7 5 ) Ld S Ld=50 m 75 

m 100 m 125 m 150 m 175 m 6 S Ld

24 (4×6=24) (transient condition) (steady-state 

condition) 6-4  

(a) (b) 

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. 

二、扇狀橫向集水管 

E(=30 m 40 m 50 m 60 m) 5

6-5 (fan angle) 8.5 Ld=100 m

Y=70 ~130 m



 

Y=100 m (steady-state condition)

 

(a) (b) 

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

三、集水井 

:(1) (X-

=150 m Y- =100 m Z- =60 m) 1 (2) (X- =200 m Y- =100 

m Z- =40 m) 1 (3) 1 4 m

30 m 7.5 m 4

5 6 5 6 30 Ld=100 

m 6-6 (steady-state condition)

 

(a) (b) 

Numerical model for parametric study on installation location of drainage well  
(a) 3-D perspective view (b) 2-D side view. 



6-3 材料模式參數 Material Model Parameters 

6-4 數值模擬執行 Implementation of Numerical Simulation 

6-5 參數研究成果 Results of Parametric Study 

6-3材料模式參數 Material Model Parameters

6-4數值模擬執行 Implementation of Numerical Simulation

6-5參數研究成果 Results of Parametric Study



(a) 

(b) 

6-5-1 集水管長度 Drain Length 6-5-1 Drain Length



 

Ld 125 m ( Ld>Lpss=115 m) FS

(Ld>Lpss)

 

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

Influence of installation length and spacing of parallel horizontal drain  
on the safety factor of slope. 

Ld S hwmax

6-10 Ld

hwmax S

Ldt ( 6-7(a))

( ) hwmax



 

 

Influence of installation length and spacing of parallel horizontal drains  
on the maximum groundwater drawdown. 

6-11 S=10 m

Ld=75~150 m Ld hwmax

( ) Ldt

 

(a) (b) 

(c) (d) 

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). 



6-5-2 集水管間距 Drain Spacing 

(a) (b) 

6-5-2 Drain Spacing



 

(c) (d) 

Ld=125 m

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

Q q 6-14

(t  day) S

q  

q

Relationship between the installation length/spacing of parallel horizontal drains  
and the average drainage capacity of a single drain. 

(steady-state condition) S FS

(t )

S (steady-state condition)

S

(transient condition) S  



 

(transient condition) Ld=125 m

S 60 6-15

1~5 FS 6-2 S

t=1~60 day S

FS

FS S

 

t=0~60 days

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) FS (%)=Promoting percentage of FS (%) 

3 28.7 34.7 36.6 37.5 38.4 39.8 42.6 49.1 57.9 

5 26.2 32.7 34.6 35.5 36.9 38.8 41.6 48.6 57.5 

10 22.2 29.5 30.9 32.4 33.3 36.7 40.1 46.4 56.5 

15 21.3 27.7 29.7 31.2 32.2 35.1 39.1 46.0 55.9 

備註： FS (%)=[FS(t )-FS(t=1~60 day)]×100 %/[FS(0 day)] 

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



6-5-3 集水管打設高程 Drain Elevation 6-5-3 Drain Elevation



(a) (b) 

(c) (d) 

6-5-4 集水管平行與扇狀打設型式之比較  

Comparison of Configuration Pattern 

6-5-4 
         Comparison of Configuration Pattern



(a) 

(b) 



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 

Type of horizontal drains Total discharge capacity 
 (m3/day) 

Average drainage capacity 
(single drain) 

 (m3/day) 
Fan-array 108.66 21.73 

Paralle 113.86 22.77 

6-5-5 集水井施設位置 Location of Drainage Well 

集水井配置位置 中邊坡 
(單座) 

下邊坡 
(單座) 

中、下邊坡 
(雙座) 

1.462 1.528 1.573 

未施設集水井之安全係數 =1.293 

1

= 39.2 m =25.6 m

= 15.5 m 2 = 

6-5-5 Location of Drainage Well



 

24.8 m)

63%(  24.8 m/39.2 m)

6-20  

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

集水管配置位置 中邊坡 
(單座) 

下邊坡 
(單座) 

中、下邊坡(雙座) 

中邊坡 下邊坡 

hwmax (m) 15.5 24.8 39.2 25.6 

 

(a) (b) 

(c) (d) 

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

Q (m3/day) 6-7

:

1

(

)  



 

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

集水井配置位置 中邊坡 
(單座) 

下邊坡 
(單座) 

中、下邊坡 
(雙座) 

Q (m3/day) 149.16 189.15 220.78 

 

  





07 Part Seven

7-1 
      ( 2017) 

7-2

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

Remediation Work on Li-Shan Landslide

Illustration of Case Histories of Subsurface
Drainage Remediation



( 700 ) 2008 9

20 40

 

7-1-1 地理位置 Location 

166 40

7-1  

A-A B-B
Location of You-Ye-Lin landslide. 

