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Abstract: A laboratory experiment was conducted to study the effects of the emitter discharge rate (EDR) on the distribution of water and
salt in a manipulated soil texture of a coarse soil surrounded by takyric solonetz. The objective was to develop a simple method to rapidly
determine a suitable EDR for the reclamation of takyric solonetz using drip irrigation. Major influences on soil structure were observed
at EDRs ≤0.5 L=h, and slight influences were observed at EDRs >0.5 L=h. This was consistent with the changing trend of irrigation amount
as the EDR increased from 0.1 to 2 L=h, with the irrigation amount decreasing rapidly at first and then remaining constant during a one-time
irrigation. A method is proposed to determine the EDR based on the changing trend. The method considers the EDR at the inflection point—
i.e., the point at which the irrigation rate declines from quick to slow—to be the ceiling value, where a lower value is considered better.
A suitable EDR below the ceiling value is then selected that satisfies the peak period of crop water consumption. DOI: 10.1061/(ASCE)
IR.1943-4774.0001678. © 2022 American Society of Civil Engineers.

Author keywords: Drip irrigation; Emitter discharge rate (EDR); Soil salinity; Takyric solonetz; Volumetric soil moisture content.

Introduction

About 1 × 109 ha of the world’s surface is affected by salt, and
saline-sodic and sodic soils constitute nearly 60% of this area (Tanji
and Wallender 2012). Saline-sodic and sodic soils exist mainly in
arid and semiarid areas across the world and are characterized by
the occurrence of excessive Naþ, which adversely influences the soil
structure and leads to poor aeration and infiltration (Singh 2016;
Temiz and Cayci 2018). The traditional amelioration methods are
the addition of soil amendments, such as gypsum and limestone, to-
gether with sufficient fresh water for leaching, which can generate
good ameliorative effects (Wang et al. 1993, 2017; Temiz and Cayci
2018). The cost of soil amendments is high and they are not feasible

for use in arid areas, which lack a supply of fresh water. Some re-
searchers have proposed an economic and environmentally sustain-
able amelioration method based on crop and irrigation management,
without the need for a soil amendment, in some sodic calcareous
soils (Qadir and Oster 2004; Li and Keren 2008; Zhang et al. 2013).

Takyric solonetz is a highly saline-sodic soil (IUSS Working
Group WRB 2014) that covers a large part of the northwest arid
region of China (Wang et al. 1993). The saturated hydraulic con-
ductivity of the soil is extremely low (<0.1 mm=day). Zhang et al.
(2013) succeeded in planting wolfberry in takyric solonetz and ob-
tained a good yield through the use of drip irrigation and the
manipulation of soil texture. The manipulated soil texture was con-
structed by installing a soil water redistribution medium (RM) be-
neath the emitter and filling it with sand. The irrigation water
initially infiltrated into the RM and was then redistributed to the
soil through the interface by unsaturated soil water movement. The
use of the RM had two main effects: (1) enlarging the infiltration
interface, and (2) providing a suitable habitat for plants in the early
growth stage, with good air and water permeability.

Recently, researchers have focused on the use of a manipulated
soil texture with drip irrigation for the improvement of saline-sodic
soil (Zhang et al. 2013; Feng et al. 2017; Liu et al. 2020) and the use
of marginal-quality water (Berezniak et al. 2018). However, these
studies have not led to the development of a practical method to
determine a suitable emitter discharge rate (EDR) for a drip irriga-
tion system.

A suitable EDR is important for a drip irrigation system because
an EDR that is too high could lead to runoff, erosion, and finally
secondary salinization (Darwish et al. 2005; Dastranj et al. 2018).
An EDR that is too low may not meet the crop water consumption
required in the rapid growth period. For soil with normal per-
meability, the EDR is calculated by the water requirement, number
of emitters, irrigation application efficiency of the irrigation sys-
tem, and irrigation duration (Wu et al. 1986). When considering
differences in soil permeability, some researchers have defined
the EDR through a comprehensive analysis of the soil infiltration
capability, shape of the wetting volume, steady-state ponding area,
emitter space, and other factors (Zur 1996; Naglic et al. 2014;
Chen et al. 2015). For two kinds of coastal saline soil with different
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permeability, Chen et al. (2015) found that there was a linear rela-
tionship between the steady-state ponding area radius and EDR,
and then used it to propose a rapid method for determining the
EDR in the reclamation of a coastal saline soil with drip irrigation.

