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Abstract: The strength of unsaturated soil is defined by the soil water retention behavior and soil
suction acting inside the soil matrix. In order to obtain the suction and moisture profile in the vadose
zone, specific measuring techniques are needed. Time domain reflectometry (TDR) conventionally
measures moisture at individual points only. Therefore, spatial time domain reflectometry (spatial
TDR) was developed for characterizing the moisture content profile along the unsaturated soil strata.
This paper introduces an experimental set-up used for measuring dynamic moisture profiles with high
spatial and temporal resolution. The moisture measurement method is based on inverse modeling
the telegraph equation with a capacitance model of soil/sensor environment using an optimization
technique. With the addition of point-wise soil suction measurement using tensiometers, the soil
water retention curve (SWRC) can be derived in the transient flow condition instead of the static or
steady-state condition usually applied for conventional testing methodologies. The experiment was
successfully set up and conducted with thorough validations to demonstrate the functionalities in
terms of detecting dynamic moisture profiles, dynamic soil suction, and outflow seepage flux under
transient flow condition. Furthermore, some TDR measurements are presented with a discussion
referring to the inverse analysis of TDR traces for extracting the dielectric properties of soil. The
detected static SWRC is finally compared to the static SWRC measured by the conventional method.
The preliminary outcomes underpin the success of applying the spatial TDR technique and also
demonstrate several advantages of this platform for investigating the unsaturated soil seepage issue
under transient flow conditions.

Keywords: spatial TDR; moisture content; soil suction; SWRC; transient flow

1. Introduction

In nature, the vadose zone above the water table can be several meters high. In
this zone, the moisture stored in the soil matrix does not fill the pores completely. This
form of water is no longer in positive potential but negative, as it presents a capillary
tensile interaction that binds the soil particles [1]. This binding interaction thus enhances
the mechanical properties of unsaturated soil, resulting in less deformation [1,2] and
higher shear strength [3,4] compared to saturated soil, where water molecules encounter a
compressive interaction [5]. Unsaturated soil mechanical behavior is, therefore, dependent
on environmental conditions, which enhance or alleviate this binding effect, such as
evapotranspiration and draining or flooding and intensive rainfall [1,2,6]. On the other
hand, due to the air invasion into the soil matrix to form such a capillary water meniscus, the
amount of effective hydraulic conductive channels is reduced as well and this degradation
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of geo-gas and groundwater flow conduits in unsaturated soil are highly concerning for the
investigation of solute transport in the vadose zone [6]. For quantifying the contribution of
capillary effects as water protentional in energy form and moisture content to the hydro-
mechanical properties of unsaturated soil, the soil suction profile and soil moisture content
profile need to be determined in order to characterize the soil water retention curve (SWRC),
which is the core unsaturated soil constitutive relationship between the soil suction and
moisture content (gravimetric/volumetric) [2].

The measurement of SWRC can be conducted either in the laboratory or in the field.
In the laboratory, the standard axis translation technique (ATT) is often implemented [1].
Briefly, there is a one-dimensional representative elementary volume (REV) scaled soil
specimen placed in a small fluid leakage-free chamber; through adding air pressure on
top of the specimen, soil moisture can be expelled out of the soil matrix; the suction is
the difference between applied air on top and water pressure at the bottom; the water
moisture variation can be determined by measuring the mass of specimen or volume of
water expelled out. Although ATT can be implemented in the laboratory due to the small
set-up, this technique can only measure the SWRC under the static condition, for which
there is no further moisture redistribution and capillary non-equilibrium. In the field,
SWRC is usually given by separately measuring the suction profile using tensiometers and
the moisture profile using in-situ sampling soil for the oven-drying method [7]. Compared
to the ATT technique on a laboratory scale, this approach is more labor-expensive. In
addition, sampling of soil disturbs the original configuration of the soil strata further,
inducing moisture reconfiguration. This phenomenon is inevitable for in situ measurement
and leads to potential falsification. Due to these limitations, there is always disagreement
between the SWRC measured using ATT and in situ methods. Moreover, neither approach
is able to measure the SWRC under the transient flow condition due to the requirement of
equilibrium achievement and sampling procedure. Therefore, even for a homogeneous soil
specimen, the conventional methods constrain the understanding of the spatial effect on
soil suction determination [8,9], the temporal effect on moisture reconfiguration [10] and
the dynamic effect in SWRC [11-13]. To overcome these limitations, there is a strong need
for a laboratory experiment maintaining the homogeneity of a specimen in a full-scale soil
profile without uncontrollable environmental conditions.

For measuring the SWRC under the transient flow condition, the spatially distributed
moisture content needs to be measured with high temporal resolution. Some previous
literature has implemented the soil column experiment using point-wise moisture sensors
and tensiometers for logging the transient response of soil moisture and suction [12,14-16].
Nevertheless, these series of experiments only studied the dynamic effect of moisture and
suction in a short sand column of less than 1 m, and this did not cover the entire suction
profile of sandy soil (approximately 0-2 m). Even though these dynamic SWRC studies
allow the quantification of suction and moisture under the transient flow condition, they
are not able to provide information on global suction/moisture profiles due to the smaller
experimental scale. To collect information on both global suction and moisture profiles, the
experimental set-up should be large enough to cover the sandy soil suction profile, and the
moisture content profile should also be logged within a smaller time step as well. Therefore,
the spatial time domain reflectometry (spatial TDR) developed by the Soil Moisture Group
(SMG) at the University of Karlsruhe [17-19] was applied to the experimental studies of
the non-uniqueness of the SWRC on a sand column experiment and levee model [13,20].
However, in these previous experimental investigations, a high air entry (HAE) ceramic
disk, having higher hydraulic resistivity than sand, was placed under the specimen to
build up the hydraulic connectivity between the hanging column reservoir and specimen.
This might also result in alleviation of moisture seepage velocity and, additionally, reduce
the significance of the dynamic response of suction and moisture redistribution.