07 Part Seven
第七章 橫向集水管地下排水工程案例解說

7-1-1  Location

Illustration of Case Histories of Subsurface Drainage Remediation

7-1 幼葉林地滑地橫向集水管地下排水工法之設計與分析 (林德貴等，2017)
Design and Analysis of Subsurface Drainages of You-Ye-Lin Landslide 

(Lin D.G. et al., 2017)



 

7-1-2 氣候、地形及地質 Climate, Topography and Geology 

82 %

( )

23.0 °C 7 28.5 °C 1 16.3 °C

5 6 10

8 17.6 5~9

1776~4306 mm (2003~2016 3050 mm) 10

3  

820 m~1110 m(

1,000 m)

3 6 5 (Sheng-

Mao-Shu creek)

(Hai-Tu-Lun creek)

166 (Road No. 166)

 

- (NE-SW)

- - 50

(Ss/Sh)  

(Colluvium)

8.65 ~ 35.8 m

(CL) (ML) (CL~ML)

(SM)  

(Sh)

7-1-2  Climate, Topography and Geology



7-1-3 颱風季節之地滑災害 Landslide in Typhoon Seasons 

主要道路出現張力裂隙 民宅出現張力裂隙 主要道路出現傾倒破壞

滑動破壞使道路沉陷 擋土牆損壞使道路沉陷 主要道路旁之擋土牆損壞

7-1-3  Landslide in Typhoon Seasons



 

7-1-4 現地監測 Field Monitoring 

B04-W B08-W B09-W B12-W

(RA-1 RA-2) ( )  

一、颱風降雨及地下水水位變動 

7-1 7-3 

YY-B08-W YY-B09-W YY-B10-W YY-B12-W

4~6 10~15

2.0 ~ 

4.5 m

YY-B09-W YY-B10-W  

104/05/24~104/05/28( ) 459.5 mm  

104/8/6~104/8/13( ) 824 mm 104/8/14~104/8/26

685 mm 104/9/27~104/9/29( ) 778 mm 3

104/05/24~104/05/28( ) 104/9/27~104/9/29( )

104/8/6~104/8/13( ) 824 mm 104/8/14 104/8/26

685 mm

800 mm

 

Groundwater rise in typhoon seasons. 

Typhoon Observational 
well 

Initial 
groundwater level 

(m) 

Maximum 
groundwater level 

(m) 

Rise variation 
(m) 

Soudelor 
(2015/8/6~2015/8/9) 

B08-W -11.60 -7.39 4.21 
B09-W -34.00 -21.19 12.81 

Dujuan 
(2015/9/27~2015/9/29) 

B08-W -6.88 -6.72 0.16 
B09-W -35.22 -24.32 10.90 

Megi 
(2016/9/25~2016/9/28) 

B08-W -16.20 -15.00 1.20 
B09-W malfunction malfunction malfunction 
B12-W -16.90 -12.97 3.97 

7-1-4 Field Monitoring



 

 

(a) B08-W (b) B09-W 

(c) B08-W 
(d) B09-W 

(e) B12-W 

(f) Automatic rain gauge 

Monitoring of groundwater level variation and groundwater rise in response  
to the torrential rainfall during typhoons. 

