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Abstract

Sheet pipe is a type of perforated pipe used for drainage designed initially for drainage but has the potential for sub-surface irrigation. The
objectives of this study were to experiment and observe the performance of the sub-surface irrigation control system with sheet pipe. This
investigation covered the observation of water table control and its effect on soil moisture. The detailed process of water flow during the setting
of the water table was numerically modeled in 2 dimensions to observe the distribution of soil moisture, soil pressure, and flux. The results
showed that the system successfully controlled the water table at the desired level in the experiment. The developed two-dimensional numerical
simulation showed the distribution of soil moisture in the model center as a response to the water table increase, represented by the variable
head. The soil wetting advances toward soil surface driven by the water table, which was increased gradually and reached saturation at the height

of water table setpoint
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1. Introduction

Sheet pipe is a type of perforated pipe used for drainage
with mole drain. Its installation does not require the excavation
of the line, but it can be carried out using a mole plow pulled
by agricultural machinery to make a mole drain and, at the same
time, to pull the sheet pipe. Sheet-pipe has an original form in
along sheet and is formed into a pipe using a sheet piper device.
Sheet-pipe installations are usually at a depth of 30-50 cm from
the soil surface and have the original function to assist land
drainage.

In rice fields, the sheet-pipe installation significantly affects
the soil's physical, hydraulics, and chemical properties. Some
of the positive impacts on soil properties that determine the
improvement of rice fields installed by perforated sheet pipes
are soil bulk density, organic content, permeability, and airfield
capacity [1]. Significant improvement in soil organic matter
occurs due to the sheet-pipe installation, which contributes to
increased soil porosity, air-filled capacity, and lower soil bulk
density

In Indonesia, sheet-pipe was introduced in 2018 with
feasibility study and field and laboratory research activities.
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The test in the laboratory showed that sheet-pipe is quite
effective for having a drainage capacity higher than other
drainage pipes type used in the experiment [2]. The drainage
effect was also evidenced by observing water content and
matrix potential in sheet pipe installations in Indonesia. Rice
fields with sheet pipe installation can be drained more quickly
than those without using sheet pipes. As soon as rain occurs,
the water is immediately infiltrated at a parabolic rate up to 0.94
cm/h, higher than the standard steady-state infiltration rate of
0.121 cm/h, to facilitate its management to provide aerobic and
anaerobic conditions [3].

Research showed that land with sheet pipe could increase
the production up to 13% in a single trial of one rice planting
season [4] although evapotranspiration was lower because the
water level was maintained below the surface. For one year
with rice-paddy-soybean and rice-paddy-paddy cropping
patterns, the yield increased by 11.54% and 26.94% [5],
respectively. On the same land, it was also observed that the
water storage function of sheet pipe in comparison to the
drainage function became more dominant in the dry season.
This was presumably because in Sukamandi field station
surface water was relatively abundant. These facts show the
potential use of sheet-pipe as an irrigation system and
subsurface drainage.

Swampland in Indonesia is accounted for 43.7 million
hectares, with about 9.8 million hectares that are potential for
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agriculture [6]. In general, the paddy fields in tidal areas are
inundated due to the high intensity of rainfall and sea tide [7].
In Indonesia, the average land productivity is about 3 t/ha of the
wet paddy and can increase up to more than 5 t/ha with better
water management, according to statistics 2011-2015 [8]. The
reports on productivities of the swamplands paddy fields can
also be found in [9,10].

Reclaimed tidal lowland requires efforts to improve their
suitability for rice cultivation, including drainage systems and
water barriers to retain the water in the cultivated land [11].
Water management at tidal lowland should avoid excessive
drainage causing land drying and pyrite layer oxidation. The
critical value of water table is achieved at 60 cm level where
soil water content at the root zone is at permanent wilting point.
INthe water table at the depth of 10-20 cm, the soil surface is
in saturation. When it is dropped to 30-40 cm, the soil
approaches field capacity. The variation of water table at 20-30
cm shows that the land is suitable for rice crop, and the one at
40-50 cm would be suitable for second crops such as corn [12],
[13].

