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ABSTRACT 
 

New requirements are put forward for agricultural drainage system due to frequent 
floods and shortage of cultivated land in China. The improved subsurface drainage is 
made more efficient by laying high permeability materials as filter above the drains 
based on conventional subsurface drainage whose function is limited by soil hydraulic 
conductivity. The HYDRUS model was used to evaluate the impacts of design 
parameters of filter hydraulic conductivity, filter width and height, drain spacing and 
depth on drain discharge with constant ponding depth. Besides, water table depths at 
different distances from the drain pipe for improved and conventional subsurface 
drainage were simulated under initial conditions of saturated soil and no water 
ponding. The results indicated that the improved subsurface drainage had a real-time 
drainage function for the reason that the cumulative outflow increased by about 58% 
than conventional subsurface drainage within 24h after beginning draining. Improved 
subsurface drainage lowered the water table to an appropriate depth faster than 
conventional one. Furthermore, through daily water balance analysis of improved and 
conventional subsurface drainage with different rainfalls and initial water table depths, 
the results showed that subsurface drainage could reduce surface runoff effectively, 
especially for improved subsurface drainage. Good drain ability of improved 
subsurface drainage was beneficial to decrease the amount of soil water storage after 
rainfall and helpful to shorten subsequent draining time of water table drawdown. The 
research results could provide scientific basis for improved subsurface drainage 
design and lay a good foundation for its application. Meanwhile, it would be beneficial 
to enrich agricultural drainage technologies and promote development of agricultural 
drainage in China. 
 
Keywords: HYDRUS, improved subsurface drainage, conventional subsurface 
drainage, discharge, water table, runoff reduction. 
 

1. INTRODUCTION 
 
Abnormal climate change increases the probability of heavy and intense rainfall 
events in some areas which causes floods frequently (Das et al., 2013; Groisman et 
al., 2005; Panagoulia, 2009). In China, most farmlands are in monsoon regions where 
floods happen more frequently (Loo et al., 2014). So there are higher demands for 
farmlands drainage facing flood threat. 
 
An improved subsurface drainage has been proposed by Tao et al. (2016),which has 
advantage of reasonable flow rate drained with ponding and less land occupied and 
environmental friendly. It has been proved to do well in removing surface ponding by 
experiments. However, more detailed explanation of the effects of design parameters 
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on improved subsurface drainage discharge should be further discussed. Additionally, 
the removal of excess water from soil profile to maintain favorable unsaturated 
condition in the root zone is also a necessary task for improved subsurface drainage 
(Grazhdani et al., 1996). Simulation analysis is a good method to solve the varied 
problems. 
 
Recently, DRAINMOD, SWAP (Soil-Water-Atmosphere-Plant) and HYDRUS software 
have been widely used to simulate subsurface pipe drainage performance and its 
ability to control the water table. DRAINMOD and SWAP are one-dimensional models 
based on hydrological process (Dam et al., 1997; Kroes et al., 2000), but HYDRUS is 
a windows-based model, which can simulate two-dimensional and three-dimensional 
water flow situations. HYDRUS is used to simulate water, heat, and solute movement 
in variably saturated media. Especially, HYDRUS can handle flow domains delineated 
by irregular boundaries. The flow region itself may be composed of nonuniform soils 
having an arbitrary degree of local anisotropy (Šimůnek et al., 2006).  
 
TEKİN (2002) has predicted the relationship of drainage discharge and water table 
depth by simulating water flow into subsurface pipe drains for a layered soil profile 
based on HYDRUS-2D model. Ebrahimian and Noory (2014) have applied HYDRUS-
2D model to simulate water flow under subsurface drainage in a paddy field for 
various drain depths and spacing, surface soil textures and crack conditions. Filipović 
et al. (2014) has used HYDRUS-2D/3D to evaluate three subsurface drainage 
systems of pipe drains, pipe drains with gravel trenches, pipe drains with gravel 
trenches and mole drains under a given high intensity rainfall and a real case 
scenario, and discussed the effects of three subsurface drainage systems on water 
table control. The results has demonstrated that pipe drains laid in gravel trenches 
and mole drains were more efficient on waterlogging control, runoff reduction and 
drainage management than single pipe drains. 
 
