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Abstract: If soil hydraulic conductivity or water holding capacity could be measured with a small
volume of samples, it would benefit international fields where researchers can only carry a limited
amount of soils out of particular regions. We performed a pinhole multistep centrifuge outflow
method on three types of soil, which included granite decomposed soil (Masa soil), volcanic ash soil
(Andisol soil), and alluvial clayey soil (paddy soil). The experiment was conducted using 2 mL and
15 mL centrifuge tubes in which pinholes were created on the top and bottom for air intrusion and
outflow, respectively. Water content was measured at 5, 15, and 30 min after applying the centrifuge
to examine the equilibrium time. The results showed that pinhole drainage worked well for outflow,
and 15 or 30 min was sufficient to obtain data for each step. Compared with equilibrium data, the
retention curve was successfully optimized. Although the curve shape was similar, unsaturated
hydraulic conductivities deviated largely, which implied that Ks caused convergence issues. When
Ks was set as a measured constant, the unsaturated hydraulic properties converged well and gave
excellent results. This method can provide soil hydraulic properties of regions where soil sampling is
limited and lacks soil data.

Keywords: unsaturated hydraulic conductivity; retention curve; multistep outflow; centrifuge
method; HYDRUS; inverse solution

1. Introduction

Soil water is involved in many processes occurring under unsaturated conditions [1].
It is considered as the exchange agent underground and the crucial driving agent for
transporting substances between the groundwater and atmosphere through the soil profile.
The unsaturated region, known as the vadose zone, is involved in the complexity of time-
dependent, chemical, biological, and nonlinear physical processes, including interactions
with atmosphere and groundwater [2]. The water and solute movement rates in the vadose
zone are influenced by both soil water retention function (θ(h)) and hydraulic conductivity
(K) as a function of water content (θ) or soil water potential head (h); thus, impacting
the transport time of contaminants to the groundwater [3–5]. Additionally, hydraulic
conductivity function plays an essential role in the interrelationship between the source of
moisture/nutrients to plant roots, and water/solute transport beyond the root zone [1].
Therefore, understanding and determining physical characteristics such as water retention
and hydraulic conductivity functions of the vadose zone have great significance for soil
science and would support the design of productive soil activities [6,7].

Many methods have been designed to determine soil water functions that fulfill the
scientific knowledge demand. In-situ methods have some demerits due to the lack of
precise knowledge of aquifer geometry and hydraulic boundaries, as well as the high
cost of field operations and construction [4,5,8]. However, the results of in-situ methods
are more represented in the field conditions. Laboratory experiments divided into direct

Water 2021, 13, 1169. https://doi.org/10.3390/w13091169 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-6001-0911
https://doi.org/10.3390/w13091169
https://doi.org/10.3390/w13091169
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13091169
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13091169?type=check_update&version=2


Water 2021, 13, 1169 2 of 18

and indirect methods are generally preferred because of the flexible initial and boundary
conditions, even though they have some limitations in sampling size [4,5,9].

Regarding the laboratory methods, direct methods are quite tedious and require
restrictive initial and boundary conditions [4,5]. Moreover, they are time-consuming and
require expensive experimental setups [4–6,10,11] because of highly nonlinear factors,
which pose a challenge for reaching several steady-state stages or equilibrium states [4,5].
Therefore, faster and easier techniques are continually being explored [12,13].

Indirect methods, including the inverse method, have been increasingly adopted
to estimate soil hydraulic properties because a much shorter experimental time than
steady-state methods is required. Additionally, both the soil water retention and the
unsaturated hydraulic conductivity function can be simultaneously estimated from a single
transient experiment by an inverse solution [3,12]. Indirect methods generally employ
the parameter estimation technique which correlates with the indirect estimation of soil
hydraulic functions by the numerical method of the equation managing the flow process,
which is complied with the enforced boundary conditions. For example, integration
along the soil water retention curve offers the amount of soil water quantity, which can
then be applied to estimate the soil hydraulic conductivity [6]. One- or multistep-transient
outflow and soil water pressure data [4,5], one–step centrifuge outflow [3,14], and multistep
centrifuge outflow [13,15] were used to estimate hydraulic properties of the soils. Needless
to say, optimized unsaturated hydraulic conductivity functions determined from soil core
samples do not necessarily represent in-situ soil hydraulic properties [4,5].