The methods used to define the EDR have all been applied in
homogeneous soils, with no serious problems regarding permeabil-
ity. However, they have not been applied in a manipulated soil
texture, in which a coarse soil is surrounded by a fine soil with
extremely poor permeability. Thus, the objective of this study was
to develop a rapid method to determine a suitable EDR for drip
irrigation in a manipulated soil texture. The EDR selected by the
method should also satisfy the crop peak demand of water.

Materials and Methods

Experiments were conducted at Xidatan Agricultural Comprehensive
Development Experimental Station (38°52′N, 106°27′E; altitude
1,095 m) from 2016 to 2018. The station is located in the northern
part of Ningxia Plain, China. It has a typical arid continental climate.
The soil at the study site is classified as takyric solonetz (IUSS
Working Group WRB 2014). The details of the soil profile are given
in Table 1.

Soil Column Experimental Design

The soil column was made of tempered glass, with a height of
63 cm. The cross section was a square, with sides of 60 cm. The
bottom 10 cm of the column was filled with quartz sand and a drain-
age system made of PVC cylinders was applied, as shown in Fig. 1.
The blended soil was filled layer by layer every 5 cm, with a density
of 1.40 g=cm3. The surface soil was slightly disturbed by a brush
between layers to avoid stratification. A hemisphere of 20 cm in

diameter in the center of the top two layers was excavated and filled
with sand (the chemical properties of the aqueous extracts of the
sand are shown in Table 1) at a density of 1.40 g=cm3 as the RM.
An emitter was placed directly above the RM and the pressure head
was maintained by adjusting the height of a Mariotte bottle. A
vacuum gauge tensiometer (WST-1, Beijing Waterstar. Tech. Co.,
Beijing) was installed in the RM following the method used by
Kang et al. (2013). The soil matric potential (SMP) of the RM was
recorded at 8:00 and 18:00 each day.

Irrigation was carried out when the SMP lower than −5 kPa.
Due to the low permeability of takyric solonetz, runoff can occur
rapidly in the sodic soil once the RM is saturated, which should
be avoided. Therefore, the irrigation event was stopped when
RM saturated. Thus, the volumetric soil moisture content (VSMC)
of the RM in the experiment was controlled to be in the range of
about 23.3% (the corresponding SMP of the RM is −5 kPa) to
35.6% (the RM is saturated and the ponding area radius arrives at
the RM–soil interface).

In Experiment 1, eight EDRs (0.1, 0.2, 0.3, 0.4, 0.5, 1, 1.5, and
2 L=h) were selected to simulate the relationship between the EDR
and quantity of irrigation water in one-time irrigation testing.

In Experiment 2, five EDRs (0.1, 0.3, 0.5, 1, and 1.5 L=h) were
used to simulate the water and salt distribution. Parts of the soil
columns were sampled at 0, 12, 24, 48, 72, and 96 h after the first
irrigation. The rest of soil columns were sampled 72 h after 3, 6, 9,
12, and 15 irrigation phases.

The soil for the soil column experiment was collected from five
random cores (0–40 cm) in undisturbed areas around the station and
blended after removing impurities (Table 2). The irrigation water
detailed in Table 1 was drawn from a groundwater well. The surface
of the columns was covered by plastic to cut off evaporation from
outside. All soil column experiments were replicated three times.

Field Experimental Design

To verify the practicability of the proposed method, a field experiment
was conducted (beginning on April 23, 2017) in which wolfberry was
grown on a highly saline-sodic wasteland at the station. The plowing,
ridging, and planting methods were the same as those used by Zhang
et al. (2013, 2019). The soil was deep plowed to a depth of 50 cm.
Planting occurred along ridges with a height of 0.5 m, width of 3 m,
and ridge surface width of 1 m. The RM had a semiellipsoid shape

Table 1. Chemical characteristics of the irrigation water, aqueous extracts of the original soil, and RM

Type

Ionic concentration (mmol/L)

EC (dS/m) pH SAR ðmmol=LÞ0.5Mg2þ Ca2þ Kþ Naþ

Irrigation water 0.4 0.52 0.03 14.74 1.94 7.83 15.4
Aqueous extracts of RM 0.47 0.61 1.97 17.99 2.3 8.48 17.38
Aqueous extracts of soil 0.26 0.22 0.31 93.48 10.56 9.36 134.26

Note: EC = electrical conductivity; and SAR = sodium adsorption ratio.