With the aim of mitigating the shortcomings of these previous soil column tests, a
novel experimental platform is developed in this study. In this experimental platform,
the spatial TDR sensors are installed in sand columns to measure the TDR waveforms
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consistently during one-step gravitational drainage experiments. Taking advantage of this
valuable moisture measuring technique, the moisture profile along a 240-cm sand column
can be calculated using an inverse modeling method developed by SMG [17-19]. With this
powerful inverse technique, and by consistently logging TDR traces along the soil strata,
a dynamic moisture profile with high spatial and temporal resolution can be achieved.
With the addition of temporal logging of soil suction using a tensiometer along different
elevations of the soil column, it is able to determine not only the point-wise SWRC at varied
elevations but also the global suction/moisture profile under transient flow conditions. In
this study, this novel laboratory-scale experimental set-up is presented. Furthermore, some
preliminary outcomes of the gravitational drainage test are presented to demonstrate the
capabilities of this experimental platform and eventually compared to the conventional
hanging column method with discussions.

2. Spatial Time Domain Reflectometry
2.1. Basic Principles of Time Domain Reflectometry

Time domain reflectometry (TDR) has become an important monitoring technique for
various civil engineering problems [21-24]; the main application is the monitoring of mois-
ture content for porous media [25-28]. A TDR measurement system is composed of a pulse
generator combined with an oscilloscope and a transmission line system (see Figure 1a).
The transmission line includes a leading coaxial cable and a sensing waveguide, called the
TDR probe, which is embedded in the medium for characterization. The characteristics
(length and geometry) of the probe depend on the application. The classical geometry
remains in the rod configuration. The pulse generator delivers an electromagnetic pulse
along the transmission line, and the oscilloscope records returning reflection. Reflection
will occur at any impedance discontinuities along the transmission line. In particular, the
pulse will be reflected at the beginning and end of the TDR probes. The travel time analysis
between these two reflections can be used to determine the flight time At of the pulse to
travel along the probe. This flight time is generally computed based on the dual tangent
method [29], where the reflection arrival is located at the intersection of the two tangents to
the TDR curve (see Figure 1b). Finally, the apparent permittivity &, of the medium can be
determined with the well-known relation:

coAr\?

Eapp = (20Lpt> 1)
where ¢y is the speed of the light and L, is the length of the probe. Please note that for
most porous media, the permittivity is complex and frequency-dependent (dispersion).
The term apparent permittivity is used here because the time-domain method does not
intend to compute the complete frequency-dependent complex permittivity.

In a second step, the apparent permittivity is linked to the parameter of interest—in

most cases, water content, 6. The most frequent method is to use the empirical equation.
The classical example is the famous Topp equation [30]:

O1opp = —5.3 X 1072 +2.92 x 10 2egpp — 5.5 x 10 *eqpp” + 4.3 x 10 %0p° (2

The accuracy of such an empirical model highly depends on the nature of the soil
related to density, the salinity of soil water, mineral composition, etc. For example, Topp’s
equation is not suitable for high swelling clay mineral [31]. An alternative to this solution
is to derive a material-specific calibration functions [32].

Another approach relies on a physical model based on mixture equations [33,34].
Mixing models consider the soil as a medium that is composed of different phases. The
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relative permittivity of the mixture €, is the result of the sum of the dielectric properties of
each phase multiplied by its volume fraction:

N
e =) Viers ®3)
k=1

where N is the number of phases, a is a structure parameter, V} is the volume fraction
and ¢, is the relative permittivity of the solid phase. The classical configuration for the
mixture equation is the three-phase mixtures (air-solid-liquid) with a structure index equal
to 0.5, called the Complex Reflective Index Model (CRIM) [35]. In this configuration, &,
can be expressed directly as a function of water content [36]. The main source of interest of
such models is the versatility: they can take into account the temperature and frequency
dependence of the single components. The main disadvantage of such a method is the lack
of knowledge and understanding of the interaction between single components.
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Figure 1. (a) Schematic description of Time Domain Reflectometry (TDR) device (pulse generator for sending a signal and

oscilloscope for receiving) and TDR sensor plugged into a bulk of soil; (b) TDR waveform for saturated sand with the travel

time determined by tangent method (reflection coefficient is dimensionless).

2.2. Spatial Time Domain Reflectometry Sensor Development

For the purpose of measuring natural porous media on a large scale, conventional TDR
has its limitations, especially concerning the measurement of spatially distributed moisture,
as probes are usually constructed as small three-pin or two-pin probes, which can only give
a point measurement. Spatial TDR was developed by SMG at the Karlsruher Institute of
Technology (KIT), Karlsruhe, Germany, to enable moisture profile measurements [17-19,37].
A flat ribbon cable consisting of three-line copper wire covered with polyethylene insulation
is usually used for this purpose. An example of the spatial TDR sensor is given in Figure 2a.
The corresponding conceptual model of the electrical circuit of a TDR transmission line
and capacitance model are separately shown in Figure 2b,c. The electrical circuit of an
infinitesimal section along the cable can be treated as the electrical circuit plotted in
Figure 2b. The electrical design of the sensor was developed by Huebner, C. et al. [18].