二、颱風降雨及地層位移 

 



 

2015 8 6 3 YY-B09-W YY-B10-W 

YY-B12-W (or B09-W, B10-W, B12-W) 40 ~ 63 mm

2016 9 25 (2016/09/25~2016/09/28) 1 

(YY-B12-W) 5 73 

~ 140 mm  

3 YY-B09-W YY-B10-W YY-B12-W (or B09-W, B10-W, B12-W) 

7-4

-36 m -21 m -12 m

B09-W B10-W 2015/08/29 ~ 

2015/09/02 (2015/08/06 ~ 

2015/08/09) 24  

 

B-B

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



 

三、地球物理探測-地電阻法 

7-5(a) YY-B09-W YY-B10-W

7-5(b) (apparent electrical 

resistivity structural model) RIP-1 250 m

2

16 ~23 m  

 ( a =15~125 -m)

5.0 ~ 30 m (clays and saturated silt a =0~100 -m; clayey sand a =200~500 -

m) 

RA-1(YY-B12-W) 17 m

 

(a) 



 

(b) 

(c) 

(d) 



 

(e) 

2-D
2-D 3-D 3-D

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 緊急橫向集水管施設(淺層排水)  

Horizontal Drains for Emergent Remediation (Shallow Drainage) 

 

5 (horizontal drains)

30 m

3.0 m 12 cm 7.6 

YY-W02

8 10-6 cms ( YY-H10) YY-W01

4.8 10-5 cms ( YY-H08) 6.32 10-4 ~ 2.11 10-6 cms

1~3 m

 

7-1-5 ( )  
         Horizontal Drains for Emergent Remediation (Shallow Drainage)



 

5 (2016 2500 m)

2-D

0.89 m ( )

 

(YY-B12-W)

17 m

 

7-1-6 集水井配置(深層排水)  

Drainage Well for Long-Term Remediation (Deep Drainage) 

7-2  

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

 Drainage Well-1 Drainage Well-2 
集水井深 (m) 20 16 
集水井直徑(m) 4 4 
集水井井身材料 鋼襯鈑環片 鋼襯鈑環片 

集水管配置高程(m) 
(距離地表面深度) 

第一層 5 第一層 4 
第二層 10 第二層 8 
第三層 15 第三層 12 
第四層 19 第四層 15 

集水管配置數量(根) 

第一層 6 第一層 6 
第二層 5 第二層 5 
第三層 5 第三層 5 
第四層 6 第四層 6 

集水管配置長度 (m) 50 50 
集水管配置仰角 ( ) 8 ~10  8 ~10  
集水管扇狀圓心角 ( ) 120 150  120 150  
集水管直徑 (mm) 7.62 7.62 
集水管材料 PVC PVC 

排水管直徑 (cm) 10 10 
排水管俯角 ( ) 8 ~10  8 ~10  
排水管材料 HDPE HDPE 

7-1-6 ( ) 
         Drainage Well for Long-Term Remediation (Deep Drainage)



 

7-1-7 滑動邊坡數值模型 Numerical Model of Landslide 

一、幾何模型 

(2008)

2008~2016

6-6 : 

X Y Z (X- 0~264 m Y- 0~185 m Z- 0~133.6 

m) (2017)

 

 

Three-dimensional ( - ) numerical model of You-Ye-Lin landslide. 

二、邊界條件 

7-6

( roller boundary) X=0 Y=0 Z 0

( hinge boundary)

X=0 Y=0 Z=0  

(groundwater flow boundary)

7-6 ( Y-Z plane X-Z plane ) (

7-1-7  Numerical Model of Landslide



 

X-Y plane ) (open boundary)

(constant head boundary) ( X-Y plane )

(closed boundary) (zero flux boundary)  

三、初始地下水水位面之計算設定 

B12-W

( 2016/09/26~2016/09/28)

 

Ksat(=Ks) 1.0 10-4 cm/sec B12-

W 16.9 m Flow conditions

4 (G.W.L. z )

7-7 4

B12-W 12.9 m

7-7

( ) ( ) 5.0 m

0.13 m  

 
Ksat 1.0 10-4 cm/s

Pressure head boundaries specified at the four corners of numerical model to calculate the initial 
groundwater surface for Ksat=1.0 10-4 cm/s(=Ks) of colluviums. 



