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Abstract: A knowledge of soil permeability is essential to evaluate hydrologic characteristics of soil, such as
water storage and water movement, and soil permeability coefficient is an important parameter that reflects
soil permeability. In order to confirm the acceptability of the one-dimensional horizontal infiltration method
(one-D method) for simultaneously determining both the saturated and unsaturated permeability
coefficients of loamy sand, we first measured the cumulative infiltration and the wetting front distance
under various infiltration heads through a series of one-dimensional horizontal infiltration experiments, and
then analyzed the relationships of the cumulative horizontal infiltration with the wetting front distance and
the square root of infiltration time. We finally compared the permeability results from Gardner model based
on the one-D method with the results from other two commonly-used methods (i.c., constant head method
and van Genuchten model) to evaluate the acceptability and applicability of the one-D method. The results
showed that there was a robust linear relationship between the cumulative horizontal infiltration and the
wetting front distance, suggesting that it is more appropriate to take the soil moisture content after
infiltration in the entire wetted zone as the average soil moisture content than as the saturated soil moisture
content. The results also showed that there was a robust linear relationship between the cumulative
horizontal infiltration and the square root of infiltration time, suggesting that the Philip infiltration formula
can better reflect the characteristics of cumulative horizontal infiltration under different infiltration heads.
The following two facts indicate that it is feasible to use the one-D method for simultaneously determining
the saturated and unsaturated permeability coefficients of loamy sand. First, the saturated permeability
coefficient (prescribed in the Gardner model) of loamy sand obtained from the one-D method well agreed
with the value obtained from the constant head method. Second, the relationship of unsaturated
permeability coefficient with soil water suction for loamy sand calculated using Gardner model based on the
one-D method was nearly identical with the same relationship calculated using van Genuchten model.
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1 Introduction

Soil permeability, an important physical property of soil, is influenced by the shape, size, and
continuity of the pore spaces (Scherer et al., 1996; Zhang et al., 2013). A knowledge of soil
permeability is essential to evaluate soil hydrologic characteristics, such as water storage and
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water movement (Schiff and Dreibelbis, 1949). Soil permeability coefficient (or hydraulic
conductivity) including saturated and unsaturated permeability coefficients is an important
parameter that reflects soil hydrologic characteristics (Daliri, 2011; Wang and Tong, 2014).

Soil permeability coefficient can be determined by three groups of methods: theoretical,
laboratory and field methods (Klute and Dirksen, 1986; Fredlund and Rahardjo, 1993; Radcliffe
and Rasmussen, 2002; Lal and Shukla, 2004; Lu and Likos, 2012; Ganjidoost et al., 2015), but all
of those methods have advantages and disadvantages (Wang and Tong, 2014; Ganjidoost et al.,
2015). Theoretical methods are based on water viscosity and soil porosity, and the water flow in
soil is assumed to be viscous flow rather than turbulent flow. Thus, this group of methods are
often not reliable due to the nonuniformities of soil grain size distributions and particle shapes
(Fredlund and Rahardjo, 1993). Laboratory methods often fail to accurately simulate field
conditions because of sampling restriction (e.g., limited amount, limited size, disturbance, and
heterogeneity) (Fredlund and Rahardjo, 1993). In contrast, field methods can objectively reflect
the actual situation of soil permeability with little disturbance. However, field methods still have
shortcomings, such as high testing complexity, laborious workload, long testing periods and high
expenses. Therefore, it is necessary to develop a relatively simple and yet widely applicable
method to determine both the saturated and unsaturated permeability coefficients from simple
experiments or easily obtainable parameters.