Designing a subsurface irrigation system is not simple
because the water infiltration area is invisible. Variations in the
water table profile depend on the distance from the subsurface
irrigation pipe. They may cause crops to grow unevenly, for
instance, for vegetables such as spinach [14-17]. Therefore, it
is necessary to design soil moisture and soil potential to be
maintained at optimal conditions by providing adequate water
beneath the surface. Water conditions (soil moisture and soil
potential) in the soil can be simulated by HYDRUS, which
simulates the water movement in the soil to check irrigation
system [17-20].

Several previous studies confirmed the model's suitability
for simulating water movement during subsurface irrigation. A
comparison of HYDRUS-simulated water contents for a
subsurface line-source drip irrigation with observed field data
for three different emitter discharge rates is presented by [21].
The model was also used to evaluate laboratory and field data
involving water movement in clay loam from point water
sources buried at different depths and with different discharge
rates [22] and validated for the simulation of water movement
from a subsurface drip irrigation in several field experiments
[23]. An experimental and numerical approach in the
evaluation distribution of moisture using a ring-shaped sub-
irrigation emitter was also presented [24]. More details about
HYDRUS can be found in [25,26].

The automation of sub-surface irrigation and drainage using
sheet-pipe technology concept was presented [27] to answer the
need for proper technology for increasing the yields of the type
of land where water management was challenging. The aim
was to control the water table with either drainage or irrigation,
thus enabling multi-product cultivation that requires different
water conditions and increasing the land's productivity.
However, a detailed study of sheet-pipe subsurface irrigation
has not been performed outside Japan, where it was first
developed. Thus, developing this technology is challenging.

A laboratory-scale model of an automatic sheet-pipe
subsurface irrigation system with internet connectivity was
developed. The observations on preliminary experiments were
presented in [28], showing the level of success in maintaining
the water table. Comparing the number of successes,
undershoot (below than lower setpoint), and overshoot (over
the upper setpoint) to the number of events and the percentage
of success, overshoot and undershoot were obtained. They were
86%, 9%, 5% of the total event. Furthermore, an analysis of the
actual water table error, the deviation against the setpoint water
level, was carried out and showed the RMSE of 2.6 cm.

The system had been improved but required further
investigation of its performance before being applied at the
sheet-pipe field, including the irrigation control mechanism and
its effect on the distribution and availability of water in the soil.
The objectives of this study were to experiment and observe the
performance of the subsurface irrigation control system with
sheet pipe. This investigation covered the observation of water
table control and its effect on soil moisture and soil potential
with an experimental laboratory and numerical model.

2. Materials and Methods
2.1. Experimental model

The experimental model was made as a miniature rice field
with sheet pipe typed, perforated pipes for subsurface drainage
installation. This setting was prepared to enable the land for
various cultivation practices that required saturated or flooded
conditions and for plants that required good soil aeration. The
dimension of the model was 200cm x 200cm in area, with a soil
thickness of 40cm. Two sheet pipes were installed at a depth of
20cm from the surface installed in parallel with a distance of 1
m. However, because of the model size, this distance was only
1/4 of the standard distance of installation in the field, and it
was not possible to apply the actual distance.

The soil used in this experimental model was an artificial
media of soil mixture of mineral soil and organic matter and
has been used in one rice-growing season. Soil texture
consisted of sand, silt, and clay, respectively 8%, 19%, and
73%, with organic matter content of 17%. The bulk density of
the soil media was 0.87 gr cm-® with a total pore space of 0.60
and a permeability (Ks) of 5 cm/hr. Soil water content at pF 1,
2, 254 and 4.2 in cm® cm® was 0.40, 0.34, 2.4 and 14.36,
respectively.

The irrigation system applied in this experimental model
used a sheet pipe installed near the base (Fig. 1). The pipe had
a vertical distance of 5 cm from the soil base to control the
water table. At the field, sheet pipe was installed inside mole
drain, a tunnel in the soil as underground drain lines to prevent
the soil from collapsing and completely buried the sheet pipe.
Mole drain had a surrounding wall of compacted soil formed
during land preparation with machinery. This mole drain's wall
was watertight as long as the structure was maintained, and for
simplification, PVC pipes with a diameter of 4 inches
represented a 10 cm diameter mole drain.
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Fig. 1 Experimental model of subsurface drainage
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A mole drain had a fissure up to the soil surface, induced by
machinery during machinery plows, increasing drainage
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performance [29]. Therefore, the pipe was also prepared with
an opening at its top as a water entrance. Water then entered
through the pores of the sheet pipe and flowed to the drain. On
the other hand, when the water has flowed into the sheet pipe
for irrigation, the water flowed out from sheet pipe through the
pores and filled the 'mole drain' pipe in the field. The water
continued to flow driven by the difference in pressure head in
the reservoir and the soil. Thus, in the irrigation process, the
water did not come out directly through the sheet pipe pores to
the soil but through the opening above the pipe after the pipes
were full.