Among the indirect laboratory methods, the centrifuge method is powerful and
versatile in terms of the following:

1. The centrifuge force is easily reproducible and changeable simply by setting the
centrifuge speed:

2. Since centrifuge force is expressed as the square of rotational speed, the force can
correspond to a vast range of K values with the same equipment and implementa-
tion technique:

3. The centrifuge apparatus requires no accessories such as regulators, valves, transduc-
ers, complicated plumbing, and no porous plate is needed;

4. Power boundary is restricted within the centrifuge apparatus;
5. Overburden stress can be simulated by centrifugal force as it develops the driving

force because of its effectiveness on all components of the medium [16,17].

Šimůnek and Nimmo [13] indicated that high-speed centrifuge methods are widely
accepted in scientific and technical fields of soil sciences and environmental engineering.
These methods have been used to measure soil water contents and saturated and unsat-
urated hydraulic properties over the last century, and they continue to develop in recent
times [13]. Additionally, McCartney et al. [18] proved that the centrifuge permeameter was
successfully implemented as a recent instrument to determine the unsaturated hydraulic
characteristics of soils [18]. Developing centrifugal setups has been attempted in several
studies [6,13,19,20]. However, steady-state centrifuge methods were generally not adopted
for a considerable period of time, especially when unsaturated. They need to attain steady-
state flow through the soil sample, hence, they require more time for interpreting the
obtained data. Therefore, transient methods are adopted where the obtained soil hydraulic
conductivity or soil water diffusivity is based on the time dependence of some aspects of
the flow [6,13]. Thus far, these transient centrifuge methods have provided significant in-
sights into the nature of unsaturated flow [13]. However, the problem of time consumption
and the high expense of the methods were not solved thoroughly. For example, under
steady–state conditions in a 1 g column infiltration test, 200 h were required to determine
20 points in the centrifuge permeameter versus 1800 h to achieve 2 points [6,10,18,21].

The issues were solved by combining experimental data using the one-step [22,23]
or multi-step outflow methods [4,24,25] with a parameter estimation method frequently
adopted to determine soil hydraulic parameters [12]. Pressure head and cumulative outflow
data derived from the inverse simulation for laboratory determination of soil hydraulic
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functions using both one-step and multistep outflow experiments [4] yielded beneficial
results. Furthermore, estimating soil hydraulic functions from the centrifuge transient flow
experiments using the parameter optimization technique was conducted by Šimůnek and
Nimmo [13], and it showed the excellent agreement of optimized results.

Another disadvantage of the traditional methods is the use of soil core cylinders with
a standard volume of 100 mL. Although the soil core cylinders retain the original structure
of soil samples, their large volumes are bulky and inconvenient when sampling abroad.
Moreover, metal cylinders occupy most of the weight, which sometimes causes trouble
when researchers attempt to export them to other countries.

In the 21st century, food production in Asian and African countries is crucial from
a global perspective. However, soil water characteristics data for these areas are not
adequate [26–29], although these characteristics do regulate water retention, infiltration,
soil organic matter, gaseous exchanges, dynamics of nutrients, root penetration, and
vulnerability to erosion [30]. This is partly because of the challenges faced by researchers
in these countries, such as the limited amount of soil samples that can be exported, or
instances where they were unable to carry soil samples out of these countries. In such
cases, experiments need to be conducted in hotel rooms, or measurements need to be
performed with a small volume of successfully imported samples. Therefore, it would
be extremely beneficial to these regions if soil hydraulic conductivity or water holding
capacity could be measured with a small volume of soil samples using low-cost equipment.
Filling the data gap with a small amount of soil would help countries to understand water
movement in their soils. Additionally, the soil water function data could become a database
for other studies.

