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簡報大綱簡報大綱

• 坡地工程地球物理探測

• 二維地電阻探測應用案例

• 二維地電阻探測的解析能力、陷阱與對策

電探在坡地含水特性的量化分析• 電探在坡地含水特性的量化分析



地滑評估需考慮的問題地滑評估需考慮的問題

• 水文地質模式與材料特性

• 滑動面位置與滑動體的三維幾何

• 邊坡位移的偵測與描述邊坡位移的偵測與描述



地物探勘的角色地物探勘的角色

• 調查邊坡的地質結構

• 量測與工程參數相關的物理性質• 量測與工程參數相關的物理性質

地工調查方法 地球物理探勘
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地物影像探測地物影像探測

Resistivity (ERT) P-wave velocity (Traveltime)y ( ) y ( )

Reflection
S-wave velocity y

(Surface Wave)



坡地工程地球物理探測坡地工程地球物理探測

(Hack 2000)



坡地工程地球物理探測坡地工程地球物理探測

(Bell et al. 2006)



坡地工程地球物理探測案例坡地工程地球物理探測案例

(Jongmans & Garambois 2007)



地電阻影像探測地電阻影像探測



Electrical Resistivity Tomography(ERT)
1D 2D 3D1D →2D → 3D



二維地電阻探測應用案例二維地電阻探測應用案例



地物探勘應用的瓶頸地物探勘應用的瓶頸

• 物理性質與工程性質的連結

• 地物探勘結果的過度承諾• 地物探勘結果的過度承諾



2D2D--ERTERT的解析能力、陷阱與對策的解析能力、陷阱與對策

反算的非唯一性• 反算的非唯一性

• 探測深度與解析度

• 陷阱-三維效應

To help people understand the limitation of what theyTo help people understand the limitation of what they 
can achieve through geophysics and much more on the 
value of compromise, consensus, and collaboration.



地物探測的反算地物探測的反算
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ERTERT的反算非唯一性的反算非唯一性
Pseudosection

12

1219
2020

Initial model = 
PseudosectionPseudosection

True model = homogeneous 15 ohm-m

14~15.5

I i i l d l A A RInitial model = Avg AppRes

Res2Dinv



ERTERT的反算非唯一性的反算非唯一性
Pseudosection

Initial model = Pseudosection

25

Initial model  Pseudosection
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True model = homogeneous 15 ohm-m

Initial model = Avg AppRes

18

18

11

EarthImager



ERTERT的反算非唯一性的反算非唯一性––對策對策

• 測試不同初始模型

• 以既有資訊束制或優選反算解

• Joint inversion• Joint inversion

EngineerEngineer

Geophysicist



2D2D--ERTERT測線規劃與探測深度及解析度測線規劃與探測深度及解析度

Electrode spacing:
Trade off between resolution and penetration depth
Usually 2 m spacing for L=100 mUsually, 2 m spacing for L=100 m

5m spacing for L=200 ~ 500 m
10 m spacing for L = 500~1000 m10 m spacing for L  500 1000 m

Electrode spacing ≈ 1/10~1/20 maximum penetration depth
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0.173~0.19  Medium  Medium  Vertical‐Lateral 
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Pole‐Pole  0.862 Widest Telluric noise Poor



2D2D--ERTERT的解析度的解析度
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2D2D--ERTERT解析能力解析能力--對策對策

• 縮短電極間距

• 選擇適當的Array與反算方法選擇適當的Array與反算方法

• 解析度隨深度增加而降低，且與電阻率的分佈有關
，避免過度的解讀。可透過建模定性探討。，避免過度的解讀。可透過建模定性探討。

Geophysical exploration
Biomedical imagingg g



Qualitative Model Appraisal

Field Inversion

Synthetic true model

S th ti I iSynthetic Inversion



2D2D--ERTERT三維效應示範例三維效應示範例

土石壩數值模型 (平行壩軸測線)

測線長度 : 315m
電極間距: 5 m 

FEM網格

1a 1b
3a

3b
Fa

2

FEM網格
1a, 1b : 10 Ohm.m
3a, 3b : 50 Ohm.m
Fa : 100 Ohm.m
2 : 50 Ohm mDipole-Dipole Array 2 : 50 Ohm.mp p y

23



2D2D--ERTERT三維效應的來源三維效應的來源

材料分區三維效應 測線材料分區三維效應

上游殼層 下游殼層

測線

心層
上游殼層 下游殼層

地形三維效應地形三維效應

測線

測線測線

水位升降
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2D2D--ERTERT的三維映射效應的三維映射效應