The scheme of the water management setting are as shown
in Fig. 2. Water was supplied through a connected reservoir
connected with the experimental model's sheet pipe. By setting
up the water level in the reservoir, it was expected that the water
table in the soil followed the water level in the reservoir. In this
experimental setting, water only came out through the
evaporation and drainage processes set at ground level to avoid
inundation. In addition, a plastic sheet roof covered the box to
avoid any rainfall effect on the soil.

Rainfall
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Fig. 2 Sub-surface irrigation setting

An automatic irrigation model was developed to set the
water table by controlling the water flow through sheet-pipe
below the ground surface. Water was fed through a reservoir
using a solenoid valve with a working voltage of 12 volts, with
a pipe diameter of 0.75 inches, controlled automatically. The
specified water table height was called as the setpoints. In this
case, the water table was set in a range between a maximum
(upper setpoint) and minimum (lower setpoint) to avoid rapid
changes in the on-off status of the solenoid valve that could
cause damage. The control system irrigated when the water
table was below the lower setpoint by opening the solenoid
valve and raising the water table. After a while of irrigation, as
the water table reached a higher level than the upper setpoint,
the system closed the solenoid valve, and the water flow
stopped. The water level was monitored continuously using a
water level sensor placed in the reservoir.
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Fig. 3 Scheme (based on [28]) of experimental subsurface irrigation
automation
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Fig. 4 Soil moisture observation, s: soil moisture, P: pressure

An irrigation control system has been developed using a
programmable digital controller and wireless internet
communication function. The developed program includes
measurement, automatic irrigation control, local data storage,
internet connection, data transmission to the server, and
retrieval of setting data from the server. Users can access the
server via a web browser with a dashboard that features tabular
data and graphical display, data downloads, and changes of
settings that will be used by the control system, especially
regarding the setpoints. Therefore, the setting of the water table
and the observation of irrigation control performance can be
done by telemetry with the support of the Internet of things
(10T) system. The experimental automatic subsurface irrigation
system pictures and schematics are as shown in Fig. 3.

Observations were carried out using a soil moisture sensor
at two soil depths to obtain the more detailed figures of the
vertical distribution of soil moisture at a certain distance from
the sheet pipe. The sensors were placed to observe the average
moisture at a depth of 0-5 cm and 10-15 cm, with a lateral
distance of 50 cm and 25 cm from the sheet-pipe line, as

depicted in Fig. 4.
2.2. Numerical investigation

Water flow in a variably saturated medium was described
using the Richard equation. The Richard equation for 2D
vertical isotropic soil with positive vertical upward is expressed

by
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where 0 is the volumetric soil water content [L% L], t is the
time [T], h is the pressure head [L], z and x are the vertical and
horizontal and space coordinates [L], respectively, K is the
unsaturated hydraulic conductivity [L T™!], and finally, S (z, X,
t) is a sink term [L T~'] such as the rate of root water uptake.
Hydrus is a model [30] that implements Galerkin finite element
method and is based on iterative mass conservation used to
solve Eq. (1).

The closed-form functions of the Mualem-van Genuchten
model ([31;32]) was used to describe soil water retention and
unsaturated hydraulic conductivity, given as follows:

6(h) = (65 — 6,)S.(h) + 6,
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kw = st 1= (1-5,)"]
K(h) = K,S," [1 - (1 - se%)mr (4)

where 0s is the saturated water content [L3 L], 0, is the residual
water content [L® L], Se is the adequate saturation [-], o [L],
n [-], and m=1-1/n [-] are shape parameters, K is the saturated
hydraulic conductivity [L T], and L is a parameter that
accounts for the tortuosity and connectivity of the flow system
[-]. Soil water retention parameters can be optimized using
Solver add-in Excel by fitting the soil physical and hydraulic
properties data from laboratory analysis.