Fig. 1. Experimental equipment and the position of soil samples.

Table 2. Main physicochemical properties in uncultivated soil

Main physicochemical
properties

Soil depth (cm)

0–10 10–20 20–30 30–40 40–60 60–120

Bulk density (g=cm3) 1.44 1.53 1.59 1.64 1.60 1.59
ECe (dS/m) 9.07 4.51 2.76 2.34 2.91 3.01
pH 9.11 9.73 9.68 9.72 9.62 9.40
SAR ðmmol=LÞ0.5 173.65 62.74 42.27 35.71 41.18 33.28

Note: ECe = electrical conductivity of the saturation paste extract; and
SAR = sodium adsorption ratio.
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(diameter 0.2 m, depth 0.3 m), which was dug in the center of the
ridge and then filled with sand. A drip line was placed on the center of
the ridge surface. A previous study observed that a crack usually
formed below the emitter along with drip line in alkali soil. Thus,
a trapezoidal sand tank was placed under the drip line beyond the
space of RM, which also acted as a water redistribution medium.
Wolfberry transplants were planted in the RM, with a row spacing
of 1 m, and finally the ridge surface was mulched with plastic film.

Two EDRs were applied in field experiments. One EDR was se-
lected by the method based on the results of soil column experiments.
Another EDR was 1 L=h, which was used as a control. The area of
each plot was 144 m2, with a length of 12 m and width of 12 m. Each
plot used an independent irrigation system and the EDR was con-
trolled by a valve and pressure gauge. A total of 15 mm of water
was applied 3 days before planting to reduce the salt content of
the soil near the RM, and this also provided suitable moisture con-
ditions. Two-year-old wolfberry transplants were planted. After trans-
planting, irrigation was guided by a vacuum gauge. The vacuum
gauge was installed 0.2 m beneath the emitter nearest the fringe
of the RM, following the method of Kang et al. (2013). The SMP
threshold was −5 kPa in the first year based on Zhang et al.
(2013). Urea and potassium dihydrogen phosphate were dissolved
in a bucket and applied with the irrigation water. All field experiments
were replicated three times. Samples were collected before irrigation
and at the end of the growing season in the root zone (40 cm from the
emitter in the horizontal direction and 60 cm in the vertical direction)
to test electrical conductivity of the saturation paste extract (ECe), pH,
Naþ, Ca2þ, and Mg2þ. The ECe, pH, Naþ, and sodium adsorption
ratio (SAR) in the root zone before irrigation were 6.50 dS=m, 9.34,
89.57 mmol=L, and 178.26 ðmmol=LÞ0.5, respectively.

Soil Sampling

Soil samples in soil column experiments were collected using a
soil auger (diameter 2 cm, length 10 cm). In the horizontal direc-
tion, the sampling distance from the emitter was 0, 5, and 10 cm
and then every 2 cm until the soil was dry. In the vertical direction,
the sampling interval was every 2 cm until the soil was dry for
sampling after a one-time irrigation, and every 3 cm for the other
experiments.

In the field experiment, the soil samples in the root zone were
collected every 10 cm in the horizontal direction to 40 cm from the
drip line for layers of 0–10 cm, 10–20 cm, 20–30 cm, 30–40 cm,
and 40–60 cm in the vertical direction.

Analysis

Soil moisture content was measured by oven-drying to a constant
weight at 105°C. VSMC was converted by soil moisture content
times soil bulk density.