For such a infinitesimal section, information on the surrounding soil and coating
material properties can be extracted from the conductance (G) and capacitance (C) using
inverse modeling of the telegraph equation [19,38—-41]. For instance, one version developed
by Schlaeger [5] is selected to conduct the inverse analysis in this study. Before inverse
modeling, some assumptions and set-up conditions have to be achieved:
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1.  The resistance is assumed to be constant at a value of zero for lower frequencies
(<10* Hz), because, in practical cases, dielectric losses are much higher than resistance
losses, with the exception of long sensors buried into a nearly lossless material such
as snow [18];

2. The inductance is assumed to be constant (L) for lower frequencies (<10* Hz), be-
cause only the external inductance remains at the highest frequency (10°~10° Hz),
and a transition frequency around 100 kHz ensures the insignificant influence of
the inductance increase at a low-frequency range within the time window of TDR
measurement [18];

3. The conductance and capacitance depend on the surrounding moist sandy soil and
are assumed to be independent of frequency for lower frequencies (<10° Hz) [17];

4. The performance of the flat ribbon cable sensor is very sensitive to the installation in
accordance with the 3-D electromagnetic modeling analysis [37] because the air-filled
gap of 0.25 mm on both sides of the flat ribbon cable causes significant underestima-
tion of moisture content, while a water-filled gap leads to overestimation [17,36].

)
—r |V(x+Ax)

R L I(¥+Ax

(b)

C, €,C;
| |
‘LCJV
+ -

Figure 2. (a) Flat ribbon cable used for spatial TDR measurements; (b) equivalent circuit of an

infinitesimal section of cable sensor [18]; (c) capacitance model of the flat ribbon cable [17].

2.3. Spatial Time Domain Reflectometry Forward Modeling

Based on the above assumptions and ideal sensor installation conditions, the inverse
technique on two-way TDR tracing to extract C and G profiles can be executed. According
to the electrical circuit simplified in Figure 3a, the forward modeling telegraph equation
can predict the TDR trace along a flat ribbon cable. Therefore, the finite difference method
is applied to numerically solve these equations with boundary conditions exactly matching
the physical sensor design to predict the TDR trace [38,40-42]. To simplify the original
telegraph equations for solving, Schlaeger transformed two first-order governing partial
differential equations (PDE) into a single PDE in second-order as Equation (4):

02 d OJL/dx 9 02

o Ui(x,1) = 0 @
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where L is inductance, assumed to be constant because of the second assumption; C and G
are, separately, capacitance and conductance in functions of cable length x because of the
third assumption; U is the voltage predicted for plotting the TDR trace (i = 1,2 represents
first and second TDR tracing); the resistance R is assumed to be zero because of the first
assumption depicted in Figure 3a. The appropriate initial and boundary conditions for
solving Equation (4) to replicate the TDR trace have been discussed in Schlaeger’s forward
modeling work in detail [42]. Due to the requirement of two unknown input state variables
(C and G profiles), two-way TDR tracing has to be implemented using a TDR device
combined with a multiplexer, as described in Figure 3b [18,19]. The TDR device should
send voltage steps through one channel of the multiplexer and then should be immediately
switched to the second channel to collect the TDR waveform from the other terminal.
Thus, through solving Equation (4) twice to match the two TDR waveforms collected
from both terminals, the two unknown input profiles can be determined. Moreover, the
forward modeling domain is constrained within two sensor terminals corresponding to
two inflection points along a single TDR waveform [17].

TDR input lead
way of TDR pulse l TDR-device active e o
mmmm inactive circuit

La, Ca L., C. Y
; : coaxial cable bus-controlled 8-circuit
= - as input lead multiplexer for TDR-signals
L=L, C=Cx) 7 put ) /.
Us R=0 G=G() Us
A 4 /hux filled with epoxy
: : |l soil
e X x Xe < flat ribbon cable }—
(a) (b)

Figure 3. (a) The schematic plot of spatial TDR measuring electrical circuit with previous assumptions; the flat ribbon cable

is located between x1 and x;, coaxial cable is between x,; and x; or x; and x. [19]; (b) the implementation of two-way TDR
tracing using TDR device and multiplexer [17].

2.4. Spatial Time Domain Reflectometry Two-Way Inverse Analysis

To extract the C and G profiles, the last step is the application of the optimization
technique for minimizing the difference between forward modeling and TDR measurement
results. Generally, for an optimization problem, the objective function is usually the square
difference between prediction and measurement, starting from an initial estimation and
finally determining with the global minimum. Schlaeger [19] derived the objective function
as Equation (5):

z T M m :
F(C,G)zg/o (U (xi1,C, G) — Uy (1) 5)

where F is the objective function of C and G; UiM and U;™ are, individually, the predicted
and measured voltage (i = 1,2 corresponds to two-way TDR tracing). This function has
been successfully optimized using the conjugate gradient method with the reconstruction
of C and G by Schlaeger [19]. The optimization procedure is to input one initial estimation
of the C and G profiles into forward modeling to calculate the cost function and update
the input by previous minimization outcomes until the cost function achieves the global
minimum. The derivation of the Jacobin gradient of the objective function using the adjoint
PDE of Equation (4) can be sourced from the mathematical study [19].
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2.5. Spatial Time Domain Reflectometry One-Way Inverse Analysis