One-dimensional horizontal infiltration experiment was widely used to estimate soil water
movement parameters (Wang et al., 1990; Shao et al., 1998; Wang et al., 2002; Shabani and
Sepaskhah, 2009). Yang and Lei (1991) proposed a simple method to determine soil permeability
coefficients under different infiltration heads using the one-dimensional horizontal infiltration
method (one-D method). Compared with other methods that can only determine either the
saturated permeability coefficient or unsaturated permeability coefficient, this method can
simultaneously determine both the saturated permeability coefficient and unsaturated permeability
coefficient (Yang and Lei, 1991; Su, 2000). This study aimed at confirming the acceptability and
applicability of the one-D method for determining the saturated and unsaturated permeability
coefficients. The saturated permeability coefficient and the pore size distribution parameter
prescribed in the Gardner model (Gardner, 1958) for loamy sand were determined using the
one-D method and thus the unsaturated permeability coefficient was subsequently obtained from
the Gardner model. Specifically, we measured the cumulative horizontal infiltration and the
wetting front distance corresponding to different infiltration times under various infiltration heads
through a series of one-dimensional horizontal infiltration experiments. We then analyzed the
relationships of the cumulative horizontal infiltration with the wetting front distance and the
square root of infiltration time. We finally compared the permeability results calculated using
Gardner model based on the one-D method with those calculated using the other two
commonly-used methods to further confirm the acceptability and applicability of the one-D
method. The other two commonly-used methods were the constant head method (Jury et al., 1991;
Hillel, 1998) and the van Genuchten model (van Genuchten, 1980).

2 Theoretical analysis

2.1 Saturated permeability coefficient

Darcy’s equation, which describes the one-dimensional horizontal unsaturated flow of water in
soils, is as follows (Yang and Lei, 1991):
o9
9="70 (1

Where, ¢ is the soil moisture flux (cm/min); ¢ is the velocity potential (cm*/min); and x is the
horizontal coordinate (cm) with x=0 at the entry surface.

By employing the Kirchhoff transformation (Klute, 1952; Gardner, 1958; Philip et al., 1989;
Houseworth and Leej, 2009), ¢ can be obtained from Equation 2.
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Where, ¥ is the soil water pressure potential (cm), and ¥ is the soil pressure potential ¥, when
>0, while ¥ is the soil matric potential ¥,, when ¥<0; ¥; is the initial soil matric potential before
infiltration (cm) and K( %) the unsaturated permeability coefficient (cm/min).

The relationship between K(¥) and ¥ is shown in Figure 1 (Elrick et al., 1989; Ankeny et al.,
1991; Elrick and Reunolds, 1992). ¢ in Figure 1 represents the area enclosed by the curve K(¥?)
from ¥, to V.
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Fig. 1 Relationship between unsaturated permeability coefficient (K(¥)) and soil water pressure potential ().
¥; is the initial soil matric potential before infiltration, ¢,, is the matric flux potential, K, is the saturated
permeability coefficient, and H is the infiltration head.

When x=0 (i.e., at the entry surface), the soil moisture flux (g) is equal to the infiltration rate (i),
and thus:

. op
i= P 3)
For ¥=¥,=H, Equation 2 can be expressed as:
H 0 H
0= '[K(‘P)da” - J‘K(‘P)d&” + j K(P)d¥. (4)
, w, 0
H
j K(P)d¥ =K H. (5)
0

Where, H is the infiltration head (cm) and K is the saturated permeability coefficient (cm/min).
The matric flux potential, ¢,, (cm*/min), is defined as (Gardner, 1958; Reynolds and Elrick,
1985):

0
Ono = [ KWV (©)

Thus, ¢ could be obtained by:
P =Py + K H. (7

At the wetting front, i.e., x=x,(x,represents the wetting front distance (cm)), we could get:



30 JOURNAL OF ARID LAND 2017 Vol. 9 No. 1
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Then, the infiltration rate (7) could be obtained by combining Equations 3, 7, and 8.
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The cumulative horizontal infiltration (/) is expressed as Equation 10.
I=(0, —6)x, =A0x,. (10)

