
matrix is minor, and the contact force will dominate the development of G0. Thus, the 

change of soil fabric is mainly due to the change of suction stress during drying or 

wetting process. In this case, we exclude the influence on evolution of G0 of boundary 

conditions. This desired loading/deformation condition capacitates the examination of 

effect of suction stress on the development of G0 with respect to soil moisture.  

 

3. EXPERIMENTAL PROGRAM 

 

   To test our hypothesis of the impact of suction stress on the G0 evolution, 

experiments on 7 soils were conducted by incorporating shear-wave velocity 

measurement following the Drying Cake (DC) method (Lu and Kaya, 2013). FIG.2 

shows an illustrative experimental setup of the shear-wave velocity measuring system 

using bender elements. The peripheral signal system for shear-wave measuring 

includes an oscilloscope with function generator module, a digital filter/amplifier. 

Signals were set up followed by Truong et al. (2011). A pair of bender elements was 

mounted at the center of the top and bottom surface of the soil cake. The transmitter 

sent a shear-wave through the soil cake and the vibration was detected by the 

receiver. The time of first arrival of shear-wave can be determined and shear-wave 

velocity is then calculated. The G0 values can be calculated using G0 = ρ·(Vs)
2
, where 

ρ is the unit mass density of soil, Vs is shear-wave velocity. 

 
FIG.2 Schematic illustration of the soil cake specimen, sensors and signal system 

for small-wave velocity measurement using the Drying Cake method 

 

   The sample preparation procedure follows: first, soil cake specimens were 

compacted using a GeoJac loading frame; then samples were saturated by being 

immerged in water in a triaxial cell and applying vacuum for sufficient time (usually 

1~2 days); last, using the loading frame again to consolidate the soil specimens. All 

soil cake specimens were prepared with 76.2 mm of diameter and ~20 mm of 

thickness. Then, soil cake specimens were placed on a plate with a thin layer of 

Vaseline grease to minimize the friction between soil and plate, so that the soil 

specimen has a zero boundary constraint and is free to deform. All soils were dried in 

a chamber with limited openings for lowering the evaporation rate. Thus, the reduced 

suction gradient between soil sample and surrounding air ensures the soil has 

homogeneous moisture distribution throughout the cake during the evaporation 

drying. The system was maintained at a constant room temperature and a relative 

humidity of ~10%, equivalent to a total suction of approximately 317 MPa according 

 

Digital balance  

  

Digital filter/Amplifier 

Oscilloscope/ 
Function generator 

 

Soil 
cake

 

Bender 
element 

Water vapor outlet

Grease 

Geo-Chicago 2016 GSP 272 236

© ASCE

https://www.civilenghub.com/ASCE/142458928/Geo-Chicago-2016-Sustainable-Materials-and-Resource-Conservation?src=spdf


to the Kelvin�s equation (Lu and Likos, 2004). To monitor the weight change, the soil 

cake with the supporting plate was put on a digital balance for calculating degrees of 

saturation.  

   Another 5 soils from literature were added for validation. Those samples were 

tested using similar boundary conditions: no external loading and soils were air dried 

by natural evaporation. Table 1 lists all the soil properties (i.e., soil classifications, 

porosity) and the fitted parameters of VG model for measured SWRC of each soil. 

 

Table 1 Properties and scaling factor of correlation for examined soils and fitting 

parameters of SWRC based on van Genuchten model 

Soil # 

 
 

Van Genuchten model   

Soil USCS ϕ Sres α  n A0 

1 * Bonny silt ML 0.47 0.11 0.097 1.44 0.0003 

2 * Hopi silt SC 0.44 0.21 0.045 1.77 0.0011 

3 * BALT silt ML 0.41 0.10 0.059 1.73 0.0008 

4 * Iowa silt ML 0.49 0.20 0.082 1.56 0.0007 

5 * Denver claystone CL 0.51 0.16 0.011 1.47 0.0026 

6 * Denver Bentonite CH 0.69 0.36 0.014 1.38 0.0046 

7 * Missouri clay CL 0.41 0.25 0.023 1.45 0.0004 

8 # S1 MH 0.50 0.04 0.006 1.90 0.0050 

9 # S2 MH 0.56 0.01 0.006 1.87 0.0144 

10 # S3 MH 0.56 0.01 0.007 1.72 0.0107 

11 # S4 MH 0.54 0.01 0.007 1.79 0.0075 

12 # S5 MH 0.56 0.01 0.004 1.86 0.0175 

References: * from this study, # SWRC and G0 data from Mendoza et al. (2006) 

 

4. COMPARISONS OF G0 AND SUCTION STRESS 

 