In this study, the HYDRUS (2D/3D) model [25], mentioned
as HYDRUS, was used to simulate soil water movement during
subsurface irrigation with a sheet pipe. HYDRUS was used to
simulate and estimate soil water and moisture distribution,
which could not be sufficiently observed using a sensor. The
soil in the experimental model was assumed to be uniform in
the y-direction so that cross-sections could represent it in the x
and z directions as in the lower left in Fig. 5. The soil thickness
was set to 40 cm with a 10 cm diameter pipe planted 5 cm from
the base; a fissure was opened at the top of the pipe. Sheet pipe
was placed inside the pipe; however, because the pipe was
impermeable, water could only escape through the opening in
the top of the pipe after the pipe was filled with water. The
hydraulic head of water flowed out from this point dependent
on the head of inlet water; therefore, a defined head might be
applied as the boundary condition.

The boundary at the pipe's opening was determined as a
variable head, equal to the water level in the reservoir that
supplies the water. As the pipe's opening had height Z = 15 cm
from soil base, 0 cm head at the point was equal to 15¢cm. The
atmospheric boundary was set at the top face of the soil. No-
flux boundary was set at the soil's left, right, and bottom face;
and the wall of mole-drain pipe except the top (Fig. 5).

[ No Fux | (WM Variable Head 1 ] [ Atmospheric Boundary

M Materal 1
[ Material 2
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Fig. 5 Experimental model of subsurface drainage a) Boundary conditions; b)
Material set up in numerical model; Material 1 is the prepared soil media in
the experimental box, material 2 is sand with higher Ks. The soil parameters
of Materials 1 and 2 are presented in table 1

Like mole drain at the field, there was a fissure above the
pipe for drainage waterways in this experimental model.
Consequently, if the fissure walls were stable, then the
modeling could be carried out as if there was a narrow channel,
but in this case, the fissure was covered with crumbling soil.
Thus, in the modeling, the approach treated this area by
assigning a material with the greater saturated hydraulic
conductivity than the surrounding. Therefore, in the modeling,

two kinds of material were used and set, as shown in Fig 5. The
soil water dynamics closely relate to the soil temperature
regime [33]. However, in this simulation, the effects of
atmosphere and temperature were not considered.

The observation was conducted for the different levels of
water table, which are 10cm, 15cm, 20cm, 25cm, and 30cm
from the soil base. One level was set after the lower level had
been set for 24 hrs. This was also to imitate the observation,
which used different water table levels setting (setpoint). The
initial conditions for each water table level's simulation
followed the previous simulation step.

3. Results and Discussion
3.1. Performance of automated irrigation system

In this study, the water table variation was set up by giving
the corresponding pressure head in the form of water level in
the reservoir that was controlled automatically. Then, the
system autonomously turned on and off the solenoid valve to
irrigate or stop the flow of subsurface irrigation water to
maintain the water table. One automatic operation cycle
included reading water level sensor data, processing data,
activating/deactivating valves, sending data to the server, and
retrieving setting data from the server; in this case, we called
this cycle as an event. The observation of the automatic
irrigation system's performance was done by analyzing events
that were successfully recorded by the server and did not
experience any interruptions in the data transmission process.

Figure 6 shows the water level variation during irrigation
operation. Upper and lower setpoints were set according to
irrigation needs, in a large or narrow range, and brought to zero
to set inactive. The water table was expected to fluctuate
between upper and lower setpoints; however, the water table
sometimes exceeded the upper setpoint. Irrigation activity is
represented by bars from the top of the chart; its appearance
means the control system responding to the requirement to
increase the water table. Based on the event received by the
server, the system'’s success rate in maintaining the water level
was analyzed as 90 % of the total 17046 events and had an
RMSE error control of 0.86¢cm, indicating that the system was
reliable in providing water table at a certain level in the soil.
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Fig. 6 Irrigation activity, controlled water levels and water table at the
reservoir, over the sheet pipe, and center of the soil, 0 cm equals Z=15cm; 25
cm is the top of soil (z = 40cm)

The development of loT and intelligent systems in
subsurface irrigation is currently being researched, such as by
[34]. Platforms for similar technology have been developed by
[35,36] or, in this paper, developed with local partners. The
challenge was how this kind of technology could be used at the
farm level, as presented by [37]. Thus, this should be
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considered a continuation of this study, aside from the
appropriate irrigation technique and performance analysis.