Samples for chemical analysis were mixed from three replicates
in equilibrium. Clear extracts of the saturated soil pastes were
obtained by centrifugation. The ECe was measured with a conduc-
tivity meter (DDS-11A, REX, Shanghai, China) and pH was mea-
sured with a pH meter (PHS-3C, REX, Shanghai, China). The
contents of Naþ, Ca2þ, and Mg2þ were measured by an inductively
coupled plasma optical emission spectrometer (Optima 5300DV,
PerkinElmer, Waltham, Massachusetts). The SAR was calculated
according to the following formula:

SAR ¼ ½Naþ�
ð½Mg2þ� þ ½Ca2þ�Þ0.5 ð1Þ

The irrigation amount was calculated by recording the water vol-
ume in the Mariotte bottle at the beginning and end. The positions of

wetting front 96 h postirrigation in both vertical and horizontal di-
rections were measured by a ruler. The wetting front in the horizon-
tal direction was measured directly from the surface of the soil
column. The wetting front in the vertical direction was measured
by sampling right below the drip emitter and recording the wetting
depth. The wetted area and the area of the low-salinity zone were
measured by sampling and calculated by the grid method with krig-
ing interpolation, which included in Surfer 13 software in the same
way as Chen et al. (2015). The water stored in RMwas calculated as
the spatial weighted mean of all soil samples within RM in the same
way as Huang et al. (2021).

Statistical Analysis

Microsoft Excel was used to statistically analyze the data. SPSS
19.0 statistical software was used to conduct an analysis of vari-
ance. Multiple comparisons among the treatments were made
using Duncan’s multiple range test. Differences of p ≤ 0.05 were
considered significant. Figures were created by Surfer 13 and
Sigmaplot 12.5.

Results and Discussion

Relationships between Irrigation Amounts and EDRs

The mean values of irrigation time for EDRs increasing from 0.1 to
1.5 L=h were 15.7, 5.9, 3.8, 2.2, 1.8, 0.84, 0.57, and 0.4 h. The
corresponding irrigation amounts are shown in Fig. 2. The irriga-
tion amount initially decreased rapidly and then declined slowly as
the EDR increased. The irrigation was stopped once RM saturated.
Therefore, the irrigation amount was different for each EDR treat-
ment. The high level of Naþ in soil will lead to the slaking, swell-
ing, and dispersion of clay minerals, which were responsible for
permeability deterioration (Qadir and Schubert 2002). Previous
studies showed that the aggregates are more stable and less suscep-
tible to sodicity when exposed to a small wetting rate (Shainberg
et al. 2001; Mamedov et al. 2002). Therefore, the soil structure is
more stable for small EDRs, which helps water infiltration. The
relationship between the EDR and quantity of irrigation water in
a one-time irrigation could be expressed by the following equation:

Yqi ¼ 0.69þ 0.15EDR−0.82; R2 ¼ 0.77 ð2Þ

The term Yqi represents the quantity of irrigation water in a one-
time irrigation. The absolute rate of decline was >1 when the EDR
ranged from 0 to 0.32 L=h. For an EDR >0.32 L=h, the absolute
rate was <1 and had a tendency to approach 0.

Emitter discharge rate (L/h)
0.0 .5 1.0 1.5 2.0

Ir
ri

ga
tio

n 
am

ou
nt

 (
L

)

0.0

.5
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Fig. 2. Relationship of irrigation amount and EDR for a one-time
irrigation.
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Redistribution Process of Soil Water

Fig. 3 indicates that the position of the region with a high VSMC
changed similarly for all EDRs. The highest VSMC was recorded
at the RM once irrigation finished. Twenty-four hours later, the
highest water content was around the interface of the two differ-
ently textured soils. At 48 h, the region with a high VSMC had
moved to the boundary layer of the sodic soil and there was little
change until 96 h. The matric potential gradient and the gravita-
tional gradient are the two main effects on the rate of water move-
ment. The gravitational gradient remains constant while the matric
potential gradient decreases with time, which explains why the
high-VSMC region moves fast in the first 48 h and then changed
little.

As Fig. 4 shows, the wetted front in both the vertical and hori-
zontal directions decreased as the EDR increased from 0.1 to
1.5 L=h 96 h postirrigation. The absolute rate of decrease of the
vertical wetted front was greater than that of the horizontal wetted
front, which indicated that an increase in the EDR would have a
strong influence on the vertical wetted front. The ratio of the hori-
zontal to vertical wetted front was <1.