Therefore, we developed a simple and quick method to estimate the unsaturated
hydraulic conductivity function from the cumulative multi-step outflow data. We em-
ployed 2 mL and 15 mL centrifuge tubes and pinhole drainage for a small and simple
experiment. Centrifuge power was applied in 5 and 6 steps to 2 mL and 15 mL samples,
respectively. A mini-centrifuge machine, usually used in biotechnology lab, was employed.
van Genuchten’s model and HYDRUS 1D (PC-Progress, Prague, Czech Republic) were
used for outflow optimization. Three types of air-dried soils were applied, which included
decomposed granite soil (Masa soil), volcanic ash soil (Andisol soil), and alluvial clayey
soils (paddy soil). The objectives of this study were to develop the pinhole centrifuge multi-
step outflow method to estimate the unsaturated hydraulic conductivity and retention
curve with a small volume of samples. The results would benefit regions with limited
availability of hydraulic data.

2. Theory

When the centrifuge tube of a soil sample is at rest, water is evenly distributed along
the tube. When the soil sample is centrifuged at a constant angular velocity, each soil
particle is impacted, and water molecules move toward the outer edge until the process
reaches a hydraulic equilibrium. Thus, the soil water content is lowest at the inner edge
near the centrifuge center and largest at the outer edge.

For a tube that is centrifuged temporally at a constant angular velocity (ω), the
centripetal force (F) impacting the water and soil particles is determined by the radius (r)
from the center of the centrifuge (Figure 1) as expressed in the formula below [16,31]:

F = mrω2 (1)

where r is the radius of the rotation (cm); ω is the angular velocity (rads−1).
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Figure 1. The principle of centrifuge method [31].

The energy could be expressed by the relationship between distance and force. In this
case, the pressure head can be expressed as [31]:

m
∫ R−H

R
rω2dr =

1
2

m
[
(R− H) 2 − R2

]
ω2 = −mH

(
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2

)
ω2 (2)

mgh = −mH
(

R− H
2

)
ω2 (3)

h = −H
(

R− H
2

)
ω2

g
(4)

where h is the length from the middle to the bottom of the tube (cm); H is the length of
the tube (cm); R is the length from the rotor center to the bottom of the tube (cm). This
study used N (revolution per minute (rpm) unit instead of ω (as a function of N), and the
gravitational acceleration was 981 cm/s2. Hence, the conversion formula is expressed as
the following function:

h = −H
(

R− H
2

)(
2πN

60

)2 1
981

(5)

pF = log(−h) = 2logN + logH + log
(

R− H
2

)
− 4.95 (6)

We recorded the stepwise drainage process of the centrifuge method, assuming multi-
step outflow experiments (Figure 2). In this experiment, pore water usually needs time to
distribute along the soil profile because water pressure requires time to conduct through
the profile. Centrifugal force, however, impacts every pore water molecule within the tubes
at the instance of centrifuge application. Thus, centrifugal drainage is faster than pressure-
plate outflow. At the equilibrium points, since the centrifuge method was also admitted as
the retention curve measurement method, the water distribution was assumed to be the
same as the pressure-plate method. Based on this, centrifuge data at the equilibrium points
was assumed to satisfy the Richards equation. Therefore, equilibrium point data were used
for the estimation of unsaturated hydraulic conductivity by employing HYDRUS 1D.
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Figure 2. (a) Centrifuge power vector and drainage direction; (b) Traditional centrifuge outflow; (c) Descending pressure
heads according to time.

The experimental procedure was assumed to follow Richard’s equation. The measured
cumulative centrifugal outflow and pore pressure head were expressed as time functions
during monotonic draining from an initially saturated soil sample. The one-dimensional
form, along with r direction, is taken to be positive downward and written as [3]:

∂θ

∂t
=

∂

∂r

[
K(h)

(
∂h
∂r
− 1
)]

(7)

where t is time (min), and h is pressure potential (cmH2O). The initial and boundary
conditions for the system are given as:

h = h0(r), t = 0, R−H ≤ r ≤ R (8)

∂h/∂r = 1, t > 0, r = R−H (9)

h = hR, t > 0, r = R (10)

where r = R − H is taken at the top of the soil sample, r = R at the bottom of the centrifuge
tube, and hR is the pressure head at the bottom of the centrifuge tube [3,14].