Where, Onean 18 the average soil moisture content after infiltration in the entire wetted zone
(cm’/cm’), 6; the initial soil moisture content before infiltration (cm’/cm’), A@ the difference
between soil moisture content after infiltration in the entire wetted zone and initial soil moisture
content before infiltration (cm’/cm?). It should be noted that we assumed the soil moisture content
after infiltration in the entire wetted zone as the average soil moisture content rather than the
saturated soil moisture content (Green and Ampt, 1911).
By combining Equations 9 and 10, we could obtain the following equation:
li=A6(¢,, + K.H). (11)
The Philip infiltration formula for the cumulative horizontal infiltration (/) is expressed as
follows (Philip, 1957a, b, 1969; Jury et al., 1991; Lal and Shukla, 2004).
1
I=8,t2. (12)
Where, ¢ is the infiltration time (min) and Sy is the sorptivity at specific infiltration head H
(cm/min”).
For the infiltration rate (i=dl/df), by substituting Equation 12 into i=dl/dt, then we could

obtained the following equation:
1

1 —
i=—Syt 2. 13
R 13)
By combining Equations 12 and 13, then we could get:
i=1is,’ (14)
2
Finally, the following equation could be obtained by combining Equations 11 and 14.
S[IZ
——=¢ +KH. 15
2A9 ¢Wl0 s ( )

From Equation 15, it can be seen that S,*/(2A0) and H shows a linear relationship, and ¢, is
the intercept and Kj is the slope. So, ¢,, and K, can be obtained using the regression analysis
based on the one-dimensional horizontal infiltration experiments.

2.2 Unsaturated permeability coefficient
In Gardner model (Gardner, 1958), the unsaturated permeability coefficient (K(¥)) is represented
by Equation 16:

KW)=Ke™ ¥ <0. (16)
Where, a is the pore size distribution parameter, which represents the reduction rate of soil

permeability coefficient as ¥ becomes more negative.
By substituting Equation 16 into Equation 6, then we could obtained the following equation:

Ks _Ki =O0Pyyp- (17)
Where, K;is the permeability coefficient corresponding to the initial soil matric potential before
infiltration (¥;). If the soil is initially drier, i.e., K;<<Kj (Scotter et al., 1982), thus Equation 17 can
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often be simplified as follows:

K, =ag,, (18)
Then, a in Equation 16 could be calculated by Equation 19.
a= K, . (19)
Prmo

It should be emphasized that both the saturated permeability coefficient (K;) and the pore size
distribution parameter (a) prescribed in the Gardner model (i.e., Eq. 16) are obtained using the
one-D method and thus the unsaturated permeability coefficient (K(¥)) could be subsequently
obtained using Gardner model (i.e., Eq. 16).

3 Materialsand methods
3.1 Sudyarea

Soil samples were collected from a corn field of Tajik Abati Town, Taxkorgan Tajik Autonomous
County, Kashi Prefecture of Xinjiang, China. The town is located between 38°58-39°04'N and
77°14'=77°19'E with an average elevation of 1178 m a.s.l. The region is characterized by a
temperate continental arid climate with rather scarce precipitation (~50 mm) and extremely high
evaporation (~2500 mm). The annual average temperature is 11.7°C with an extreme minimum
temperature of —24.4°C and an extreme maximum temperature of 49.1°C. The annual sunshine
hours range from 2450 to 3000 h and the frostless period is 245 d. Groundwater depth in the study
area is shallow, varying from 0.2 to 1.4 m. Soil physical properties are shown in Table 1.

