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Reviews
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Electromagnetic Properties of Materials

Permeability µr*= µr’ - j µr”
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Hilhorst and Dirkson (1994)

TDR Range
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TDR Travel Time Analysis and Applications
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TDR Modeling

Lin (2003 )

Input impedance method 
for multi-section system
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modified from Lin (1999)
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Inversion Analysis of TDR System
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TDR waveform
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Δψ = Angle(pulse 1) - Angle(pulse 2)

107 108 109 1010

-5

0

5

∆φ
, r

ad
   

(b
ef

or
e 

un
w

ra
pp

in
g)

107 108 109 1010100

102

104

∆φ
, r

ad

107 108 109 10102

2.5

3

3.5

4
x 107

V
ph

, m
/s

Frequency

Theoretical
Measured

Water

L

vph

2
)()( ωφ

ωω
∆

=

Frequency Domain Phase Velocity Method



16

(Lewandowski et al. 2019)

（Heimovaara et al., 1996）

Vector Network Analyzer (VNA) Method
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Centrifuge + TDR Method

McCartney and Zornberg (2006)
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Preliminarily Results



TDR Pressure Plate
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TDR Pressure Plate
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TDR Pressure Plate Test (Sample 1)

 1.35 g/cm3, ECw=164µS/cm
 Wetting 1 = 40 minutes
 Drying 1 = 4 days
 Wetting 2 = 1 hours 10 minutes
 Drying 2 = 4 days.
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TDR Pressure Plate Test (Sample 2)

 1.45 g/cm3, ECw=169µS/cm
 Wetting 1 = 40 minutes
 Drying 1 = 4 days
 Wetting 2 = 1 hours 10 minutes
 Drying 2 = 4 days.

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Time (Day)

0

10

20

30

40

50

60

V
ol

um
et

ri
c 

W
at

er
 C

on
te

nt
 (%

)

Topp Equation (Wetting)
Topp Equation (Standby)
Topp Equation (Drying)
Observation (Wetting)
Observation (Drying)



23

TDR Pressure Plate Test (Sample 2)

30%

25%
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TDR Pressure Plate Test
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Vector Network Analyzer (VNA)

Sample 1
Sample 2

1.35 g/cm3, ECw=164 µS/cm 1.45 g/cm3, ECw=169 µS/cm
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Vector Network Analyzer (VNA)
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Sandbox Test Results
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Sandbox Test Results
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High Conductivity Group (1.3 g/cm3, 240 μS/cm)
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High Density Group (1.7 g/cm3 30μS/cm)
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Sandbox Test Results: Spectrum Comparison
Low Density Group – EC comparison (30 vs. 240 µs/cm)
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Low Density Group vs. High Density Group
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Centrifuge Permeameter



▲ Figure. Carbon fiber
separation wall

▲ Figure. LVDT Probe

▲ Figure. Centrifuge permeameter 
model

▼ Figure. E-Tensiometer

0.5 cm

11 cm (icl. 
transducer)

0.7 cm

0.5 cm

2.5 cm

High 
Permeable
Porous Stone

Probe 
Frame

Rubber 
Stopper Suction 
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Probe 
Head
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▼ Figure. TDR Probe

Sensors:
> TDR : water content
> E-tensiometer:

suction
> LVDT :sample 

deflection
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Temp. : 17 °C
c : 2.998x1010 cm/s
γw : 0.998 gr/cm3

Figure. TDR: Ka 
Calibration
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Chart. Real VMC value using gravimetric and  Ka from TDR

𝜏𝜏1 = 𝑇𝑇0 + ∆𝑡𝑡1 = 𝑇𝑇0 + �2𝐿𝐿 𝑘𝑘𝑎𝑎1
𝐶𝐶

𝜏𝜏2 = 𝑇𝑇0 + ∆𝑡𝑡2 = 𝑇𝑇0 + �2𝐿𝐿 𝑘𝑘𝑎𝑎2
𝐶𝐶

∆𝑡𝑡1 − ∆𝑡𝑡2 = 2𝐿𝐿( 𝑘𝑘𝑎𝑎𝑎− 𝑘𝑘𝑎𝑎𝑎)
𝐶𝐶
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• Topp et al,.(1980)估算體積含水量方程，在高潤濕速率的情況下會與實際測得
(水室)比較下有延遲的現象。應用TDR在淺層滲透率大、含水量變化快速的土
壤必須考慮這一現象

• 在導電度與體積含水量關係中，與較低的乾濕速率相比，乾濕速率較高的土
壤具有較高的遲滯現象。高密度組(高密度組--1.7 g/cm3)可以看到明顯的遲滯
迴圈

• 乾燥速率較低的土壤相比，乾燥速率較高的土壤的介電頻譜在每個週期之間
的差異較大
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Conclusions and Suggestions
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