The soil water retention and unsaturated soil hydraulic properties were followed
according to the expressions modified by Eching et al. [4,5]. The calculation of K(θ) using
the inverse solution technique used the combination of van Genuchten’s θ(h) model (1980)
with the pore-size distribution model of Mualem (1976) to yield unsaturated hydraulic
function [4,5]:

Se =
[
1 + |αh|n

]−m (11)

Se =
θ − θr

θs − θr
(12)

θ = θr +
θs − θr[

1 + |αh|n
]m (13)

K(θ) = KsS l
e

[
1−

(
1− Se

1/m
) m]2

(14)

where Se is the effective saturation (0 < Se < 1); θr and θs (cm3·cm−3) are the residual and
saturated water contents, respectively; Ks (cm·s−1) is the saturated hydraulic conductivity;
α (cm−1), n, m (m = 1 − 1/n); and l (assumed to be = 0.5) are empirical parameters affecting
the shape of the water retention curve.
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At each step of the applied centrifugal force, the cumulative water content was
calculated. The water contents and suction settings were the input data for the HYDRUS
1D v4.6 model to optimize saturated hydraulic conductivity (Ks), residue water content
(θr), n, and α. Based on optimized parameters, the relationship between water retention
function and hydraulic conductivity function was expressed as the van Genuchten’s model.
The optimized results were compared with the equilibrium data and traditional pressure-
plate method.

3. Materials and Methods

Decomposed granite soil (Masa soil), volcanic ash soil (Andisol soil), and alluvial
clayey soil (paddy soil) were used in this study. They were selected based on particle
distribution, such as sandy, loamy, and clayey soils. The characteristics of air-dried and
2 mm sieved soils were described in Table 1. Centrifuge tubes of 2 mL and 15 mL were
used to observe the sample size effect.

Table 1. The characteristics of the examined soils.

Soil Masa Soil Andisol Soil Paddy Soil

Soil Texture Sand Silt Loam Silt Loam

Sand—Silt—Clay (%) 90—10—0 25—65—10 15—67—18

Bulk Density (g cm−3) 1.45 0.98 1.15

Saturated Hydraulic
Conductivity Ks (cm s−1) 1.81 × 10−2 * 9.72 × 10−3 ** 3.21 × 10−5 *

*: [32]; **: [33].

Pinholes of diameters 0.35 mm and 0.4 mm were created at the top and bottom of
the 2 mL centrifuge tubes. The hole on the top is for air intrusion, and the one at the
bottom is for water outflow. The soil was filled into the tube up to the 2 mL mark and
was slightly compacted. All the samples were saturated from the bottom by deionized
water for 24 h. A mini high-speed centrifuge (MF-12000, AS ONE, Osaka, Japan) was
used for conducting the 2 mL tube experiment. Samples were set at an inclined angle
(Figure 2a), and thus centrifugal power vector and drainage line were different, which
could be beneficial to avoid clogging at the drainage outlet. The applied centrifugal forces
were 1000, 2000, 3000, 4000, and 5000 rpm, which are equivalent to 90, 360, 810, 1400, and
2250 cm H2O, respectively. The weight of the samples after saturation represented the
zero-force step (0 cm H2O), and the subsequent steps were recorded to determine water
storage at 5, 15, and 30 min. The experiments were conducted with the batch of six tubes of
three soils based on the centrifugal time and size of pinholes, respectively. Soil samples
were set symmetrically to meet the balance of the centrifuge (Figure 3a). After the final
step (2250 cm H2O), the samples were dried in an oven at 105 ◦C for 24 h, and the dry soil
weights were measured.