For the wetted areas in Table 3, there were no significant differ-
ences at 0 h. With the continuous soil water redistribution, the
wetted areas with EDRs of 0.1, 0.3, and 0.5 L=h were significantly
larger than those of the 1 and 1.5 L=h treatments 48 h later
(p < 0.05). At 96 h postirrigation, the wetted areas under the 0.1
and 0.3 L=h treatments were 430.18 and 378.06 cm2, with both
being significantly larger than the values of the other three treat-
ments (p < 0.05).

The ratio of water stored in the RM to the full quantity of irri-
gation (R/F) was calculated to evaluate the infiltration rate of water
from the RM to soil (Fig. 5). At 0 h, the R/F ranged from 0.36 to
0.77 and the ratio increased as the EDR increased. The R/F values
under the 0.1 and 0.3 L=h treatments were 0.36 and 0.52, respec-
tively, which means that almost half of the irrigation water entered
the soil once irrigation stopped. In the first 24 h, the R/F fell quickly
and was lower than 0.5 for all treatments except 1.5 L=h. Then the
R/F changed slowly. At 72 h, the R/F values were 0.15, 0.27, 0.28,
0.35, and 0.48 for the five EDRs from 0.1 to 1.5 L=h, respectively.
At 96 h postirrigation, only the R/F value of the 1.5 L=h treatment
was higher than 0.3. Most of the water was stored in RM and little
seeped into soil once irrigation stopped for the poor soil permeabil-
ity. Therefore, R/F was higher initially and then decreased gradu-
ally for water seeping into the soil by the force of hydraulic gradient
in redistribution process. One reason for larger R/F in more EDR
was because the lasting hours of the irrigation event were shorter
for more EDR. Another reason was that a low wetting rate helps the
stability of aggregates, which was better for the soil permeability
(Shainberg et al. 2001; Mamedov et al. 2002).

Spatial Distribution of VSMC
In Fig. 6, it is apparent that the highest VSMC in the profile was
still concentrated in the margin of the soil, while the mean VSMC
of the whole profile increased markedly over time. The boundary of
the dry and wet soil slowly faded. Sampling was stopped until the
soil was dry. The VSMC of the dry soil was higher than 3% after
nine irrigations; thus, a VSMC of 6% was selected as the boundary
of the wetted front in the following analysis. In the horizontal di-
rection, the wetted front arrived at 30 cm (the wall of the soil col-
umn) after 12 irrigations under the 0.1 L=h treatment and 15
irrigations under the 0.3 L=h treatment. The wetted fronts under the
0.5, 1, and 1.5 L=h treatments after 15 irrigations were 25.81,
23.92, and 26.17 cm, respectively.

The cumulative experiment time was also important for soil
water redistribution. The 15 irrigation events were completed in

125 days for the 1 L=h treatment and 119 days for the 1.5 L=h
treatment. Over similar amounts of time, under the 0.1 L=h treat-
ment there were 11 irrigation events in 130 days, under the 0.3 L=h
treatment there were 12 irrigation events in 125 days, and under
the 0.5 L=h treatment there were 14 irrigation events in 123 days.
Because sampling was not conducted after 11 and 14 irrigations,
the proximate irrigation events of 12 for the 0.1 L=h treatment and
15 for the 0.5 L=h treatment were selected to compare the soil
water redistribution at the same experimental time. The wetted
areas with a VSMC >6% were 1,000.94, 748.80, 778.06, 753.32,
and 713.27 cm2 for the five EDRs increasing from 0.1 to 1.5 L=h,
respectively. The 0.1 L=h treatment had a wetted area that was sig-
nificantly larger than that of the other treatments (p < 0.05). The
horizontal wetted front under the 0.1 L=h treatment was >30 cm
and the value for the 0.3 L=h treatment was 27.02 cm. Both were
larger than the values under the 0.5, 1, and 1.5 L=h treatments
(p < 0.05). In the vertical direction, the wetted front under the
0.1 L=h treatment extended for 37.93 cm, which was significantly
larger than that for the other treatments (p < 0.05). Previous studies
showed that the adverse effect of irrigation on soil permeability was
less for small wetting rate (Shainberg et al. 2001; Mamedov et al.
2002). Small EDRs contributed to water seeping from RM to alkali
soil for lower R/F. Both help the downward moving of wetted front
with small EDRs.