The main objective of this paper was to evaluate the performance of improved 
subsurface drainage in removing surface ponding and lowering water table and 
reducing runoff, based on HYDRUS-2D model. (i) The drain ability of improved 
subsurface drainage was analysed with variable design parameters of gap between 
filter and soil hydraulic conductivity, filter width and height, drain depth and spacing in 
saturated soil with constant ponding water depth. (ii) Under initial saturated soil and 
no ponding water conditions, water table dynamics under improved subsurface 
drainage was studied to explain the effect of water table control by comparing with 
conventional subsurface drainage. (iii) Daily water balance was calculated to 
demonstrate the capacity of runoff reduction for improved subsurface drainage with 
variable initial water table depths and different rainfalls. 
 

2. METHODS 
 
2.1 Theory 

 
The governing flow equation for two dimensional isothermal Darcian flow of water in 
variably saturated rigid porous medium is given by the following modified form of 
Richards equation: 
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Where  is the volumetric water content [L3L-3], t is time [T], x and z are the spatial 

coordinates [L], h is the pressure head [L], S is a sink term [T-1], ,x zK K are 
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components of K at x and z directions and K is the unsaturated hydraulic conductivity 
function [LT-1] given by 
 

 s rK K K
         (2) 

 
Where Kr is the relative hydraulic conductivity and Ks is the saturated hydraulic 
conductivity [LT-1]. 
 
The van Genuchten (VG) model was used to describe soil hydraulic functions. The 
expressions of VG model were given by 
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Where θr and θs denote the residual and saturated volumetric water contents [L3L-3], 
respectively; Se is the effective saturation [-], α [L-1] and n [-] are retention curve 
shape factors, and l is a pore connectivity parameter [-]. 
 
2.2  Simulated scenarios 
 
The largest difference between improved and conventional subsurface drainage is 
that improved subsurface drainage adopts high permeability material as filter laid from 
the drains to plough layer (Figure 1). Gravels or rice husk or wood chips or crop stalks 
or cinders were commonly used as filter materials(Stuyt and Dierickx, 2006). These 
materials have different hydraulic conductivities. And even the permeability of a 
material will be changed after working for a long time. For example, the hydraulic 
conductivity of rice husk will be reduced to half when pressure increases from 0kPa to 
5kPa (Ebrahimian et al., 2011). In shallow groundwater areas, the water table can 
reach the ground surface within a short time after heavy and intense rainfall and 
surface ponding occurs subsequently, which will make the soil fully saturated. In this 
case, the effect of filter hydraulic conductivity on drain ability of improved subsurface 
drainage in saturated soil with ponding water is chosen as a parameter. Besides, filter 
width and height influence the drain ability directly as well. Although the discharge of 
improved subsurface drainage with larger filter size will be larger, we also have to 
consider the installation cost of drains. Furthermore, drain depth and spacing are still 
the factors affecting the discharge of improved subsurface drainage. After surface 
ponding fading away, the main goal of drainage is to lower water table to an 
appropriate depth in a given number of days better for crop growth and yield (Claire et 
al., 2008; Jackson, 1990). So the ability of water table control was simulated to 
examine the function of the improved subsurface drainage. 
 
Scenario 1 and 2 were developed to study the factors affecting the drain ability of 
improved subsurface drainage with constant ponding depth in a saturated silt loam 
soil. In scenario 1, the effects of filter permeability on the removal of ponding water 
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were discussed for improved subsurface drainage. Then in scenario 2, variable 
factors of filter width and height, drain depth and spacing were considered. In 
scenario 3, we studied the drainage discharge and water table dynamics under 
improved subsurface drainage with initial saturated soil and no ponding water. 
Compared with conventional subsurface drainage, water table depths at different 
distances away from the drain pipe were calculated to illustrate the function of 
lowering water table level by improved subsurface drainage. In scenario 4, daily water 
balance for improved subsurface drainage in silt loam soil was analyzed to explain 
the capacity of surface runoff reduction under rainfall of 25mm, 50mm and 100mm 
per day with initial water table depth of 0cm, 10cm and 30cmrespectively. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Sketch of two subsurface drainage patterns 

 