   Fig. 3 and 4 show the measured SWRCs fitted using VG model in terms of degree 

of saturation in kPa, and calculated SSCCs in �kPa. The experimental G0 data points 

with degree of saturation in MPa are also plotted. Fig. 3 presents the results of 

experiment measurements conducted in this study, and Fig. 4 replots the results from 

Mendoza et al. (2006) for the validation. The fitted residual soil moistures are 

calculated in terms of degree of saturation. The type of soil tested in this paper varies 

from sandy silt (Hopi silt) to clayey soil (Denver bentonite). The residual soil 

moistures range of 0.10 to 0.36 degrees of saturation. The highest suction stress 

developed during drying process can reach from ~50 kPa (Hopi silt) to over 5000 kPa 

(Denver claystone) when the degree of saturation is approaching to the residual soil 

moisture. The other 5 soils from the literature have much less residual soil water than 

soils tested in this paper, and some soil samples did not start drying from fully 

saturated condition (S2-S5). 

   The measured G0 in Fig. 3 covers a wide range of degrees of saturation, due to the 

low relative humidity in the room condition. The ~10% relative humidity, or over 300 

kPa matric suction equivalent, dries the soil specimens cross the capillary water 

regime and cover part of the adsorption water regime. Considering the limited 

capability of VG model of SWRC, matric suction of soil close to the residual degree 

of saturation is not reliable and suction in the adsorption water regime below the 

residual degree of saturation is not available. And suction stress of unsaturated soils at 

such range of soil moisture is not well defined. Therefore, the comparison between G0 

and suction stress will be focused on only in capillary water regime.  
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FIG.3 Comparison of SWRC and SSCC using van Genuchten model and the 

measured small-strain shear modulus using the Drying Cake method 

 

 
FIG.4 Comparison of SWRC and SSCC using van Genuchten model and the 

measured G0 from Mendoza et al. (2006) 
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   From both Fig. 3 and 4, we can observe that G0 increases with the decreasing degree 

of saturation as the soil dries, in a very similar pattern as the suction stress develops. 

G0 captures well for the initial increase in the capillary fringe before the air entry. 

When soils start to desaturate, G0 gradually increases proportional to the suction stress 

increment. G0 continues to develop along the similar path with suction stress until the 

degree of saturation is close to the residual soil moisture. The overall behavior of the 

G0 evolution significantly resembles the SSCC in the capillary soil water regime. 

   Fig. 5 shows the comparison of measured G0 and the calculated suction stress for 

saturation higher than Sres. G0 increases as suction stress increasing. A considerably 

high linearity can be found from the results for all soils. Except the 0.67 for S2 soil, 

the coefficients of correlation for G0 and SSCC range from 0.91 to 0.99. In other word, 

the suction stress differs with G0 only by a multiplying scaler. This observation 

reflects that the conceptualized inter-particle force term, suction stress, is well 

manifested by the indicator of contact force of soil skeleton, G0. It also illustrates that 

the small-strain stiffness is mainly contributed by the inter-particle stress at the 

contacts, rather than the change of the modulus of the material. 

 
FIG.5 Comparison of experimental data of G0 with SSCC 

 

   Based on the high linearity between G0 and suction stress, a simple equation can be 

proposed to express the correlation between these two: 

σs
 =A0·G0                                                         (5) 

where A0 is dimensionless scaler depended on soil types. The values of A0 are also 

listed in Table 1, varying from number 0.00003 up to 0.0175. Then, a correlation 

between A0 and the SWRC parameter α of VG model, the inverse of air-entry suction, 

is presented in Fig. 6. Parameter α represents the largest pore size. For soils with 
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higher α value, or lower air-entry pressure, the correlation between G0 and SSCC has 

lower A0 value. The scaler A0 decays with the increase of α in an exponential way, 

which can be empirical determined by fitting the data points in Fig 6, in equation 

form: A0 = (9·10
-6

) α-1.32
.  

 
FIG.6 Comparison of experimental data of G0 with SSCC 

 

5. CONCLUSIONS 

 

   We discussed about the G0 evolution as the degree of saturation changing for 

unsaturated soils using suction stress theory as the effective stress framework. The 

experimental measurements were conducted on the soil cake samples under 

intentionally specified conditions: zero external loading and no displacement 

constraints during controlled evaporation drying process. This free boundary 

condition is in effect to exclude the impact on soil fabric change induced by external 

loading and unnecessary deformations. Therefore, the only force taking the role is the 

inter-particle contact force, suction stress. The experimental data conducted in this 

study and collected from literature are used to verify the hypothesis. SWRC model of 

van Genuchten is used to express the soil water retention behavior for each soil. The 

residual degrees of saturation are identified to differentiate the capillary and 

adsorption regime for soil water distribution. The well-established suction stress in 