The relationship between the quantity of irrigation water and
time in Fig. 7 could be described by an exponential function. The
quantity of irrigation water declined substantially during the initial
three irrigation events under all treatments. Then the quantity used
tended to vary around certain values. The values were 0.85, 0.68,
0.55, 0.55, and 0.51 L as the EDR increased from 0.1 to 1.5 L=h.
The values under the 0.1 and 0.3 L=h treatments were higher than
the values under the other treatments (p < 0.05). The quantity of
irrigation water included the increase in the amount of water stored
in the RM and the water that infiltrated into the soil. The increase in
the amount of water stored in the RM was about 0.26 L for each
irrigation event. Thus, the amounts of irrigation water infiltrated
into the sodic soil were 0.59, 0.42, 0.29, 0.29, and 0.25 L as the
EDR increased from 0.1 to 1.5 L=h and the corresponding propor-
tions of irrigation water infiltrated into the sodic soil to per irriga-
tion event were 70%, 62%, 53%, 53%, and 49%, respectively.

Spatial Distribution of Salinity
The contour map of soil salinity in Fig. 8 shows that the salinity was
concentrated at the edge of the wetted volume. Under the 0.1 and
0.3 L=h treatments, the horizontal boundary of the concentrated
salt area extended to 30 cm (the wall of the soil column) after
12 irrigations and started to leach downward throughout the whole
section. At the same cumulative experiment time, the horizontal
distances under the 0.5, 1, and 1.5 L=h treatments were around
25 cm. In the vertical direction, the lowest point to which the con-
centrated salt area extended was around 40 cm for all EDRs and
there were no distinct differences. After 15 irrigations, the lowest
points of the concentrated salt area were 45.56, 43.72, 41.50, 41.23,
and 40.22 cm as the EDR increased from 0.1 to 1.5 L=h in the five
respective treatments. At both the same experiment and irrigation
times, the soil salinity was more likely to be leached farther by low
EDRs of 0.1 and 0.3 L=h.

The traditional defined threshold for salinity is 4 dS=m (Richards
1954), which has been shown to be harmless to most plants that are
insensitive to salt (Qadir et al. 2001). In this study, the area with a soil
salinity <4 dS=m was defined as a low-salinity zone and was used to
analyze the effect of the EDR on the spatial distribution of salinity.
The variation trend of the low-salinity zone was similar for different
irrigation events. The low-salinity zone decreased in size as the EDR
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Fig. 3. Spatial distribution of VSMC in redistribution process. r = horizontal distance from emitter; and Z = vertical depth.
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moved from 0.1 to 0.5 L=h and then increased slightly as the EDR
increased from 0.5 to 1.5 L=h, as shown in Fig. 9. The slight increase
in the size of the low-salinity zone was probably influenced by the
high irrigation frequency of the 1 and 1.5 L=h treatments.

Simple Method for Determining EDR

After the first irrigation, the results indicated that a low EDR cor-
responded to a large irrigation amount, high infiltration rate, and
large wetted area. In long-term irrigation, both the wetted area
and the average irrigation amount under steady-state conditions in-
creased with the increase of EDR, while the opposite pattern was
observed for irrigation frequency. These indicators all changed dra-
matically among the EDRs of 0.1, 0.3, and 0.5 L=h and were
slightly influenced by the EDR increasing from 0.5 to 1.5 L=h.

The manipulated soil texture of the RM surrounded by takyric
solonetz can be considered to represent a coarse-texture soil sur-
rounded by a kind of fine-texture soil with poor permeability.
Remediation of fine-texture soil via leaching is often limited by
the permeability of the soil and timely remediation relies on the
maintenance of maximum soil hydraulic conductivity (Callaghan
et al. 2014). Berezniak et al. (2018) reported that finer soil particles
obtain a higher matric potential, and thus a higher capillary rise of
the water into the soil and higher water retention values than coarse-
texture soil. The process of soil water infiltration in an RM diffus-
ing to sodic soil can be regarded as soil water infiltration from a
coarse-texture soil to fine-texture soil. The infiltration rate will de-
cline immediately once the wetting front arrives at the interface and
there will be a constant decrease in the impermeability of the fine-
texture soil (Shao et al. 2006).