For the experiment using the 15 mL centrifuge tubes, 1 mm and 1.5 mm diameter
pinholes were applied at the top and bottom of the tube. A small amount of cotton was
placed at the bottom to prevent soil leakage from the sample when centrifuging. The
soil was then filled into the tube up to the 15 mL mark and was slightly compacted. All
the samples were also saturated from the bottom with deionized water. A laboratory
centrifuge (LMC-3000, Biosan, Latvia) was used for centrifugal forces of 100, 300, 500, 800,
1000, and 1500 rpm, which are equivalent to 13, 121, 337, 862, 1346, and 3029 cm H2O,
respectively. Samples were vertically set, and the sample holder arm swung toward the
horizontal direction when the centrifuge power was applied. The weight of the sample
after saturation represented the zero-force step (0 cm H2O), and the subsequent steps were
recorded to determine water storage at 5, 15, and 30 min. The experiments were conducted
with the batch of six tubes of three soils based on the centrifugal time regardless of pinhole
sizes. The soil samples were symmetrically set up for each soil texture (Figure 3b). After
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the final step (3029 cm H2O), the samples were dried in an oven at 105 ◦C for 24 h, and the
dry soil weights were measured.

Figure 3. Experimental setup for (a) 2 mL and (b) 15 mL tubes.

HYDRUS 1D was employed to inversely solve the multi-step outflow process by
parameter optimization. The software consists of a one-dimensional finite element model
for simulating the soil water, heat, and solute movement in variably saturated porous
media. The program numerically solves Richards’ equation for saturated−unsaturated
water flow [13,15]. As described previously, we assumed that both the centrifuge and
pressure plate methods gave the same equilibrium data points.

4. Results and Discussions
4.1. Pinhole Drainage

We used pinholes with diameters of 0.35 mm or 0.4 mm to ensure that the water would
not drain under its own weight but would drain only when a centrifugal force is applied.
In the 2 mL centrifuge tube, there was no significant difference in the drainage between the
two tubes. The pinholes were screwed and whirled; hence, the risk of soil particle loss was
small. In using a 2 mL centrifuge tube with a small sample weight, a 0.4 mm pinhole was
sufficient for easy operation.

However, when the experiment was conducted using a 15 mL centrifuge tube with a
0.35 mm or 0.4 mm pinhole, the tube became clogged and could not drain. The centrifuge
using a 15 mL centrifuge tube adds centrifugal force in a 180◦ horizontal position; thus,
the force was concentrated near the drainage opening, which caused clogging. Therefore,
in the 15 mL centrifuge tube, cotton was placed at the end of the drain to increase its
cross-sectional area in the sample and avoid clogging. As cotton was used to prevent
soil particle loss, pinholes of 1 mm or 1.5 mm were made for smooth drainage. Thus, the
drainage experiments were conducted without clogging in a 15 mL centrifuge tube.

The results of the soil moisture characteristic curve and the optimization were not
affected by the pinhole sizes within the samples of 2 mL and 15 mL (Figure 4), and the
drainage by pinholes worked well as a test method.

4.2. Drainage Time to Equilibrium

Plotting the designed suction converted from the centrifugal force and the soil water
content obtained after the experiment produced a curve similar to the soil water character-
istic curve. Figure 4 showed that at 5 min, the drainage did not reach the final drainage
level in some soils, however at 15 and 30 min, the water content was almost the same; thus,
they were considered to have attained equilibrium.

The experiment was quicker than pressurized plate drainage, and if the unsaturated
hydraulic conductivity is obtained properly after this step, it would be advantageous in
field experiments with limited time or limited amount of soil. All water molecules were
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impacted and directly moved to the outlet allowing the water in an unsaturated sample to
equilibrate faster with the centrifuge field than with the gravitational field [34]. Thus, the
time for implementing the experiment under each forced step was reduced [31].

Analyses with a 5 and 15 min drainage step were also conducted to discuss the validity
of the unsaturated hydraulic conductivity calculated as an unsteady flow inversion analysis.
If the objective is to obtain soil water characteristics curves, then it is desirable to adopt the
30 min drainage step, which is considered as the equilibrium time.

4.3. Validation of Optimization

To evaluate the validity of the analysis, Figure 5 shows the comparison of the op-
timized soil moisture characteristic curves (lines) with the equilibrium data (triangles).
Twelve curves were drawn for 2 mL and six for 15 mL centrifuge tubes, and most of
the curves were drawn very close to the equilibrium data (triangles). The entire inverse
analysis was considered to be successfully performed. However, a large deviation near
saturation was observed, especially in the 2 mL centrifuge tube. The 2 mL centrifuge
tube is small and enables quick experiments; however, it is necessary to pay attention to
filling and saturation reproducibility. In addition, optimization using 15 and 30 min data
converged properly with each other, though the 5 min data sometimes did not. Overall,
the comparison between measured water content and optimized curve fit well.