3.2. Response of water table and soil moisture to the water
level in the reservoir

In all this part of the study, we focused on observations
started from Day 6, with the water level setpoints of
approximately 6cm, 10cm, and 14cm. The water table observed
directly in the soil showed the response to the water level set in
the reservoir. Observation results are depicted in figure 7,
showing the measurement of the water table compared to the
water level in the reservoir. In addition, soil moisture
distribution above the water table resulting from automatic
irrigation control was observed.

Water content measured between pipelines showed an
increase when the water table was increased closer to the
measurement point at ground level. This was caused by a
capillary rise from the saturated layer of water closer to the soil
surface. Capillary rise is the upward flow of water in the soil
above the saturation zone [38,39] and plays a relevant role in
water availability near the surface due to the presence of
capillary forces in the pores of the unsaturated soil above the
water table [40]. Based on the soil moisture sensor data used, it
can be concluded that the water content on the surface tends to
increase with irrigation operations at higher water table
setpoints. By the end of observation, soil water content values
were in the range of available water to near saturation.

~—— Water Table Depth (cm) Reservoir Water Level (cm) —— S2 (cm%¥cm?)
S4 (cm/em?) — $1(cm¥%em?) 53 (cm¥em?)
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Fig. 7 Water level, water table, soil moisture, 0 cm equals Z=15cm; 25 cm is
the top of the soil (z = 40cm)

3.3. Numerical simulation

The simulation was conducted with the staging level of
setpoints. The water table was set at 10cm, 15¢m, 20cm, 25cm,
and 30cm from the soil base for simplification. These values
were given as boundary conditions at the top of the pipe (height
Z = 15cm soil base) with the variable heads of -5cm, Ocm, 5¢m,
10cm, and 15cm. Each setpoint was applied for approximately
24 hrs so that the variable head was set for the same range 0-
24hrs.

The relationship between experimental soil water content
and soil potential is represented by equation (2), with parameter
values enlisted in Table 1 as Soil I. The other two sets of
parameters are also enlisted in the table and used for additional
simulation representing different Ks. The model curve and soil
potential data of the experimental soil are shown in Fig. 8.

There were two materials used in the simulation, first was
the soil media whose properties were described previously. The
second material was sand from the software's database to
represent material that filled the fissure above the mole drain
pipe, which in reality is filled with crumbled soil media but

with probably higher permeability, which is not easily
determined. Simulations were also carried out with other two
soil types, i.e. Soil 1l and Soil 111, with different permeability,
as presented in Table 1.

Water content (cm®/cm?)

0.1
0

0.00 1.00 2.00 3.00 4.00 5.00
Soil Potential (pF)

—— Model VWC (cm¥cm?) ¢ Data VWC (cm*cm?)

Fig. 8 Soil water retention curve

Table 1 Soil hydraulics parameters

Parameter Soail | Soil I1'* Soil 111*
gs (cm3/cmd) 0.608 0.410 0.430
gr (cm¥cm?) 0.150 0.057 0.045
o 0.026 0.124 0.145
n 1.816 2.280 2.680
Ks (cm/hr) 5.000 14.592 29.700
m 0.449 0.561 0.627

* These values were adopted from From [41]

An example of the simulation results is shown in Fig. 9,
namely water content, pressure head, and flow vector for 25
hours simulation with variable head = 0 cm (Z = 15 cm) at the
mole-drain pipe. The water content in the sand material was
found lower than the surrounding, while at the pipe level to the
bottom of the soil it was in water saturation. Meanwhile, the
pressure on the sand material was higher than in the
surrounding media. When irrigation water flowed into the pipe,
with pressure equal to the water level in the reservoir, a stream
of water flowed out from the top of the pipe. Water continued
to flow from the top and wetting the soil, as shown by the flow
velocity vector in Fig. 9.

c. velocity vector (cm/hr) '

Fig. 9 Graphic presentation of 2-dimensional numerical simulation of
subsurface irrigation at a setpoint of 15 cm (head = 0 cm), simulation time t =
25 hrs: a. distribution of water content (cm®/cm?), b. distribution of pressure
head (cm), c. flow velocity vector (cm/hr)
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The simulation was carried out by setting the initial soil
surface conditions at a pressure head of -300cm, and the soil
base was 0 cm HO, linearly distributed with depth. For
observations, 4 points were placed at a distance of 50cm and
25cm from the pipe with z=30cm and z=40cm. In addition, the
observations of vertical profiles were also carried out by
placing the cross-sections in the middle of the model. The water
content and pressure head were observed at the center of the
simulation model are presented in Fig. 10.