Tablel Soil physical properties at the depth of 0—60 c¢m in the study area

Proportion of soil particle size (weight; %) . Dry bulk density
- Soil texture 3
Sand (2-0.05 mm) Silt (0.05-0.002 mm) Clay (<0.002 mm) (g/cm’)
72.96 24.67 2.37 Loamy sand 1.48

3.2 Experimental device

The experimental device included a marriotte bottle and a horizontal soil column. The marriotte
bottle was 70 cm in the height and 5 cm in the inner diameter. The horizontal soil column
collector, 80 c¢cm in the length and 10 cm in the inner diameter, was made of a 0.5-cm thick
plexiglass cylinder (Fig. 2).

i

i

1. Marriotte bottle
2. Water chamber
3. Filter layer

1 4, Wetting front

/ 5. Horizontal soil column

L &)

o

Fig. 2 Experimental device for water infiltration experiments of horizontal soil column
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3.3 Experimental design

The infiltration heads (corresponding to the center of horizontal soil column) were designed at 0,
10, 20, 30, 40, 50, 60 and 70 cm. Each experiment was repeated three times under the same
infiltration head to ensure the data consistency.

3.4 Experimental procedure

The laboratory experiments were conducted during the period of 19 days from 16 October to 3
November (2012) at the Aksu National Field Scientific Observation and Research Station for
Farmland Ecosystem (40°37'N, 80°51'E), Xinjiang of China.

3.4.1 Filling of soil samples

Soil samples were taken from a corn field and three replicated sample plots (0.6 mx1.0 mx1.5 m
each) were designed along the diagonal of the field. Three soil samples (20 kg for each) were
collected at the depth of 0—60 cm, and then mixed into one. In the laboratory, the samples were air
dried, smashed and sieved to ensure the uniformity of initial soil moisture content and soil texture.
The samples were then filled into a plexiglass cylinder at an interval of 3 cm depth and compacted
during the filling to avoid possible unconformities of soil layers. The samples were placed for 24
h to achieve a uniform soil moisture content, and the initial soil moisture content was 0.02
em’/em’.

3.4.2 Installation of experimental device

After filling soil samples, we connected the water chamber and the plexiglass cylinder using
screws, and smeared Vaseline on places where water may seep (such as the screws), ensuring that
the horizontal soil column was water-tight.

A marriotte bottle was used to supply water for the horizontal soil column under a constant
water head to ensure the soil to be saturated at the inlet side and also to avoid the gravity flow. At
the same time, the water supply volume, namely the infiltration water added to the horizontal soil
column, was determined.

3.4.3 Records of experimental data

The valve of the marriotte bottle was opened to supply water to the water chamber until the
chamber was filled, then the vent valve of the water chamber was closed. Subsequently, we started
the stopwatch and recorded the start time, infiltration time, liquid level of the marriotte bottle, and
distances from the wetting front to the water source at different time intervals (i.e., 1, 2, 5 min, etc.).

3.5 Dataanalysis

In this study, all data were analyzed using Microsoft Excel and all figures were plotted using
Microsoft Excel and Photoshop software package.

4 Results

4.1 Relationships between the cumulative horizontal infiltration and the wetting front
distance

The relationships between the cumulative horizontal infiltration (/) and the wetting front distance
(x) at different infiltration heads are shown in Figure 3. The linear relationships between the
cumulative horizontal infiltration and the wetting front distance indicate that it is appropriate to
assume that the soil moisture content after infiltration in the entire wetted zone equals to the
average soil moisture content in the entire wetted zone. The slope of the line is the A6, i.e., the
difference between the average soil moisture content after infiltration in the entire wetted zone
and the initial soil moisture content before infiltration, and A8 values corresponding to different
infiltration heads are shown in Table 2.

4.2 Relationships between the cumulative horizontal infiltration and the square root of
infiltration time

The relationships between the cumulative horizontal infiltration (/) and the square root of
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infiltration time (") are shown in Figure 4. The linear relationships between the cumulative
horizontal infiltration and the square root of infiltration time indicate that the Philip infiltration
formula can better reflect the characteristics of cumulative horizontal infiltration at different
infiltration heads. The slope of the line is the sorptivity (Sy), and Sy values corresponding to
different infiltration heads are shown in Table 2.
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Fig. 3 Relationships between the cumulative horizontal infiltration (/) and the wetting front distance (xf) at
different infiltration heads l