We have also evaluated this method by comparing it with the traditional pressure-
plate method (circle in Figure 5). These were obtained using 100mL core samples. For
decomposed granite soil, both data corresponded well. For volcanic ash soil, there were
curving shapes in the traditional method, which deviated from the pinhole centrifuge
outflow method. This might be because volcanic ash soil has an innate aggregate structure.
Nevertheless, overall, the data fits well when its small size is considered. For paddy soil,
the 15mL tube data corresponded with each other, but the 2mL tube showed smaller water
content than the traditional method. Although the reason is unclear, it might be emanating
from the difference in methodology in that centrifuge worked all the water molecules in
the tube, while the pressure plate method needed time to apply pressure on conduction
based on hydraulic continuity. In all, the proposed method and traditional pressure plate
method corresponded adequately.

4.4. Unsaturated Hydraulic Conductivity

The optimization of soil water storage and suction was conducted through experi-
mentation. The optimization was performed at the actual set time of 5, 15, and 30 min;
however, it was unsuccessful. The centrifugal method immediately applied centrifugal
force to all water molecules in the sample, and the test proceeded quickly, although the
Richards method employed pressure transfer to conduct water.

If we waited until equilibrium, the pressure plate method and the centrifugal method
would have the same series of equilibrium points. Therefore, a sufficiently long time
was set to reach equilibrium at each step in the calculation, assuming the adequate time
required for equilibrium, thereby solving the multi-step outflow method. In the time close
to equilibrium, water does not move much; therefore, the time could be shortened as long
as the calculated value converges. This assumption is true for the 15 and 30 min drainage
data; however, it may not be valid for the 5 min drainage data because equilibrium was
not clearly attained. However, to evaluate a rapid experiment with limited time and place,
availability of 5, 15, 30 min were all examined.
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Figure 4. Experimental water content of 2 mL and 15 mL tubes (a) Decomposed granite soil (Masa soil); (b) Volcanic ash
soil (Andisol soil); (c) Paddy soil (#: 5 min; 3: 15 min;4: 30 min).
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Figure 5. Optimized water retention and measured 30-min water content of 2 mL and 15 mL tubes (a) Decomposed
granite soil (Masa soil); (b) Volcanic ash soil (Andisol soil); (c) Paddy soil (4: equilibrium data; —: optimized data;
#: Pressure-plate method).

The results are depicted in Figure 6, showing the convergence of the data. Figure 7
shows the unsaturated hydraulic conductivity obtained in this case where α, n, θr, and Ks
are variables. The 2 mL tube has a large variation in hydraulic conductivity, however, the
variation of 15 mL is small and well integrated. A certain amount of drainage volume is
required for optimization. Thus, the analysis is more reliable for the 15 mL tube than the
2 mL tube. As the shapes of the graphs in Figure 6 were similar to each other, there was no
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problem in estimating α, n, and θr. The major cause of the variation could be the effect of
different starting points, especially for the Ks variable.

Figure 6. Optimized pressure head as extension time of 2 mL and 15 mL tubes: (a) Decomposed granite soil (Masa soil);
(b) Volcanic ash soil (Andisol soil); (c) Paddy soil.

Therefore, the measured Ks of the soils in Table 1 was applied to the optimization as a
fixed data, as shown in Figures 8 and 9. The convergence was great, and the results were
almost similar for both tubes.