a. Soil| b. Soil ll c. Soil lll

Fig. 10 Numerical simulation results of 2 dimensions of automatic irrigation
at setpoints: 10cm, 15cm, 20cm, 25cm, and 30cm for Soil | (left), Soil 1
(middle), and Soil Hl1 (right); presented in pressure head (top) and water

content (bottom). Observed at the 50 cm and 25 cm between sub-irrigation
pipelines at height 30cm and 40 above the base

The increase in soil potential and soil water content of Soil
I can be seen in Fig. 10, gradually following the setpoint level
change, represented by the variable head boundary condition.
The soil at z = 30cm was wetter than at the surface (z = 40cm)
because it was closer to the water table. The flow of water to
the point at a distance of 50 cm took longer, thus causing the
soil conditions to be relatively drier at a distance of 25 cm from
the pipeline.

The soil at z = 30 cm reached the saturation point at the end
of the simulation, indicated by the potential soil value above
Ocm and the water content reaching 0.6 cm®cmd. This
condition was confirmed by the water content measured in the
center of the model at a depth of 10cm -15 ¢cm from the surface
during observation. Meanwhile, the saturation condition was
not reached at ground level, still under the conditions expected
in this water table control.

The wetting in Soil Il and Soil Il appeared to be different
from Soil I. In both, there was a larger gap between the level of
wetness at z = 30 cm and the surface, at a distance of 50cm and
25 c¢cm from the pipeline compared to Soil I. Therefore, the
achievement of soil saturation at the water table level in the
middle occurred more slowly. These wetting patterns might
show that the use of a variable head boundary condition equal
to water level in a reservoir connected to the subsurface sheet
pipe system can perform as expected.

3.4. Discussion

As shown in Fig. 6, the automatic system works to retrieve
data from the water table sensor and compare it with the
predetermined water table setpoint. If the water level in the
reservoir is lower than the setpoint, the irrigation valve will
open to flow water into the model. Irrigation water will enter
through the sheet pipe below the surface and fill the soil pores

around and above it until there is a balance of water pressure in
the model (water level) and in the reservoir where water
regulation is carried out. Because the filling of water in the soil
is not as fast as filling the reservoir, the irrigation will flow
again when the system detects that the water level in the
reservoir is falling due to the flow of water filling the water into
the soil pores. This system does not yet have an automatic
drainage system, and the water level can increase when it rains,
but if this does not happen, it can be seen that the system has
been able to work and maintain the water table according to
various sets points.

The simulation results showed that during the irrigation,
soil moisture at the surface was drier than beneath and seemed
to be very little flux of water at the layer near the surface. This
condition agreed with [42,43] that volumetric water content
remained relatively high around the root zone in an experiment
of subsurface irrigation, while at the soil surface it was very
low and nearly constant, and loss through soil evaporation can
be reduced. This showed that the simulated sub-surface
irrigation with a controlled water table with sheet pipe can
perform as expected in general subsurface irrigation.

The soil moisture above the water table, which could be
maintained during the experiment, showed an increase due to
the capillary rise, causing the wetting of the soil above it. This
showed that soil moisture can be supplied with a certain level
of wetness by setting the water table. This level of wetness
affected the ease with which water could be taken up by plant
roots, as represented by the soil potential, where the higher
value, for example, from negative to close to zero, indicated
that water was more available for absorption roots. So it is
essential to know the distribution of this moisture distribution
in the soil by measuring, analyzing the soil's physical
properties, and stimulating the flow of water in the soil.
Observations and simulations showed the set point of the water
table by providing a varying heads at the subsurface irrigation
outlet hole according to the water level in the reservoir, which
can supply moisture above it.

When the setpoint was changed to a higher water table, soil
wetting occurred in the upper layer. This wetting took place
gradually and stopped when the soil layer at the setpoint height
was saturated with water, indicated by the soil potential value
approaching zero. This is a condition where the water table has
reached the desired height. The process occurs when the
setpoint is set higher, and irrigation water enters and supplies
water to the soil.