On the other hand, for the only reconstruction of the capacitance profile using one-way
TDR tracing, Becker and Schlaeger [43] applied an empirical equation between C and G
proposed by Hékansson [44]:

Cp—C
G(C) = Go-(1—e %) ' ifC>C (6)
0 if0<C <G

where G and C are the conductance and the capacitance of soil and sensor isolation, Cy
and Cy are the fitting parameters for capacitance; and G is the fitting parameter for the
conductance. Using Equation (6), the inverse analysis only solves one TDR trace measured
from each terminal, because the capacitance profile is the only unknown input in need
of optimization. This relationship was successfully used for the three-pin probe sensor
in the previous study of technique development [43]. In this study, the values of fitting
parameters are Cyp = 50 pF/m, C; =40 pF/m and G, = 90 mS/m.

2.6. Spatial Time Domain Reflectometry Post-Analysis

Once the capacitance profile can be inversely determined using this algorithm, the
permittivity profile of the surrounding soil along the sensor can be calculated in accordance
with the capacitance model characterizing the cable sensor, as shown in Figure 2c. Before
calculating the permittivity of the soil (g;,), the three capacitance values C;, C; and C3
ought to be experimentally calibrated. This calibration has been completed previously
(see [17,18]), and the permittivity is calculated based on the capacitance model shown in
Figure 2c as:

emCi -G
em-C1+C

where C; (14.8 pF/m), C; (323 pF/m) and C3 (3.4 pF/m) are parameters of the capacitance
model, C is the total capacitance of the soil and coating isolation, ¢, is relative permittiv-
ity [17]. Eventually, the soil moisture profile can be calculated by the empirical models
(Equation (2)) or the phase-mixing model (Equation (3)), which needs specific calibration
using a Vector Network Analyzer (VNA) with the open-ended coaxial cell [45-47].
Instead of the reconstruction of the capacitance profile along the sensor, the travel time
determined using the tangent method along one TDR trace can also be used to calculate

the mean capacitance using:
1/t
Clem) = T (2LP> ®)

where C is the total capacitance for the entire measuring zone, ¢, is relative permittivity, L
is inductance (constant Ly = 756 nH/m), t is travel time and L, is the length of the sensor.
Equation (8) is useful to validate the mean moisture content for the total measuring volume.
The mean moisture content later can be determined using Equation (8) for soil permittivity
with Topp’s model for the moisture content calculation.

Clem) = + G5 @)

3. Experimental Set-Up for Investigation of Soil Water Retention Behavior

The experimental set-up mainly consists of three logging systems separately recording
point-wise soil suction profile, moisture content profile and accumulative outflow. An
overview of the experimental platform is shown in Figure 4a, which demonstrates the view
of the experimental set-up in the Geomechanics Laboratory at Geotechnical Engineering
Centre, School of Civil Engineering, University of Queensland, St. Lucia QLD, Australia.

3.1. Soil Sample Specification

Two types of sandy soil were involved in this experimental set-up. One is the beach
sand collected from Bribe Island, and the other one is the Budget Brickies loamy sand
collected from an unknown construction site, Queensland, Australia. The particle size
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of the two types of sand ranges from 0.075 to 2 mm. The Dsj of beach sand is 0.35 mm,
which is slightly larger than the mean size of loam, 0.27 mm. The sieving analysis was
implemented for both types of sand in accordance with ASTM standards of particle analysis
for coarser soil [48].

Atmosphere
STDR TDR multiplexer
)
N |
=]
& TDR 100
o _
T5 Tensiometer
a
AN
PC1
e
——
:
o - E
a a
a PC2
é q
|| —
! )
q
B v L—
i =
E-Scale
N | /———
T \ \c
onstant head tank
Gravel filter
(b)

Figure 4. (a) The overview of the physical experimental set-up for gravitational drainage and spontaneous imbibition exper-
iment; (b) the specification of sensor configuration and hydraulic boundary condition for gravitational drainage experiment.

The mineralogy of the two samples comprised of quartz at the specific gravity of
2.65. The coefficients of uniformity (C,) for beach sand and loamy sand are 1.71 and 2.39
separately, and the coefficients of gradation (C.) are 0.99 and 1.11. Based on the Unified
Soil Classification System (USCS), both of them are poorly graded uniform sand (SP). The
beach sand is medium sand without any fine content, while the loamy sand is fine sand
with a fine content of 5%. The loamy sand is adopted for a demonstration of the results
collected by the experimental platform in this study.

3.2. Moisture Profile Logging System Set-Up

As previously mentioned, the spatial TDR technique was applied to soil moisture pro-
file measurement; four flat ribbon cable sensors were individually inserted into the centers
of four empty acrylic columns (diameter = 14.35 cm and length = 240 cm). The bottom
terminal of spatial TDR is fixed with an artificial gravel filter designed based on published
criteria [49]. The falling head test was conducted on the gravel filter to confirm that the
hydraulic conductivity of the filter (6.5 x 1072~9.5 x 1073 cm/s) was larger than the



Appl. Sci. 2021, 11, 2994

9 of 20

hydraulic conductivity of the soil specimen in the column (2.9 x 1073~5.6 x 1073 cm/s).
It does not only indicate the end of spatial TDR but is also a highly pervious porous media
under the specimen being tested. Moreover, there was no sand or fine gravel flushed out
during the soil water drainage process.