 

7-1-8 集水井及橫向集水管數值模型 Simulation of Drainage Well 

(Vertical Shaft with Horizontal Drains) 

(shell element)

(drain element) / (interface element)

 

(drain element) Line Drain

(normal) (vacuum) (mode)

Line Drain h Line Drain ( )

h ( ) Line 

Drain (normal mode) h 0 m 7-8  

( )

(interface 

element) 7-9  

 

 
(a) 

7-1-8   
         Simulation of Drainage Well (Vertical Shaft with Horizontal Drains)



 

(b) 

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 

 

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

7-1-9 材料模式參數 Material Model Parameters 

一、土壤材料參數 

3 - (Mohr-Coulomb 

model, M-C) 7-3  

7-1-9  Material Model Parameters



 

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

Soil 
layer Soil Type Material 

Type 
unsat 

( sat) 
(kN/m³)

E  
(kN/m2)  c  

(kPa)
 

(°)
 

(°) 
sat 

(％) 
Ksat 

(m/hr) 

First Colluvium drained 20.89 
(23.37) 2 105 0.30 10.00 28 0 0.525 

3.6 10-2

~ 
3.6 10-4

Second Shale drained 21.88 
(23.82) 7×105 0.35 39.24 29 0 0.010 3.6 10-5

Third Sandstone drained 23.44 
(23.84) 7×106 0.30 0 35 0 0.370 3.6 10-5

備註：(1) Colluvium之 Ksat值為 3.6 10-2、3.6 10-3、3.6 10-4 (m/hr)，研究成果只討論 
Ksat=3.6 10-3 m/hr。 

二、結構材料參數 

(Plate)

(Plate element) 7-4

 

Input material model parameters of corrugated steel sheet liner for slope stability analysis 

Material 
behavior 

Thickness 
(m) 

 
(kN/m3)  E  

(GPa) 

Linear isotropic 3.2 10-3 77 0.3 200 

備註： 
(1)  = 鋼材單位重 = 77.00 kN/m3 (James M.Gere and Barry J.Goodno, 1972) 
(2)  = 鋼材柏松比 = 0.27~0.30 (James M.Gere and Barry J.Goodno, 1972) 
(3)E  = 鋼材楊氏模數 = 200 GPa (Andrew Pytel and Jaan Kiusalaas, 2003) 

7-1-10 數值模擬驗證（與現地觀測資料比對） 

Verification of Numerical Model 

7-10(a)

7-10(b)

7-10(c)

7-10(d)  

7-1-10 
           Verification of Numerical Model 



 

( B-B ) ( 7-10(e)) ( 7-10(f))

( 7-10(e))

( 7-10(f))

( 7-10(e))

 

(a) (b) 

(c) (d) 



 

(e) 

(f) 

B-B

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 
-  profile (f) monitored 2-D potential sliding surface along B -B profile 

7-1-11 滑動區位分析 Analysis of Potential Sliding Surface 

7-11

( 7-11(a-1)) 20

( 7-11(b-1))

A-A ( (a-2))

A-A ( (b-2))  

7-1-11  Analysis of Potential Sliding Surface



 

(a-1)地表滑動區位 (b-1)地表滑動區位 

(a-2)A-A剖面滑動深度 (b-2)A-A剖面滑動深度 

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

7-1-12 地下水水位洩降分析 Analysis of Groundwater Drawdown 

(transient condition) (steady-state 

condition)  

Ksat=1.0 10-4 cm/s A-A

7-12 1 20

Ldt(= ) ( ) 1

( ) 20 m

2 ( )

1 24 m Ldt1

1

2 10.5 m (=24-13.5 m) 2

 

7-1-12  Analysis of Groundwater Drawdown



hw1,max hw2,max 1 2

20 1 hw1,max=10.19 m

2 hw2,max =13.00 m

A-A C1-C1 20

81 m 71 

m 10 m 10.19 m

Ksat=1.0 10-4 cm/s

KS =1.0 10-4 cm/sec

time (day) 1 2 3 4 5 10 20 

hw1,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 

Ksat=1.0 10-4 cm/s A-A

A-A  



 

(a) (b) 

C1-C1 20

Transverse variation of groundwater level and groundwater head contour of C1-C1  profile which 
perpendicular to A-A  profile at the maximum groundwater drawdown ,  (a) before (b) after 20-day 

subsurface drainage in typhoon season. 