Figures 6 and 8, which depict the convergence of the suction, show that the shape of
the curve leading to equilibrium was very different. Figure 6 shows the equilibrium curve
with permeability as a variable and does not properly depict the curve shape, leading to
equilibrium with drainage. Larger Ks lead to faster drainage and made it easier to reach
equilibrium, resulting in an unnatural staircase shape with a sharp decrease in suction and
almost no change to reach equilibrium. Contrarily, Figure 9 shows a smaller value of Ks as
the measured value, and the shape of the curve leading to equilibrium (Figure 8) is more
appropriate, especially for decomposed granite soils and alluvial clayey soils. Therefore, it
would be better to measure Ks independently and use it as a constant value.
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Figure 7. Optimized hydraulic conductivity functions of 2 mL and 15 mL tubes: (a) Decomposed granite soil (Masa soil);
(b) Volcanic ash soil (Andisol soil); (c) Paddy soil.
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Figure 8. Optimized pressure head as extension time after setup of constant saturated hydraulic conductivity Ks of 2 mL
and 15 mL tubes: (a) Decomposed granite soil (Masa soil); (b) Volcanic ash soil (Andisol soil); (c) Paddy soil.

Part of the problem of the Ks variable might be attributed to the conductivity infor-
mation for optimization. We could not measure water content or outflow volume during
the high-speed rotation or place sensors because of the mini-scale of the measurement
system. We used equilibrium point data for optimization. However, this meant we did not
have information for drainage velocity over time. Therefore, measuring Ks independently
would be a reasonable strategy for better optimization with this measurement system.

Another challenge would come from the compaction of soil samples under centrifugal
force. Nimmo et al. [34] pointed out that compression can adjust the structure of the
material to significantly impact K and water retention for fine-textured or lightly compacted
media that showed higher values from the first step [34]. However, Nimmo and Akstin [34]
also showed through modeling that the influence of initial compression by centrifugal force
on unsaturated hydraulic conductivity is smaller than the impact of increasing levels of
centrifugation [35]. The impact of compaction on the retention and unsaturated hydraulic
conductivity curves is not well documented [14]. Therefore, it is necessary to conduct more
experiments to elucidate the effects of compaction during centrifugation.
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Figure 9. Optimized hydraulic conductivity functions after setup of constant saturated hydraulic conductivity Ks of 2 mL
and 15 mL tubes: (a) Decomposed granite soil (Masa soil); (b) Volcanic ash soil (Andisol soil); (c) Paddy soil.
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The final parameters are summarized in Tables 2 and 3. In Table 2, the hydraulic
conductivity fluctuated greatly, while α, n, and θr, which determine the shape of the curve,
did not change significantly, indicating that it is reasonable to fix the hydraulic conductivity
to give stability to the analysis. In Table 3, the RMSE is almost an order larger because
Ks was fixed, however, as shown earlier, the analysis with fixed Ks gave more reasonable
results for optimization in terms of the shape of the graph. In the case of volcanic ash and
alluvial clay soils, which are relatively soft soils, α and n are larger, and θr is smaller for
2 mL, i.e., the data of 2 mL showed a tendency of having slightly lower water retention
than that of 15 mL.

Table 2. Optimization results.

Size
Time for

Centrifuge
(min)

Number
of Sample

Ks
(cm/s) α n θr

(cm3·cm−3) RMSE

Masa soil
2 mL 5 4 10.886 0.030 1.471 0.061 0.003

15 4 64.474 0.035 1.452 0.048 0.003
30 4 25.381 0.027 1.476 0.046 0.004

15 mL 5 2 36.691 0.038 1.595 0.106 0.009
15 2 8.974 0.033 1.710 0.100 0.010
30 2 8.291 0.035 1.706 0.092 0.009

Andisol soil
2 mL 5 4 5.469 0.014 2.003 0.127 0.016

15 4 0.167 0.013 1.407 0.068 0.019
30 4 0.680 0.012 1.319 0.025 0.012

15 mL 5 2 2.409 0.013 1.251 0.108 0.020
15 2 3.054 0.010 1.424 0.165 0.012
30 2 0.347 0.007 1.438 0.155 0.018

Paddy soil
2 mL 5 4 73.843 0.080 1.380 0.175 0.005

15 4 35.682 0.068 1.398 0.164 0.008
30 4 89.991 0.111 1.308 0.140 0.016

15 mL 5 2 0.521 0.009 1.238 0.117 0.017
15 2 0.993 0.016 1.204 0.034 0.014
30 2 0.099 0.024 1.184 0.001 0.021