capillary regime is compared with the development of G0 as degree of saturation 

changes. Similar evolving pattern with saturation was found for both SSCC and G0. A 

high linearity between G0 and SSCC can be defined by a dimensionless scaler A0. A 

strong correlation between A0 and SWRC parameter α is determined by an empirical 

fitting. By examining the G0 development, this inherent connection verifies the 

validity of the suction stress as effective stress principle, and its capability of 

describing the inter-particle force and the contact behavior for unsaturated soils. 
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Abstract: Soil moisture and suction are two key variables that often need to be 

measured for unsaturated soil. They are commonly measured by separate soil 

moisture and suction sensors which require double installation efforts and often result 

in questionable correlation between the measured moisture and suction. Attempts 

were made to combine time domain reflectometry (TDR) and porous blocks 

functioning as tensiometers and have demonstrated a great potential of the TDR for 

simultaneous measurements of soil moisture and suction. In this study, a new TDR 

moisture-suction probe is designed based on the previous study, and it was evaluated 

in laboratory for simultaneous measurements of moisture content and soil suction. 

The probe has two parts with one half portion embedded in a dental plaster (i.e. 

gypsum) for soil suction measurements, whose suction is equilibrated with the 

surrounding soils. The other half portion of the probe is also inserted into the soils to 

measure moisture content. The probe calibration was completed by the use of 

pressure plate tests to establish a relationship between suction (ψ) and measured 

dielectric constant (Ka) of the gypsum block. Then, it was tested in a silty sand to 

evaluate its function for soil moisture and suction measurement. The preliminary test 

results demonstrated that the change of Ka of the gypsum corresponded well to 

suction level from 10 to 750 kPa, and it can measure moisture content and soil suction 

accurately for the test soils. The new probe can be fabricated easily and fast, without 

any additional maintenance and has a great potential for field measurement of soil 

moisture and suction.  

 

INTRODUCTION 

 

   Soil water characteristic curve (SWCC) defines the relationship between volumetric 

water content and soil suction, which is important to characterize the behavior of 

unsaturated soils. It can be obtained in the laboratory by several commonly used 

methods such as filter paper, pressure plate extractor, and tempe pressure cell. 

Geo-Chicago 2016 GSP 272 242

© ASCE

https://www.civilenghub.com/ASCE/142458928/Geo-Chicago-2016-Sustainable-Materials-and-Resource-Conservation?src=spdf


         

                                

Determination of SWCC curves in the field still remains challenging due to the 

limitation of existing measurement sensors. Soil matric suction is often measured by a 

tensiometer limited to a measure range 0 to 85 kPa (Cassel and Klute, 1986). 

Thermocouple psychrometry can be used to measure matric suction in a wide range 

but it is very sensitive to temperature changes (Rawlins and Campbell, 1986). 

Noborio et al. (1999) demonstrated the use of a constructed porous medium to 

measure soil matric suction indirectly based on the measured moisture content, 

thermal, or electrical properties of the porous medium at equilibrium with the 

surrounding soils. A correlation of the measured property with matric suction for the 

used medium should be established before the measurement. For specific range of 

water potential, heat dissipation method, filter paper method, or gypsum block 

electrical-resistance method may be used in laboratory and in the field (Campbell et 

al., 1986).   

   Time domain reflectometry (TDR) technique has been demonstrated successfully to 

measure soil moisture content both in laboratory and in the field (Yu and Drnevich, 

2004, Zhang, 2015). Baumgartner et al. (1994) and Whalley et al. (1994) attached 

porous materials functioning as tensiometers to the end of hollow electrodes of the 

TDR probe for simultaneous measurements of soil moisture content and matric 

suction. But the same limitation as the tensiometer does exist, which is the need to 

supply water to tensiometers and the limited measuring range of 0 to 85 kPa.  

   This paper presents the design and evaluation of a new moisture-suction TDR probe 

for simultaneous measurement of soil moisture and suction. Design and fabrication of 

the probe is first introduced. Then, the calibration of the probe is obtained by the use 

of pressure plate test to establish the relationship between matric suction and 

dielectric constant (Ka) of a gypsum block. The probe is also evaluated through 

laboratory experiments on a silty sand, and validated against the tempe pressure cell 

method.     

 

PROBE DESIGN AND FABRICATION 

 

   The impedance of a TDR probe is a function of the probe spacing and diameter in 

addition to the dielectric constant of the test medium. A change of impedance within 

a probe due to the change of probe spacing or diameter can be detected in the 

recorded TDR waveforms (Davis, 1975). Knight (1992) and Petersen et al. (1995) 

suggested that a ratio of probe spacing to probe diameter should not be greater than 

10 to avoid concentrating the sensing volume around the rods. Petersen et al. (1995) 

also indicated that the distance between TDR probe and the surface should be greater 

than 10, 15 and 20 mm for probes with spacing of 10, 20 and 50 mm, respectively, in 

order to avoid effects of incidents occurring on or near the soil surface on TDR 

measurement. Moreover, the distance between the probe in the gypsum and the 

nearest gypsum surface is 10 mm, which is large enough to involve all the 

electromagnetic energy as suggested by Petersen et al. (1995). Consequently, the 

design of the probe can satisfy the main design criteria based on the previous studies.   