A similar case for subsurface irrigation to this method was
carried out by [17], who placed a porous pipe over a trapezoidal
or rectangular barrier, applying different depths. The difference
was that the barrier in the sheet-pipe subsurface irrigation
system was a mole drain with a cylindrical cross-section with
an opening at the top. This condition caused the water flow flux
to occur only from the top of the pipe with a surface area not as
large as a trapezoidal or rectangular barrier. However, as the
sheet-pipe system was developed initially for drainage, the
structural design of the mole drain barrier was given. Thus,
instead, both automatic irrigation and drainage could be
provided by the same system.

Subsurface irrigation is generally developed to increase
water use efficiency by reducing losses through evaporation
while maintaining the water supply in plant roots according to
needs such as Optimized Subsurface Irrigation System (OPSIS)
for sugar cane presented by [44,45]. Like the technique
presented in this paper, OPSIS was also automatically operated
by solar power or designed to operate as long as solar energy
was available in the daytime, which is perfect for dry land water
management. OPSIS also used a barrier beneath the perforated
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pipe [17] that reduced losses by percolation. In the Rainy
season, this kind of installation can serve as a drainage system.

The technique was based on sheet pipe technology initially
developed to overcome waterlogging on land, thus more
suitable for use in lowland, facing inundation in the rainy
season, and water table drop in the dry season. So if a system
that can adjust the water table properly is available, it can help
agricultural or other activities on the land surface. Therefore, it
would be more effective if further developed to control the
water table as in [46-48]. A further application is suggested to
lowland areas that suffer from challenging water management
problems. The selection of this method can consider other
things, for instance wetlands that may be used for agricultural
production while maintaining the water table near the surface.

Irrigation applications can be aimed at providing suitable
soil moisture in the root area. To increase irrigation efficiency,
water can be applied according to the targeted soil moisture; for
example, with soil moisture ignited, automatic subsurface drip
irrigation proposed by [49]. Providing the appropriate soil
moisture in the root area by maintaining a water table suitable
for cultivation, soil conditions, and seasons is also a challenge
for further study and development of this technique. The
research presented by [47,48] can be a reference for further
studies and planning water table control for agriculture.

The improvement of the model should be considered for
future work as the numerical model could not accurately imitate
the advancement of the water table at the setpoint level. One of
the causes was probably related to the use of boundary
condition of the variable head only at one point at the outlet of
the pipe. In reality, water suddenly rises within the fissure and
forms a nonnegative headline rather than a point.

Numerical modeling and simulation with HYDRUS can
greatly represent the water flow process in the soil in a
subsurface drip irrigation application [22]. The distribution of
soil moisture from irrigation emitter points can be estimated
quite accurately based on the statistical analysis presented. The
steps in the experiment in [22] need to be carried out to improve
this study both in the laboratory and in the field for subsurface
irrigation, which focuses on water table. A more
comprehensive study on subsurface irrigation is presented by
[50]. The laboratory-scale model observation presented in this
paper should be followed by field scale observation to enrich
information regarding sheet pipe sub-surface technology that
has not been covered in previous studies. Various aspects and
approaches are presented in this study, some of which are
subsurface irrigation perforated pipe, automation, water sensor
usage and numerical investigation using HYDRUS. This thesis
can be a reference for the author in continuing this study, as
well as the readers.

This study is limited to experiments using a laboratory-scale
and numerical model to imitate laboratory-scale models,
aiming to observe the automated subsurface irrigation system'’s
performance. One focus is on setting the water table and its
effect on the distribution of soil moisture, soil potential, and
flux. Field-scale research and experiments with planting will be
planned for the next stage.

4. Conclusion

Subsurface automatic irrigation systems with sheet pipes
can work well in providing a certain level water table according
to a specified setpoint. The water table maintained during the
experiment can provide soil moisture to the upper layer of the
soil. The developed two-dimensional numerical simulation
showed the distribution of soil moisture in the center of the
model as a response to the increase of water table, represented

by variable head. The soil wetting advanced toward soil surface
driven by the water table, increased gradually and reached
saturation at the height of water table setpoint.

The simulation model still needs to be improved to
approach the actual condition by adjusting the boundary
conditions or hydraulic conductivity. This research could only
provide limited information about subsurface irrigation
techniques with sheet pipes, including the scope of
experiments, observations, and the accuracy of numerical
models to reality. More extensive and intensive studies are
required then, such as experiments and modeling for the field
scale, within a growing season or long term.
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