Table2 Results for horizontal infiltration experiments corresponding to different infiltration heads

H (cm) A6 (m*/m’) Sy (cm/min’?) Si*/(2A0) (cm?/min)
0 0.36 0.9153 1.1895
10 0.33 0.9194 1.2850
20 0.35 1.0449 1.5531
30 0.34 0.9438 1.2921
40 0.37 1.0568 1.5262
50 0.35 1.0814 1.6725
60 0.36 1.1927 2.0064
70 0.33 1.1509 2.0202

Note: H is the infiltration head; A6 is the difference between the average soil moisture content after infiltration in the entire wetted zone
and the initial soil moisture content before infiltration; Sy is the sorptivity at specific infiltration head H; and S;7/(2A0) is a statistic.
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Fig. 4 Relationships between the cumulative horizontal infiltration (/) and the square root of infiltration time
(*?) at different infiltration heads
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4.3 Saturated permeability coefficient (K;) and pore size distribution parameter (a)

The values of statistic parameter S;;/(2A0) corresponding to different infiltration heads (H) were
calculated using the experimental data and the relationship between Sy*/(2A60) and H is shown in
Figure 5. Although only 8 data points, the linear relationship between S,*/(2A6) and H is
relatively robust with R*=0.8419, meaning that the theoretical expression of Equation 15 is
acceptable. In Figure 5, the slope of the linear regression equation is the saturated permeability
coefficient (K;) and the intercept is the matric flux potential (¢,,,). Thus, K;and ¢,,, values can be
obtained from Figure 5: K=0.0119 cm/min (or K=171.36 mm/d), and ¢,,,=1.1509 cm’/min.
Consequently, the pore size distribution parameter o=1.03/m (see Eq. 19).

251
6
£
B
s
&
<
)
S 3=0.0119x+1.1509
“ 05
: R=0.8419
0.0 : : : : : : .
0 10 20 30 40 50 60 70

H (cm)

Fig. 5 Relationship between S;*/(2A0) and infiltration head (H). Sy is the sorptivity at specific infiltration head
H; A9 is the difference between the average soil moisture content after infiltration in the entire wetted zone and
the initial soil moisture content before infiltration.

5 Discussion

The Green—Ampt model (Green and Ampt, 1911) assumed that the soil moisture content after
infiltration in the entire wetted zone was the saturated soil moisture content (6;) and that A@ was
the difference between the saturated soil moisture content after infiltration (6;) and the initial soil
moisture content before infiltration (6;), i.e., A@=6,—6,. However, in the laboratory experimental
case, the soil moisture is unevenly distributed after infiltration and is difficulty to reach saturation
in the entire wetted zone. Thus, the assumption that soil moisture content after infiltration in the
entire wetted zone is uniform and equals to the saturated soil moisture content does not reflect the
reality. Consequently, we assumed the soil moisture content after infiltration in the entire wetted
zone as the average soil moisture content rather than the saturated soil moisture content (see Eq.
10). This study demonstrated a strong linear relationship between the cumulative horizontal
infiltration and the wetting front distance, and the linear relationship suggests that it is reasonable
to assume that the soil moisture content after infiltration equals to the average soil moisture
content in the entire wetted zone. Therefore, it is appropriate to take the Af as the average
increments of soil moisture content in the entire wetted zone. That is, AG=0can—6;, Which can be
easily calculated from the wetting front distance and infiltration water volume.

The saturated permeability coefficient (K;) prescribed in the Gardner model (i.e., Eq. 16)
determined using the one-D method in this study was 171.36 mm/d for loamy sand, being rather
similar with that (165.00 mm/d) determined using the constant head method (Jury et al., 1991;
Hillel, 1998). The similarity indicates that it is quite feasible to use the one-D method for
determining the saturated permeability coefficient of loamy sand.