   Based on the above design constraints, a moisture-suction TDR probe is designed to 

have two parts: upper and lower as shown Figure 1. The upper part consists of two 

stainless steel rods with diameter of 2 mm and spacing of 25 mm and it is used to 
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measure soil moisture; the lower part consists of two rods with the same diameter but 

smaller spacing of 5 mm embedded in a gypsum block (25 mm×25 mm×50 mm) and 

is used to measure soil suction. It is noted that the probe geometry change is used to 

amplify the impedance contrast between the upper and lower part for accurate 

reflection detection at the interface of the two parts.  

           

 
FIG. 1. Schematic of moisture-suction TDR probe: (a) top view, (b) side view 

(unit: mm). 

   According to the above design, the fabrication of the probe is described as follows: 

(1) Two stainless rods with diameters of 2 mm and length of 91 mm were bended in 

the shape as shown in Figure 1. The pointed tip was also made at the end of the rods 

to avoid soil disturbance as much as possible during the insertion process; (2) The 

two rods were then clamped and placed in the center of a prefabricated teflon mold; 

(3) A teflon spacer was used to clamp the rods outside the mold to fix the rod spacing 

(i.e. s=25 mm); (4) The inner and outer wires of a coaxial cable was connected to the 

top ends of the rods by soldering. (5) The lab plaster was mixed with tap water in a 

ratio of 30 mL of water to 50 g of the lab plaster. The slurry of the lab plaster was 

then poured into the teflon mold. The slurry was also stirred in the mold by a thin 

steel rod to remove the air bubbles as much as possible; (6) The teflon mold and 

spacer were removed after 24 h, and the moisture-suction TDR probe was completed 

as shown in Figure 2; (7) The probe was left under room temperature (23-24 
o
C) for 

several days until the solidification process inside the gypsum block was completed. 

 

PROBE CALIBRATION FOR SUCTION MEASUREMENT 

 

   The pressure plate test was employed to obtain the calibration relationship between 

ψ and Ka of the gypsum block. The test procedures are as follows: (1) the gypsum 

block along with the rods and the ceramic plate with air entry value of 15 bar were 

saturated in tap water for 24 h according to ASTM standard D6836; (2) The weight of 
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saturated gypsum block was first measured, and it was then transferred into the 

pressure plate chamber as shown in Figure 3; (3) A burette was connected to the 

chamber by an outflow tube to measure the volume change of water in the gypsum 

block; (4) The air pressure of 7.5 bar was applied into the chamber and the volume 

change of water was monitored every day; (5) The outflow tube was removed firstly 

when the volume change of water is less than one line per day, and the air supply was 

then closed; (6) The chamber was opened, the probe was taken out and the weight of 

gypsum block was measured again; (7) The coaxial cable was then connected to 

Campbell Scientific TDR 100 to collect the TDR waveforms with the rods exposed in 

air; (8) Above test procedures were repeated under other air pressures, i.e. 4.0, 2.0, 

1.0, 0.8, 0.5, 0.3, 0.1 bar.  

    

 
FIG. 2. Photo of the moisture-suction TDR probe. 

 

   The dielectric constant of gypsum block and soils were determined (Baker and 

Allmaras, 1990) by,  

                                                 
2

, ,( / )
a g a g

K L L=

                                                          (1)                               

                                                 
2

, ,( / )
a s a s

K L L=

                                                            (2)         

where Ka,g and Ka,s are the dielectric constant of gypsum block and soils, respectively; 

La,g is the apparent length of gypsum block, which is the distance between the first 

and the second reflection points in TDR waveforms; La,s is the apparent length of 

soils, which is the distance between the second and the third reflections point in TDR 

waveforms; L is the length of the rod, i.e. 0.0405 m.  

   Figure 4 indicates the reflected TDR waveforms and the derivatives of the probe 

after the pressure plate test. The symbol �Saturated� refers to the saturated gypsum 

block before the pressure plate test. The local peak value of the derivatives directly 

indicates the reflection point of TDR waveforms. It is evident that both the 

waveforms and the second reflection point were shifting to the right as suction 

decreased, but the first reflection point remained at the same location. As a result, the 

Ka,g was increased based on Eq. 1. This is because the higher suction will cause more 

moisture loss of the gypsum block in pressure plate test.  
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