 

7-1-13 集水井之橫向集水管排水容量分析 Discharge Capacity of 

Horizontal Drains 

1 w1 Q

d1 d2 d3 d4 2 ( 2

3 Qw2d3)( 7-8(b))  

B12-W 12.97 m 1 2

11 m 5 m 1 1 2 (Qw1d1 Qw1d2)

2 2 (Qw2d2)

1 7-14 7-6

 

7-1-13  
          Discharge Capacity of Horizontal Drains



 

(B-b-1) 

(B-b-2) 

Ksat=1.0 10-4 cm/s 
1 2

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 ( =1.0 10-4 cm/sec) 

 1 2

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

Drainage 
Duration 
t (day) 

Discharge of Horizontal Drains at Four Elevations 
Qi (m3/day) 

(i=w1d1~w1d4)

Total Discharge of 
Drainage Well-1 

QW1
 (m3/day) 

w1d1 w1d2 w1d3 w1d4 = Qi 
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 m3/day=1.157 10-5 cms (m3/sec), w1d1=horizontal drains of Well-1 installed at highest elevation d1) 

(b) 



 

Drainage 
Duration 
t (day) 

Discharge of Horizontal Drains at Four Elevations 
Qi (m3/day) 

(i= w2d1~w2d4)

Total Discharge of Drainage Well-2
QW2 (m3/day) 

w2d1 w2d2 w2d3 w2d4 = Qi 

1 7.848 21.696 101.760 236.664 367.968 

2 2.808 14.592 76.704 214.440 308.544 

3 2.424 10.368 60.432 195.696 268.920 

4 2.544 8.208 51.456 182.112 244.320 

5 1.488 6.984 45.816 171.552 225.840 

10 0.384 3.408 32.832 140.736 177.360 

20 0.240 1.296 24.264 119.112 144.912 

(1 m3/day=1.157 10-5 cms (m3/sec), w2d4=horizontal drains of Well-2 installed at lowest elevation d4) 

7-1-14 穩定性提升效益 Promotion of Slope Stability Analysis 

Ksat 1.0 10-4 m/hr FS(t)

20 1.383 1.521(

1.5) FS(t)

7-7  

KS=1.0 10-4 cm/s

Variations of groundwater drawdown and factor of safety with elapsed time during  
subsurface drainage (KS=1.0 10-4 cm/s) 

Drainage 
Duration 

t 
(day) 

Groundwater Drawdown 
of B12-W 

Hw(t) 
(t=0~20 day) 

(m) 

Groundwater 
Drawdown 
Percentage  

Pdrawdown 
(%) 

Variation of 
Factor of Safety 

FS(t) 
(t=0~20 day) 

Increasing 
Percentage of 

Factor of Safety
PFS 
(%) 

0  1 -12.97  -15.27 17.73 1.383  1.443 4.34 
1  2 -15.27  -16.97 30.84 1.443  1.479 6.94 
2  3 -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 
4  5 -18.17  -18.67 43.95 1.499  1.501 8.53 
9  10 -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 (%)= [ Hw(t)]×100 % / Hw(0 day) = [ Hw(t)  Hw(0 day)]×100 % /(-12.97) 
PFS (%)=[ FS(t)]×100 % / FS(0 day) = [ FS(t)  FS(0 day)]×100 % / (1.383) 

7-1-14  Promotion of Slope Stability Analysis



7-2 梨山地滑整治工程(林德貴、朱家勁、蘇苗彬，2017) 

Remediation Work on Li-Shan Landslide 

7-2-1 地理位置 Location 

7-2-2 地形與地質 Topography and Geology 

7-2梨山地滑整治工程 
Remediation Work on Li-Shan Landslide

7-2-1  Location

7-2-2 Topography and Geology



 

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

ISRM 7-8 63 m

9

26 m 40 60 m

 

Features of soil strata for Li-Shan landslide. 

地層名稱  說明 ISRM
1. 崩積層  褐色粉砂、岩石碎片及礫石 VI 
2. 高度風化層  材料仍保持岩層原組織的黑色粘土、粉砂或砂質土 V 
3. 中度風化層  黑色粒狀(直徑 2∼30 mm)碎塊岩心，地表之露頭富含裂隙 III, IV
4. 低度風化層  黑色圓形或片狀(直徑 5∼10mm)岩心，地表之露頭為新鮮岩盤 II 
5. 新鮮岩盤  黑色柱狀岩心(長度 50 mm, RQD 75) I 

Li-Shan Fault

Li-Shan Potential 
Landslide Area

Li-Shan Fault

Li-Shan Potential 
Landslide Area

Fu-Shou-Shan Farm

Da-Jia River

Li-Shan Hotel

S

N

E W

N

S

W E
Li-Shan Fault

Li-Shan Potential 
Landslide Area

Li-Shan Fault

Li-Shan Potential 
Landslide Area

Li-Shan Fault

Li-Shan Potential 
Landslide Area

Li-Shan Fault

Li-Shan Potential 
Landslide Area

Li-Shan Fault

Li-Shan Potential 
Landslide Area

Li-Shan Fault

Li-Shan Potential 
Landslide Area

Fu-Shou-Shan Farm

Da-Jia River

Li-Shan Hotel

S

N

E W

S

N

E W

N

S

W E

N

S

W E



 