Each flat ribbon cable sensor had two terminals, demanding two channels on the
multiplexer. Due to the need for four sensors for four columns, a TDR trace logging system
consisting of a Campbell Scientific SDM X50 multiplexer© (8-channels) combined with
both a TDR100© and a CR1000 data logger© was built to connect to eight connectors of four
sensors. The data logging program coded in CRBasic© was then applied for automatically
logging eight TDR traces from 8 multiplexer channels to complete one/two-way TDR
tracing in each soil column. An overview of the experimental set-up and illustration are
separately shown in Figure 4a,b.

This technique and logging system have been successfully applied to soil column tests
and embankment water content dynamics measurement [17,20]. According to previous
performance measurements [17], spatial TDR can achieve a spatial resolution of 3 cm with
an average deviation of around +2% for moisture content. The TDR100© can only impulse
into the single sensor by changing the single switch along eight multiplexer channels.
Therefore, for two-way TDR tracing on each sensor, there has to be at least a one-second
delay between the two occurrences of TDR pulsing. However, this is much smaller than the
moisture redistribution speed in natural sand. Hence, this delay is neglected, and two-way
TDR tracing could be seen as simultaneously implemented.

As a gravel filter designed based on filter design criteria [49] guarantees the lowest
hydraulic resistivity impacts from the column bottom without internal erosion, the transient
flow conditions in the measuring range will not encounter any artificial alleviation of flow
velocity. Similar soil column experiments have been implemented by many previous
studies [8,9,16,20,50-53]. With the exception of the 2-m soil column test [51], most of them,
conducted in shorter soil columns of less than 1.2 m, required a hanging column method
with a water table below the bottom of the specimen. In this case, there has to be a high
air entry (HAE) porous media under the specimen to build up the hydraulic connectivity
between the specimen and water reservoir for suction control. To avoid air penetrating
through the HAE disk to subsequently disconnect the suction-applying reservoir from
the system, such disks or membranes must possess a smaller pore size distribution (PSD),
which is much smaller than the specimen. Usually, the HAE disks are ceramic disks made
of clay particles sintered together. Thus, the hydraulic conductivity of the HAE material is
much lower than the sandy soil specimen. It is somehow inevitable to generate a quasi-
steady-state flow condition using a shorter soil column test with the adoption of an HAE
disk. Additionally, such smaller column tests only allow the measurement of half of the
suction and moisture profile. In this experiment, due to the use of a 2.4-m-long column with
a gravel filter fixing the spatial TDR sensor to the column bottom, there was an opportunity
to neglect those artificial constraints in previous experimental set-ups. On the other hand,
the previous 2-m soil column test applied the oven-drying method for determining the
segments of the soil column only after equilibrium was achieved [51]. In comparison to
the previous study, the current experimental set-up in this study can provide moisture
measurement with a high temporal and spatial resolution by applying the spatial TDR
technique. These advantages demonstrate the novelties of this experimental platform.

3.3. Suction Profile Logging System Set-Up

There were five UMS T5 tensiometers© (Figure 5a) inserted into the unsaturated
zone at the elevations of 40, 60, 100, 140, 180 cm, where all were the above constant
water pressure head of 36 £ 1 cm, as shown in Figure 4b. Moreover, there is another
tensiometer inserted into the saturated zone under the water table at the elevation of
20 cm, which is not specified in Figure 4b. There is a spatial resolution of 20 cm for suction
profile logging at the column bottom in order to detect the dynamic pore water pressure
around the capillary fringe area for the future investigation of SWRC dynamic effects under
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variable water pressure boundary conditions. In total, there are twenty-four sensors on four
columns (six sensors on each column). These sensors are connected to one Geo-Datalogger
(DT85G, Pacific Data®). The temporal resolution of data logging is set to 30 s. As the
UMS T5 tensiometers used a Wheatstone bridge circuit (Figure 5b), according to the logger
manual [54], the output value of this data logger is:

Bout = —2£ . 10° )

where B,y is the dimensionless voltage, V; is the measured bridge output voltage, Vi
is the excitation voltage. In addition, the T5 sensor measuring range is from —85 KPa for
suction up to +100 KPa for positive water pressure. Thus, calibration between the dimen-
sionless voltage and water pressure was carried out for each sensor within the positive
water pressure range. Due to the perfect linear equation fitting into the calibration data
points in Figure 5b, the calibration equation can be applicable for the entire measurement
range. Twenty-four sensors share the same slope in the linear calibration equation, except
for differences in the interception (—0.2~1.5 kPa) due to the varying physical offset on
each sensor. It should be noted that the physical offset depends on the maintenance of
the T5 sensors. After storing them for a long period, the calibration has to be reconducted
to determine the new offset values due to the aging issue of the membrane in the sensor
body. When the water table drops to the hydraulic head of the constant head tank, and
equilibrium is approached, the suction value can also be double-calibrated and validated
by calculating the suction head above the groundwater table. Meanwhile, the trend of the
dynamic response of pore pressure can also be collected under the transient flow condition.
The specification of the T5 tensiometer is summarized in Table 1.
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Figure 5. (a) UMS T5 tensiometer with a 20-cm shaft (deionized water fully filled) [53]; (b) the electrical circuit of T5
tensiometer [54]; (c) the linear calibration between dimensionless voltage bout and water pressure (the red crosses are data

measured for calibration using linear regression) [53].
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Table 1. Specification of UMS T5 micro-tensiometer [55].