In this study, irrigation was finished once the surface of the RM
was saturated. When the EDR was very high, the RM was rapidly
saturated and the irrigation amount was approximately the same as
the water stored in the RM when there was little water deep in the
fine soil. If the EDR was low enough and the infiltration rate at the
interface was approximately equal to the saturated hydraulic con-
ductivity of the fine soil, the infiltration process was in a stable
infiltration stage. This explains why the irrigation amount gradually
increased to infinity as the EDR decreased close to 0, and tended
toward a constant value as the EDR increased, as Eq. (2) shows.

It is widely accepted that structural problems are caused by ex-
cessive Naþ through certain physical processes (slaking, swelling,
and dispersion of clay) and specific conditions (surface crusting
and hardsetting) (Oster and Shainberg 2001; Qadir et al. 2007). Soil
permeability depends on the amount and continuity of soil macro-
pores in soil, and when macroaggregates (>250 μm) break into
microaggregates (20 − 200 μm) the soil permeability will be re-
duced (Kemper and Koch 1966). The use of RM to enlarge the
sand–soil interface and enhance infiltration via unsaturated soil
water movement avoids the disruption of soil pores. Fig. 7 shows
that the quantity of irrigation water decreased dramatically over the
initial three irrigation events. For the same increase in the water
volume in the RM in each irrigation event, there was a decrease
in irrigation quantity due to the decrease in macroaggregates from
the swelling and dispersion of the sodic soil particles. Previous
studies have shown that aggregates are more resistant to sodicity
when wetting rates are less than 10 mm=h and the effect of the
wetting rate is greater for clay soils than sandy soils (Shainberg
et al. 2001; Oster and Shainberg 2001; Shainberg et al. 2002).
The quantity of irrigation water tended to remain stable after three
irrigation events and decreased at higher EDRs, indicating that a
higher EDR impairs the amount and continuity of soil macropores
and reduces the soil infiltration capacity.

Emitter discharge rate (L/h)
0.0 .2 .4 .6 .8 1.0 1.2 1.4 1.6

D
is

ta
nc

e 
(c

m
)

0

10

20

30

Horizontal wetted front
Vertical wetted front
Line of vertical wetted front

Line of horizontal wetted front

yvertical wetted front=18.7+10.8exp*(-0.8*x)  R2=0.93

yhorizontal wetted front=15.4+3.4exp*(-3.7*x)  R2=0.86

Fig. 4. Horizontal and vertical wetted depth in soil profile 96 h
postirrigation.

Table 3. Wetted area for each EDR treatment in redistribution process (cm2)

EDR (L/h)

Time (h)

0 12 24 48 72 96

0.1 176.7� 10.7 a 204.1� 4.1 a 238.8� 9.1 a 270.0� 29.6 a 323.9� 23.2 a 430.2� 57.8 a
0.3 165.1� 10.1 a 216.15� 3.7 a 247.7� 42.0 a 292.5� 6.7 a 312.4� 12.3 ab 378.1� 32.6 a
0.5 172.2� 21.3 a 215.6� 11.6 a 242.1� 3.2 a 273.7� 15.5 a 288.3� 7.9 b 307.1� 12.0 b
1 155.5� 13.2 a 172.8� 6.0 b 188.7� 4.8 b 197.4� 2.6 c 214.9� 12.2 d 241.1� 24.5 b
1.5 185.4� 40.1 a 212.4� 35.0 a 217.3� 20.1 ab 229.1� 10.6 b 247.7� 25.1 c 298.5� 30.2 b

Note: Values followed by the same lowercase letters are not significantly different at p ≤ 0.05.

Fig. 5. R/F for each EDR treatment in redistribution process. Different
lowercase letters indicate significant differences (p ≤ 0.05) among
treatments.
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Fig. 6. Spatial distribution of VSMC for each EDR treatment with different irrigation times. r = horizontal distance from emitter; and Z = vertical
depth.
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A comprehensive consideration of the soil water and salt distri-
bution in profile revealed major differences in the soil water infil-
tration and salt leaching for an EDR ≤0.5 L=h. There was only a
slight influence for EDRs ranging from 0.5 to 1.5 L=h. This con-
curred with the variation tendency determined from Eq. (1), which
showed that the quantity of irrigation water initially declined sub-
stantially and then slowed as the EDR increased. An EDR with an
absolute rate of decline of 1 can be defined as the inflection point at
which the rate of irrigation water applied falls from rapid to slow.
Thus, the inflection point could be regarded as the EDR ceiling for
EDRs higher than the inflection point, which made a slight differ-
ence to the spatial distribution of soil water and salinity.