7-2-3 地滑發生機制及主要原因 Mechanism and Main Causes of 

Landslide 

1990 4 11~15 7  ( )

100 m

150 m 20 m 300,000 m3 20 %

 

7-17 155.5 mm 4 19 1.87

4 10~20 586.0 mm 4 957.5

mm 50

 

 

Precipitation record of April in 1990 based on Li-Shan rainfall monitoring station 

7-2-3  
         Mechanism and Main Causes of Landslide



 

7-2-4 地下排水及整治工程 Subsurface Drainage and Remediation 

1990

30~70 m

1995~2002 ( 7 )

915,893,000 ( 9.15 , billion)

: 

7-18

1995 ~2000 15 1997~2002 2

8.5 m

 FS=1.20 (SWCB, 2003)

 

 

Configurations of subsurface drainages and remediation works in Li-Shan landslide. 

7-2-4  
         Subsurface Drainage and Remediation



 

一、集水井(井筒及橫向集水管) 

7-19(a)

15 (1995~2000) 7-19(b)

(vertical shaft) 3.5 m 15 40 m

2 10 5 10 40 70 m

70 100 mm (horizontal drains)

Y2 W-6(20 m)

W-7(25 m) W-8(15 m)  

(a) (b) 

 (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) 

二、排水廊道 

(drainage gallery)

(sub-vertical)

sliding surface

horizontal drain

vertical shaft

drainage pipe

horizontal drain

vertical shaft

drainage pipe

sliding surface

sliding surface

horizontal drain

vertical shaft

drainage pipe

horizontal drain

vertical shaft

drainage pipe

sliding surface



 

900 m(G1 =350 m(1999~2001 ) G2 =550 

m(1997~2003 )) Y2 7-18 G1 G2

1910 m 1865 m  1~2 %

7-20 (water collection 

chamber)

30~70 m 80 m

 

 

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

2.07 m 2.1 m

7-21

6 m 3 m 3 m G1 5

12 24 40 60 m 4,873 m G2

10 10,700 m Q

36 90 m3/hr QG1=60 90 m3/hr QG2=36 60 m3/hr  

 



 

(a) (b) 

(c) (d) (e) 

2.07 m 2.1 m 3 
m 3 m

(a) (b) gallery with a smaller cross sectional layout (width height=2.07 m 2.1 m) for drainage 
 (c) water-collection chamber with enlarged cross section (width height=3 m 3 m) and sub-vertical 

drainage boreholes (water collection pipes) (d) groundwater collected in chamber (e) outlet of gallery 

7-2-5 梨山地滑區及地下排水之數值模型 

Numerical Model of Subsurface Drainage in Li-Shan Landslide 

Y2 ( 7-18) FEM, 

Finite Element Method LEM, Limit Equilibrium Method

 

一、初始條件及邊界條件 

7-22

2156 m 1768 m 830 m Ng, CWW  Shi, Q (1998)

7-22(a) CD

gusset
plate

water collection pipe

Unit mm

H-section steel 
reinforcement

steel liner

gusset plate

C-section steel 
foundation

invert H-section steel

water collection pipe water collection pipe

gusset
plate

water collection pipe

Unit mm

H-section steel 
reinforcement

steel liner

gusset plate

C-section steel 
foundation

invert H-section steel

water collection pipe water collection pipe

7-2-5  
          Numerical Model of Subsurface Drainage in Li-Shan Landslide



 

AB (Q=0)

AD BC

H=2140 m 1750 m H-10 W-6 W-

7 W-8 B4 B5 G1 G2 Y2 7-22(b)

 

(a) 

 
(b) 

(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 



 

二、地下水排水系統數值模擬 

(line-type) (point-type)

 

( )  

(Q 

(potential seepage face review) = 0)

Q=0 7-22

hp = 0

 ( hp  0)(

) ( hp  0)

(

) (hp = 0)

 

( )  

5 ( )

7-22(a)