The pore size distribution parameter (a), a key parameter in determining the unsaturated
permeability coefficient (see Eq. 16), was obtained under the assumption that the initial soil
moisture content before infiltration (6;) is low and the permeability coefficient corresponding to
the initial soil matric potential before infiltration (K;) is far less than the saturated permeability
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coefficient (K;). Hence, the smaller the initial soil moisture content before infiltration during the
one-dimensional horizontal infiltration experiments, the better the experimental result is. The pore
size distribution parameter (&) prescribed in the Gardner model (Gardner, 1958) obtained using
the one-D method in this study was about 1.03/m for loamy sand, being approximately in
agreement with the value obtained by Elrick et al. (1989).

It should be reiterated that both the saturated permeability coefficient (K) and the pore size
distribution parameter (&) prescribed in the Gardner model (i.e., Eq. 16) were obtained from the
one-D method and thus the unsaturated permeability coefficient (K(¥)) could be subsequently
obtained using Gardner model (i.e., Eq. 16). To further assess the acceptability and applicability
of the one-D method in determining the unsaturated permeability coefficient, we analyzed the
relationships between unsaturated permeability coefficient and soil water suction calculated using
Gardner model based on the one-D method and using van Genuchten model (van Genuchten,
1980). The van Genuchten model is a widely-used model in determining the unsaturated
permeability coefficient. The basic equations of van Genuchten model are as follows:

0=0. + Ll (20)
1+ (08)"]"
K-8+ (08) T f
K(S) = e . @1
m=l-1 (0<m<in>1) 22)
n

Where, K(S) is the unsaturated permeability coefficient (mm/d); K; is the saturated permeability
coefficient (mm/d); @ is the volumetric soil moisture content (cm’/cm’); 6, is the residual soil
moisture content (cm3/cm3 ); O, is the saturated soil moisture content (crn3 /cm3); S is the soil water
suction (cm), also namely the soil water pressure potential; and o, n and m are the undetermined
parameters affecting the shape of soil-water characteristic curve.

The relationships between unsaturated permeability coefficient and soil water suction for
loamy sand calculated using Gardner model based on the one-D method and using van Genuchten
model are shown in Figure 6. The excellent agreement between the two curves indicates that it is
feasible to use the one-D method for determining the unsaturated permeability coefficient of
loamy sand.
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Fig. 6 Relationships between unsaturated permeability coefficient (K) and soil water suction (S) calculated
using Gardner model based on the one-D method (one-dimension horizontal infiltration method) and using van
Genuchten model

The instantaneous profile method is another widely-used approach for determining the
unsaturated permeability coefficient of homogeneous or nonhomogeneous soils under the
condition that soil moisture content is not affected by groundwater (Watson, 1966; Askarinejad et
al., 2012), but it is time-consuming and error-prone because the dynamics of soil water suction
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and soil moisture content are normally hard to determine (Baker et al., 1974). By contrast, in the
one-dimensional horizontal infiltration experiments, the needed parameters (including the
cumulative horizontal infiltration, the wetting front distance and the infiltration time) can be
readily determined and the experimental process is relatively easy and less time-consuming.

6 Conclusions

This study evaluated the acceptability and applicability of the one-dimensional horizontal
infiltration method (one-D method) proposed by Yang and Lei (1991) for simultaneously
determining the saturated and unsaturated permeability coefficients of loamy sand. The saturated
permeability coefficient and the pore size distribution parameter prescribed in the Gardner model
for loamy sand were determined using the one-D method and the unsaturated permeability
coefficient (K(¥)) was subsequently obtained using Gardner model. The saturated permeability
coefficient obtained from the one-D method agreed well with that from the constant head method,
and the relationship between unsaturated permeability coefficient and soil water suction
calculated using Gardner model based on the one-D method was also in good agreement with that
obtained using van Genuchten model. The fact that the determination of saturated and unsaturated
permeability coefficients of loamy sand can be accomplished only in few days using the one-D
method with very simple equipment (i.e., a set of horizontal infiltration device) also means that
the one-D method is applicable.
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