Two reasons could be responsible for this. As shown in Figure 5, the 15 mL tube data
fit well with the pressure-plate method. The 2 mL data showed smaller water content which
might be because of physical methodology differences. Centrifugal power worked all the
water molecules and gave effective drainage without affected by hydraulic discontinuity.
However, the 15 mL tube length was longer, thus, the drainage process might be similar
to that of the pressure-plate method. Another reason might be that the 15 mL tube is
more likely to clog because the centrifuge tube turns completely horizontal during the
rotation, and the direction of centrifugal force and that of drainage coincide perfectly
(Figure 2b). Thus, particle movements and clogging were likely to occur. On the other
hand, the inclined setting of the 2 mL tube gave a different angle for centrifuge power
and drainage line, which might avoid clogging and promote proper drainage. Further
experiments are required to contribute to this knowledge field.
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Table 3. Optimization results (fixed Ks).

Size
Time for

Centrifuge
(min)

Number
of Sample

Ks
(cm/s) α n θr

(cm3·cm−3) RMSE

Masa soil
2 mL 5 4 1.81 × 10−2 0.021 1.715 0.098 0.025

15 4 1.81 × 10−2 0.020 1.752 0.091 0.027
30 4 1.81 × 10−2 0.019 1.675 0.080 0.022

15 mL 5 2 1.81 × 10−2 0.024 1.878 0.125 0.036
15 2 1.81 × 10−2 0.023 1.944 0.109 0.030
30 2 1.81 × 10−2 0.024 1.954 0.101 0.030

Andisol soil
2 mL 5 4 9.72 × 10−3 0.013 1.554 0.169 0.026

15 4 9.72 × 10−3 0.010 1.491 0.123 0.029
30 4 9.72 × 10−3 0.010 1.419 0.092 0.022

15 mL 5 2 9.72 × 10−3 0.010 1.373 0.200 0.025
15 2 9.72 × 10−3 0.008 1.490 0.201 0.016
30 2 9.72 × 10−3 0.007 1.452 0.162 0.019

Paddy soil
2 mL 5 4 3.21 × 10−5 0.011 2.152 0.227 0.235

15 4 3.21 × 10−5 0.010 2.167 0.214 0.226
30 4 3.21 × 10−5 0.011 2.095 0.217 0.239

15 mL 5 2 3.21 × 10−5 0.005 1.673 0.286 0.062
15 2 3.21 × 10−5 0.006 1.741 0.257 0.082
30 2 3.21 × 10−5 0.007 1.790 0.247 0.107

5. Conclusions

To develop a faster technique for estimating unsaturated hydraulic conductivity with
a small amount of soil sample, the pinhole multistep centrifuge outflow experiment was
conducted in 2 mL and 15 mL tubes, and the following conclusions were obtained:

1. A pinhole has successfully worked for water drainage to give a simple test tube design
and 30 min drainage was sufficient for centrifuge drainage to reach equilibrium.
Hence, 30 min data can also be used for the soil water retention curve.

2. Optimization was successful for α, n, and θr. However, optimized Ks values were
found to deviate. When Ks was used as constant, optimization converged well and
gave excellent results for unsaturated hydraulic conductivity optimization. Therefore,
it would be better to measure Ks and use as a constant for optimization. Furthermore,
15 or 30 min drainage data can be used for transient outflow optimization. However,
5 min data gave some deviation from the standard drainage curve.

3. The 2 mL centrifuge tube needs careful soil packing and saturation to avoid deviation.
Notably, the 2 mL tube did not clog and yielded fair results because the centrifuge
vector was different from the inclined drainage line. The 15 mL tube resulted in stable
data and optimization because of its larger size. However, care might be required to
avoid clogging or particle movement because the horizontal centrifuge angle was the
same for the drainage line.

4. When compared with the traditional pressure-plate method, the proposed method
corresponded well and gave reasonable results.

To summarize, the pinhole-drainage centrifuge outflow method successfully gave
hydraulic properties of soils with a very small volume of samples. We would not state
that it was better than traditional laboratory methods. However, it provides valuable soil
data for the field where soil sampling is limited and areas where experiments need to be
conducted with limited time or no database is available.
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