Specification Range
Measuring range +100-85 kPa
Precision £0.5 kPa
Shaft diameter 5 mm
Shaft length 20 cm
Output signal —100 Mv + 85 mV

For an investigation of the soil suction profile in transient flow conditions, the response
delay of the pressure sensor is of particular concern. The response time of tensiometers was
fully investigated by Klute et al. [56]. For every tensiometer, there will be a time delay in
the pressure response between the specimen and sensor body because of the permeability
of the ceramic cup on the shaft tip. However, because the T5 sensor only measures a low
suction range and the thickness of the ceramic cup is smaller than the HAE disk, there
is only minor hydraulic resistance between the sensor and specimen. According to the
T5 tensiometer manual [55], it only takes 5 seconds to approach an accurate value, and
this is already the fastest option for suction measurement among other methods requiring
moisture redistribution in a long equilibrium period, such as filter paper, dew point meters
and ATT [1,2,57]. As the temporal resolution of suction logging is 30 seconds, such a small
delay in response can be neglected for this experimental set-up.

3.4. Outflow Logging Set-Up, Initial and Boundary Conditions

There are four bench scales used to log accumulative outflow. As illustrated in Figure 4c,
a constant head tank is attached to the output at the bottom of the column. The overflow of
the constant head tank is collected by another water tank located on an electrical bench
scale. In the case of evaporation leading to underestimation of outflow, every tank is
covered by cling wraps with holes only for flow conduits. In Figure 4a,b, four bench
scales are all connected to a USB hub with a data transmission cable between RS232 and
a USB interface. In Figure 4b, one extra tank on the bench scale is located in the leftmost
position with exactly the same ambient conditions to measure the water evaporation for
moisture loss compensation. The maximum capacity of the bench scale (Ohaus Ranger
3000 R31P300) is 30 kg, with a precision of £1 g. The logging time step is also set at 30 s.
On the other end of the column, cling wrap was also used to fully cover the open top of the
soil column with a small pinhole to apply atmospheric pressure. The initial condition was
to retain the water table. Since the valve between the constant tank and the saturated sand
column was opened, the experiment was initiated. The data logging system was turned on
only a few minutes before.

3.5. Specimen Installation and Operating Procedure

The density control of sand specimen installation in the column was conducted by
tamping on the side of the acrylic column and vertically compacting on top of each layer.
The top and bottom of each column were fixed to be exactly vertical to avoid tilting off
during compaction and any inclines afterwards. In regard to minimizing the density
variation along such a long column, the thickness of each soil layer was controlled to
22 £ 1 cm. With the same inner diameter of the column, it was possible to achieve a mean
dry density of 1.61 & 0.05 g/cm? (porosity 39% =+ 2%) for beach sand and 1.45 4 0.1 g/cm?
(porosity 45% = 4%) for loamy sand. The water used for fabricating this saturated specimen
was tap water from the Geomechanics Laboratory of the University of Queensland, St. Lucia
QLD, Australia, due to a lack of access to a large amount of de-aired water produced close
by. However, it is non-saline water for general purpose. Under a low suction range for
sand soil (0~22 kPa), soil water temperature 22 = 1 °C and normal room temperature
23 £ 1 °C, there should be no further issue regarding nucleation, such as cavitation and
boiling. The segmentation of each layer was carefully controlled to mismatch each pinhole
for tensiometer insertion. A previous soil column test mentioned two approaches for
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tensiometer installation: installing a sensor through a pre-drilled hole or installing a sensor
during the compaction process [58]. Here, the T5 sensors were all inserted into the column
during the compaction process. Compared to the first method, the second ensures perfect
contact between each sensor and ambient soil [58]. The gap between each sensor and
pinhole was sealed with both a waterproof rubber O-ring and gas leakage-free thread tap.
Each T5 sensor was originally filled with deionized water using an automatically de-aired
water refilling kit, manufactured by UMS®. Except for the occurrence of the ceramic tip
dried out for soil gas percolation, there will be bubble-free water in the sensor and shaft up
to —101 KPa by mechanical vacuuming.

For the gravitational drainage test, the soil was oven-dried before loading into the
column to avoid soil segregation carrying bubbles inside the microscale soil structure.
Beach sand is completely cohesionless sand. Once the sample was oven-dried, there was
no more segregation, while the loamy sand needed some crushing and mechanical shaking
because of slightly cohesion. The water table was always above each layer that was being
compacted for the preparation of the saturated specimen. The spatial TDR sensor was
located in the center of the column, with good contact between soil and sensor, so there
should be no more concerns about the failure of the spatial TDR technique because of gaps
between the soil and sensor [37] and inductance variation due to distortion of the sensor
geometry [17].