(G1 = 1000~1500 l/min=60~90 m3/hr G2

 = 600~1000 l/min=36~60 m3/hr)

qG  

C
G

G
C

GG

G
G N

L
QN

Nl
Qq )m-hr/m( 3

 
NG= (NG1=5 NG2=10) lG= (lG1=lG2=6 m); LG=

(LG1=6×5=30 m, LG2=6×10=60 m) NC=

(NC1=NC2=5) 5 G1

G2 qG1= 0.5 m3/hr  qG2= 0.16 

m3/hr  

( )  



 

(SWCC, Soil Water Characteristic Curve)

(Green and Corey, 1971; van Genuchten, 

1980; Kovács, 1981; Arya and Paris, 1981; Fredlund and Xing, 1994; Aubertin et al., 

2001) SWCC

SWCC

K(uw)~uw SWCC uw

SWCC K(uw)~uw

Ksat Fredlund and Xing (1994)

SWCC Ksat K(uw)~uw Tsaparas, et 

al. (2002) 

- 7-9 7-10

c Fredlund et al. (1996)

7-10

b

10 ~15 ( = b /2)  

 Input material model (unsaturated model) parameters for seepage analysis 

土層類型 飽和體積含水量 
 sat (％) 

飽和水力傳導係數 
 Ksat  (×10-2 m/hr) 

崩積層 0.281 5.868 
強至中度風化板岩 0.206 2.858 

弱度風化板岩至新鮮板岩 0.230 4.9×10-4 
=S×n ; sat=1×n=n (S =飽和度, n =孔隙率) 

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

土層類型 單位體積重 
 (kN/m³) 

凝聚力 
c  (kPa) 

摩擦角 
 (°) 

當量吸力摩擦角
b(°) 

崩積層 17.07 10.79 27 10 
強至中度風化板岩 22.56 19.62 28 10 

弱 風化板岩至新鮮板岩 27.06 294.3 33 0 
(1) , c  及  由現地調查及直剪試驗決定。 
(2)採用修正摩爾庫倫破壞準則  [c n-ua) tan ua-uw) tan b] 進行邊坡穩定分析。其中， ua及 uw分
別為分別土體之孔隙氣體壓力及孔隙水壓力。 

(3)上述方程式中，當量吸力摩擦角 b為基質吸力對不飽和土壤提供之額外抗剪強度。 



 

三、數值分析執行 
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7-2-6 地下排水工法效益評估 
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一、降雨滲流分析驗證 
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二、地下排水工法整治功效 
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三、地下排水工法施作前、後潛在滑動面之穩定性 
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 Three otential liding urfaces ( ) along -  in Li-Shan landslide and their corresponding 
monitoring points (a) ~  for 1st-PSS (b) ~  for 2nd-PSS (c) ~  for 3rd-PSS 



 

FS 1

(FS 1.0)

7-11

( 2001) FS ( 1997)

(%)  

 Factors of safety with and without subsurface drainages along potential sliding surfaces 

潛在滑動面 
(PSS) 

穩定性安全係數 FS 
(1) 地下排水工法施作前 (2) 地下排水工法施作後 

降雨期間之變化 降低百分比 (%) 降雨期間之變化 降低百分比 (%)
第一潛在滑動面 

(1st-PSS) 1.148 1.096 4.53 1.240 1.228 0.96 

第二潛在滑動面 
(2nd-PSS) 1.317 1.263 4.10 1.521 1.512 0.59 

第三潛在滑動面 
(3rd-PSS) 1.250 1.210 3.20 1.459 1.452 0.48 

(1)安珀颱風期間 (1997年，降雨延時 t=41 hr) (圖 7- 23(a)) ，地下排水工法尚未完成。 
(2)桃芝颱風期間 (2001年，降雨延時 t=29 hr) (圖 7-23(b)) ，地下排水工法已完成。 

Rahardjo and Leong (2002) Rahardjo (2012)

Santoso et al. 

(2009) (Ld/Sd) :

Ld/Sd =4 9 FS 12 15%  

四、地下排水工法施作前、後第一潛在滑動面之孔隙水壓及其穩定性安全係數 FS  
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 Variation of factor of safety of -  (a) Amber Typhoon (1997/8/28~1997/8/29) without remediation  
(b) for Toraji Typhoon (2001/7/29~2001/7/31) with remediation 

五、地下排水對於體積含水量之影響 
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六、不同重現期距之降雨強度對邊坡穩定之影響 
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