均質壩(10 Ohm.m) 地形三維效應

壩頂位於壩軸中心線

材料分區三維效應分區不同材料參數

壩頂位於壩軸中心線

E.L. 195m

地形效應 or
濾層映射

25
測線長度 : 315m
電極間距: 5 m 

心層映射

濾層映射



2D2D--ERTERT三維效應三維效應––對策對策

• 適當規劃測線，盡量與與結構走向垂直

• 利用3D數模建構概念模式，驗證施測結果及探討• 利用3D數模建構概念模式，驗證施測結果及探討
可能受到三維效應的程度

3D ERT或 d 3D ERT• 3D-ERT或pseudo-3D ERT

100 Ohm.m

Grouting=500 Ohm.m

WennerArray

100 Ohm.m

Upstream
10 Ohm.m

5



30° Slope:       Equilibrium Analysis         LFOS from FEM
d
電探在坡地含水特性的量化分析電探在坡地含水特性的量化分析
dry or 

saturated
Unsaturated fluid flow and stress changes MotivationMotivation: g

are important for unsaturated slopes!

???'ij

???'ij

wijij u '

???ij

Effective stress for saturated conditions 
cannot be used for failure prediction!

???'ij
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電阻率與土壤組成電阻率與土壤組成

(Sauer 1955)

ECw

Generalized Archie’s law

EC = f( ,  d , Aes , ECw )
Cohesionless

(Sauer, 1955)

n
waECEC  (Archie, 1942; Shan and Singh,2005)
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Proof of Concept for 
Moisture and Suction Imaging by ERTMoisture and Suction Imaging by ERT

Resitivity sectiony

(Time Space)
Rainfall

θ v.s ρ

(Time,Space)

Water Content section

ρ

ERT
(Time,Space)

θ
Archie’s Law

ψ v.s θ

Matric suction sectionθ

sandbox (Time,Space)ψ

θ

SWCC
ERT resistivity + moisture and suction sensors for onsite calibration

sandbox ψSWCC



Sandbox ExperimentSandbox ExperimentSandbox ExperimentSandbox Experiment

case1 case2case1 case2 



Sandbox ExperimentSandbox ExperimentSandbox ExperimentSandbox Experiment



Sandbox Sandbox Sandbox Sandbox 
ExperimentExperiment

2*24 grids
spacing 
2.5cm

ERTERT

TDR cone1 TDR cone2

sandbox
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Soil Moisture vs. Dielectric/Soil Moisture vs. Dielectric/EcEc
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Unsaturated Soil Water Content and Electrical Unsaturated Soil Water Content and Electrical Unsaturated Soil Water Content and Electrical Unsaturated Soil Water Content and Electrical 
Conductivity CharacterizationConductivity Characterization

Pulser

Time Domain Reflectometry (TDR, cable radar)

v0

Pulser

Coaxial Cable

Sampler

VVVs/2
VfVf

35Dielectric Constant Electrical Conductivity



LaboratoryLaboratory InvestigationInvestigation

Pressure
t d

TDR

LaboratoryLaboratory InvestigationInvestigation
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Pressure Cell Fast wetting/drying apparatus
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Field ObservationField ObservationField ObservationField Observation

3D ERT
11m

2m

TDR penetrometer

2m

p



P b  D iP b  D iProbe DesignProbe Design
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Results of  Field TDR Monitoring @ 1m DepthResults of  Field TDR Monitoring @ 1m Depth
0.35 300 

Volumetric water content
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Wetting/Drying Sequence of  EC v  
300 

Wetting/Drying Sequence of  EC v. 
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Groups of  sequence 
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EC- relation 

300 

for groups of  different wetting/drying speed  

250 

200 

cm
)

Zone1

150 

E
C

  (
μs

/c

Zone2

50 

100 
Zone3

0 
0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32 

Volumetric water content, θ



Combine ERT with TDR for Combine ERT with TDR for  ImagingImagingg gg g
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ERT+TDR ERT+TDR  ImagingImagingERT+TDR ERT+TDR  ImagingImaging
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總結總結

 電探探測深度佳，且能彈性的進行1D、2D、3D甚至4D的探
測，使得它的應用越來越普遍。測 使得它的應用越來越普遍

 但面上非破壞性施測的解析度隨深度增加降低甚快，且受到
電阻率分佈的影響，另外需注意反算非唯一性及2D探測時的
三維映射效應。

 充分了解地物探測的可能限制，有助於降低其限制的影響，
並避免錯誤的過度解讀；正算模擬可有效協助施測的規劃、
探討施測可能限制及施測結果的解讀

在地文條件固定的情況下 電阻率反應含水特性 若透過如 在地文條件固定的情況下，電阻率反應含水特性，若透過如
TDR監測技術提供場址率定，可將地物影像合理轉換成含水
量影像。但除了含水量，需注意淺層電阻率可能受到入滲快量影像。但除了含水量，需注意淺層電阻率可能受到入滲快
慢與溫度的影響。
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