4. Results and Discussion

This experiment was originally designed to investigate the dynamic effects in SWRC [11],
the hydraulic properties of unsaturated soil and the validity of the theories of two-phase
flow in porous media for the transient flow condition [59-61]. Thus, this experimental
platform will be used for different hydraulic boundary conditions in a sequence of the
constant head, multistep in/outflow by head control. Currently, as the first stage of the
constant head boundary, this experiment was conducted to assess gravitational drainage
in a fully saturated sample and spontaneous imbibition to fully dry sample, which needs
several months to reach equilibrium conditions without further moisture/suction variation.

However, some results regarding gravitational drainage only took a few weeks to
approach equilibrium. Therefore, this part of the results is presented as a demonstration of
the experimental platform’s success in this study. Comparison between this soil column test
and the standard hanging column test for loamy sand is also given to depict the difference
and discussion is dedicated to identifying the potential problems in the conventional
testing technique. Prior to the measurement of SWRC, the spatial TDR measurement and
analysis are conducted to highlight the difficulties and problems in the post-analysis of
spatial TDR waveforms.

4.1. Spatial TDR Tracing during Water Table Decreasing

When this experimental platform was firstly set up, before loading the sample into
the column, some previous tests were conducted to validate the signal variation of TDR
traces. Thus, a pre-test was completed by dropping the water table for a single column
from an originally saturated condition in order to characterize the decrease in the reflection
coefficient along TDR waveforms. An illustration of this pre-test is shown in Figure 6a
and the TDR traces for different water tables are shown in Figure 6b. With the water table
dropping downward, the TDR traces logged from 0 to 3 min clearly show an increase in
the reflection coefficient along the flat ribbon cable measured from the top. After four min,
the water table is stable since no variation in the TDR waveform is visible.

4.2. Spatial TDR Waveform Variation along the Sand Column in the Drainage Test

The TDR traces for the gravitational drainage test are shown in Figure 7. Two TDR
pulses are separately sent to the sensor in the column from the top and bottom. A pair
of TDR traces measured from both ends of the sensor at the same time can be used to
conduct the inverse analysis. According to Figure 7a (Terminal Top) and b (Terminal
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Bottom), it is clear that the reflection coefficient of TDR traces increases with the falling
water table and water draining out of the soil column. Since air enters the pore space at
the top end of the column with the dropping of the water table, TDR traces measured
from the top and end show an increase in the reflection coefficient up to 0.3. Meanwhile,
the second reflection points in these TDR traces, indicating the transition between the
sensor and the second coaxial cable, decrease from 110 to 100 ns. The TDR traces measured
from the bottom display significant changes at the end of the TDR trace, showing a more
pronounced transition from the sensor to a coaxial cable (drop after the second rise in the
signal). The comparison of the signals demonstrates the strong variation in the TDR traces,
corresponding to the change in the moisture profile. It further proves the capability of the
spatial TDR technique for characterizing information on moisture content dynamics in
large-scale unsaturated soil experiments.

4.3. Validation of Spatial TDR by Outflow Logging

The measurement from the spatial TDR sensor was firstly validated by the outflow
data logged using an electrical bench scale. First, the tangent method was used to determine
the travel time for each TDR trace sent from the column bottom. Second, the previously
determined travel time was used to calculate the total mean capacitance using Equation (8).
Then, the real part of soil permittivity can be calculated using Equation (7). Finally,
the volumetric moisture content is calculated by Topp’s model in Figure 8. Based on
the outflow and volume of the specimen, the mean volumetric moisture content was
eventually calculated and plotted in Figure 8. The moisture prediction from the spatial
TDR sensor strongly agrees with the moisture content calculated from the outflow data.
This demonstrates the success of electrical design with corresponding parameter calibration
of the spatial TDR sensor and the applicability of Topp’s model for this loamy sand.
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Figure 6. (a) The illustration of a single column drainage test without sample filled; (b) TDR waveforms indicating a drop

in water table [62].
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Figure 7. TDR traces for gravitational drainage test: (a) TDR traces measured from the top; (b) TDR
traces measured from the bottom [62].
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4.4. Inverse Analysis of Spatial TDR Trace and Dynamic Moisture Profile

Figure 9a shows the performance of optimization using one-way inverse analysis
of the spatial TDR technique. By applying the optimization, the TDR traces simulated
using the forward modeling telegraph equation can be well-matched with the TDR traces
measured using the data logging system. Based on this acceptable fitting performance,
the dynamic moisture profile can be finally calculated using Topp’s model, as shown in
Figure 9b. From the beginning at 12:00 pm on 4th April, the moisture content profile
was fully saturated, with a mean moisture content of around 45%. Once the one-step
gravitational drainage commenced, the pore water in the upper zone drained fast in the
first 8 h. After two days, by 1:56 am on 6th April, it almost achieved the equilibrium
condition. The data logging from the two following days shows no significant variation in
moisture profiles, indicating the final equilibrium condition achieved.
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Figure 9. (a) The fitting performance of capacitance reconstruction using one-way inversion analysis on both terminals

(TDR trace sent from bottom and top); (b) the dynamic volumetric moisture content profile measured using the spatial TDR

inverse analysis.

It should be noted that there is an overestimation of moisture in the capillary fringe
zone because of the transition zone between the sensor and epoxy terminals. Thus, it should
not be used for the determination of saturated moisture content. Instead, the saturated
moisture content at the initial condition should be used to cut off the irresponsible partition
to determine both the air entry value (AEV) and moisture profile in the saturated area.
These series of dynamic moisture profiles demonstrate the success of inverse analysis of
spatial TDR technique functioning in principle, while more effort might be required to
enhance the optimization method and take consideration of frequency dependence for
measuring more conductive porous media.