At the same time, the drip irrigation system is designed to pro-
vide irrigation water efficiently and uniformly, meeting the require-
ments of evapotranspiration (Naglic et al. 2014), and especially to
meet the practical needs of peak period water consumption. The
EDR selected from the range of 0 to the inflection point should
therefore simultaneously meet the peak period water consumption,
and the lower the value the better.

Based on the preceding analysis, a simple method is proposed to
determine a suitable EDR as follows:
1. Level the land and excavate 15 or more hemispheres as the

RM. The size and shape of the RM is determined by the plant
species. Fill the RM with material that is appropriate as a plant-
ing medium.

2. Select at least five EDRs ranging from 0 to 1.5 L=h to drip water
into the RM. Record the quantity of irrigation water when the
RM is saturated. Each EDR should be repeated at least three
times.

3. Use the EDR data and the corresponding quantity of irrigation
water to fit a regression equation. Find the inflection point of the
slope (the value of the slope for the inflection point is defined by
the operator). A suitable range of EDRs is from 0 to the inflec-
tion point.

4. Select an EDR from the suitable range and meet the peak period
water consumption in 24 h.

Field Validation of the Method

The peak water consumption of the wolfberry in the study area was
found to be 6 to 8 mm=day. The distance between the two drip
lines and the emitter interval were 3 and 0.3 m, respectively. An
EDR of 0.3 L=h was selected using the method proposed, which
could satisfy the peak period water consumption over 24 h. An
EDR of 1 L=h was selected for the control treatment. The soil
properties in the root zone and plant survival rate in October
2017 are shown in Table 4. The ECe, Naþ, and SAR decreased
significantly for both treatments. The 0.3 L=h treatment was the
most beneficial for the leaching of Naþ, although there was no ob-
vious difference between the two treatments. With no soil amend-
ments, the pH for both treatments changed only slightly in the first
growing season. Wolfberry is a saline-alkali-tolerant plant and
the RM also provided a suitable soil environment for its roots. The
survival rates were >96% and the 0.3 L=h treatment was the best.
The results showed that the newly designed EDR was suitable for
field application.

Conclusion

In a manipulated soil texture representing a sandy soil in an RM
surrounded by takyric solonetz, the EDR clearly influenced the
spatial distribution of soil water and salt. Low EDRs contributed
to the requirement of a large quantity of irrigation water, large wet-
ted front, and large low-salinity zone. An EDR ≤0.5 L=h made
a major difference, while only a slight influence was observed
for an EDR >0.5 L=h. Similar results were also observed with the
changing trend of EDR as the quantity of irrigation water changed.
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Fig. 7. Relationship of single irrigation amount and cumulative experiment time for each EDR treatment.
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Fig. 8. Spatial distribution of soil salinity for each EDR treatment with different irrigation times. r = horizontal distance from emitter; and Z = vertical
depth.

© ASCE 04022010-9 J. Irrig. Drain. Eng.

 J. Irrig. Drain Eng., 2022, 148(5): 04022010 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

A
gr

ic
ul

tu
ra

l I
nf

or
m

at
io

n 
In

st
itu

te
 o

n 
04

/2
6/

22
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



The quantity of irrigation water initially declined substantially, but
the decline then slowed as the EDR increased.

The flex point on the changing curve of irrigation amount with
EDR was selected as the upper limit of suitable EDR. A rapid
method of determining EDR was proposed considering the peak
period water consumption and based on the premise that a lower
EDR is better. Using this method, 0.3 L=h was selected as a suit-
able EDR in a field study. The selected EDR resulted in improved
salt leaching, Naþ induction rate, and plant survival rate compared
to previous studies.

The method is simple and convenient, and takes into consider-
ation the water requirements of the crop. The method would also
be suitable for other sodic soils with a low saturated hydraulic
conductivity.
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