4.5. Validation of Pressure Measurement and Dynamic Response of Water Pressure

Figure 10a shows the good agreement between the measured suction and theoretical
water pressure calculated using the hydrostatic concept at the equilibrium stage. It proves
the accuracy of the previous linear calibration between value B,,; and water pressure for
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the T5 tensiometer with the datalogger. Figure 10b gives the dynamic response of measured
suction for one-step drainage for six months. In the first six hours, the water pressure

sharply decreased from positive values to the negative, indicating soil suction.
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Figure 10. (a) The comparison between tensiometer measurement and theoretical water pressure; (b) the dynamic response

of tensiometer on each point.

A few days later, the pore water pressure still gradually dropped to equilibrium. For
the rest of the six-month period, only the suction value from the tensiometer inserted at
180 cm continually decreased. This further reduction for such a long period might be due
to the inevitable evaporation on the upper layer, while there were two more soil layers
covered by the cling wrap over the measured zone to alleviate the impacts of subsurface
evaporation. The suction logging system properly functions for this drainage test, and
the dynamic behavior of negative pore pressure can be successfully recorded using this
experimental platform.

4.6. Soil Water Retention Curve Measurement Compared to SWRC Using the Standard Method

Finally, the suction and moisture logging collected at equilibrium are used to plot the
SWRC shown in Figure 11 in comparison to the SWRC measured by the standard hanging
column method. In Figure 11, there is a slight difference in initial density between the two
methods of around 2-3%. The zone of residual moisture content is around 8-9% for both
methods, whereas the capillary storage (moisture content changing with soil suction) and
AEV show significant differences between these two methods. Even the porosity controlled
for the standard method is higher, the AEV is 1.5 kPa higher than the AEV by the large
column test. In fact, the larger porosity should provide a smaller AEV.

Moreover, due to the smaller AEV achieved in the large column test, the slope of
SWRC is extended, so there is rather a gradual reduction in moisture content by increasing
the soil suction than the sharper wetting front measured by the standard hanging column
method. Previous studies on the spatial variation in suction calculated using the height
difference between a ceramic disk and water table have demonstrated the sensitivity of
suction determination by varying the specimen thickness [9]. This is reconfirmed again in
our experimental exploration as one of the initiative motivations of this experimental study.

However, it is still not possible to thoroughly conclude the failure or inaccuracy
of using the standard method due to the insufficient repetition for constructing such a
large experimental operation. Furthermore, for a non-deformable soil matrix, the initial
density control determines the pore size distribution, which governs the static SWRC
and AEV [63,64]. This could be also a reason for the differences. This trial still further
upgrades our understanding of SWRC regarding the spatial variation in suction and
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moisture. There will be a higher expectation that with further repetition of the same test
in the laboratory and field, with systematic control of impact factors from environmental
conditions and better precision of moisture given by the inverse analysis of the spatial TDR
technique, the dynamic and spatial effects of SWRC can be more comprehensively unveiled
for better two-phase flow seepage simulation, unsaturated soil strength estimation and
deformation prediction.
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Figure 11. The comparison between SWRC measurements from the large soil column test (the mean
0 averaged spatially & 5 cm) and standard hanging column method (the data points given by the
hanging column method are fitted using Fredlund and Xing (FX) model [63]).

5. Summary and Reflection

The soil water retention curve (SWRC) is one of the most important constitutive
relationships for the simulation of the hydraulic and mechanical behavior of unsaturated
soil. As unsaturated soil effective stress, shear strength, earth pressure, consolidation
and swelling are highly governed by both the soil moisture content and suction, the
pre-estimation of the air-water seepage process determines the accuracy of estimating
unsaturated soil’s mechanical behavior. Due to this prior importance, it is critical to
comprehensively investigate the dynamic and spatial effects of soil suction and moisture
redistribution because many previous studies indicate such a difference between static and
dynamic measurement.

This study integrates the spatial time domain reflectometry technique, high-precision
tensiometer and consistent outflow logging to investigate the dynamic response of moisture
distribution, soil suction and seepage flux during a transient drainage process. As the first
stage, the experimental platform has been validated by the comparison between each pair
of logging systems. This demonstrates the validity and functionality of this dynamic SWRC
testing platform for specific loamy sand. The preliminary result shows that this system
can be applied to capture both the dynamic response and the final equilibrium stage. The
SWRC measured at the final stage is compared to the SWRC using the standard hanging
column method, and there is a significant difference in air entry values and capillary storage
between two methods. This finding further motivates the investigation of spatial effects in
suction determination regarding the flaws embedded in the conventional testing method.

On the other hand, even though this experimental set-up involves excellent techniques
to consistently log three state variables, the complexity of the sensoring technique and
logging system leads to difficulty regarding sufficient replication in a short period. The
dynamic behavior of SWRC under draining conditions needs further analysis, and the cor-
responding measuring technique can still be improved in future experimental investigation.
In principle, the application of the spatial TDR technique offers the researcher a higher
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resolution of moisture distribution varying with time, and in principle, it functions for this
experimental set-up. With a great appreciation of the TDR technique development, the
hydrologist and geotechnical engineer can have a better understanding of the unobservable
phenomenon that is not considered in the conventional theoretical framework.
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