2.3  Model input 

 
Drainage model using HYDRUS was built based on the above-mentioned four 
scenarios, showed in figure 2 in which S1 and S2 stand for hydraulic conductivities of 
the soil and filter, b0 stands for filter width, h0 is filter height, his drain depth, B 
represents drain spacing and T represents the depth of impermeable layer.  In the 
scenario 3 and 4, the geometric parameters were assumed as follows: b0=20cm, 
h0=70cm, h=1m, B=15m, T=5m. But in the scenario 1 and 2, the parameters were 
varied as showed in table 1based on aforementioned ones.  
 
abdc was a no-flux boundary (Figure 2), drain pipe was assigned seepage boundary, 
and surface boundary ac was variable in different scenarios. The boundary ac was 
set to be constant head boundary of 5cm in scenario 1 and 2, and seepage boundary 
in scenario 3. While in scenario 4, atmospheric boundary was used to describe 
surface boundary ac where evaporation was ignored and rainfall was 25mm, 50mm 
and 100mm per day respectively. Besides, the pressure head in unsaturated soil 
were assumed to be -100cm when initial water table was lower than ground surface. 
 
VG model was used to describe the soil hydraulic properties. Soil hydraulic 
parameters were chosen according to Carsel and Parrish (1988) and the parameters 
of gravels describing filter hydraulic properties adopted the values suggested 
by(Filipović et al. (2014)), which were shown in Table 2. 
 

1. Conventional subsurface drainage 

2. Improved subsurface drainage 

1 2 

Thin envelope 
 

Original soil Backfill  
 

Filter  
 

Pipe  
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Figure 2. Sketch of improved subsurface drainage model 

 

Table 1 Geometric parameters of scenario 1 and 2 

 

Factors Variable parameters 

Filter hydraulic conductivity S2/S1=1,2,5,10,20,30,40,100,300 

Filter width b0=0,10,20,30,40,50,60cm 

Filter height h0=0,10,20,30,40,50,60,70cm 

Drain depth h=70,80,90,100cm, h0=40cm 

Drain spacing B=2,5,8,10,15,20m 

 

Table 2 van Genuchten soil hydraulic parameters 

 

Scenario 
 

θr 

(cm
3
 cm

-3
) 

θs 

(cm
3 

cm
-3

) 

a 

(cm
-1

) 
n 

Ks 

(cm day
-1

) 
l Source 

1 

S1/ S2-1 0.067 0.45 0.02 1.41 10.8 0.5 Carsel and Parrish (1988) 

S2-2* 0.078 0.43 0.036 1.56 21.6 0.5 
Carsel and Parrish (1988) 

 Ks=24.96 

S2-5 0.071 0.42 0.049 1.74 54 0.5 
power function interpolation  

between Ks=24.96 and 106.1 

S2-10 0.065 0.41 0.075 1.89 108 0.5 
Carsel and Parrish (1988) 

Ks=106.1 

S2-20 0.062 0.41 0.08 1.92 216 0.5 

power function interpolation 

between Ks=108 and 3000 

S2-30 0.057 0.41 0.08 1.95 324 0.5 

S2-40 0.054 0.41 0.08 1.97 432 0.5 

S2-100 0.030 0.41 0.09 2.00 1080 0.5 

S2-300 0.005 0.42 0.1 2.10 3240 0.5 
(Filipović et al. (2014)) 

 Ks=3000 

2,3,4 
S1 0.067 0.45 0.02 1.41 10.8 0.5 Carsel and Parrish (1988) 

S2 0.005 0.42 0.1 2.10 3000 0.5 (Filipović et al. (2014)) 

* S2-2/5/10/30/40/100 represents that the filter hydraulic conductivity is 2/5/10/30/40/100 times of the soil  
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3. RESULTS AND DISCUSSION 
 
3.1  Removal of ponding water 
 
3.1.1  Effect of filter hydraulic conductivity 
 
Effects of filter hydraulic conductivity on improved subsurface drainage discharge per 
unit length in silt loam soil were shown in Table 3. Generally speaking, the improved 
subsurface drainage discharge increased with the increasing filter hydraulic 
conductivity. And the maximum discharge for S2-300 case was 1.75 times of 
conventional subsurface drainage discharge. When S2/S1 equaled to 10 which was 
the minimum allowed value in filter usual design criteria, the discharge was 1.66 times 
of that in conventional subsurface drainage. However, the increased discharge was 
less than 1% every extra 10 increase in value of S2/S1 when S2/S1 exceeded 40. 
  
In another words, there will be little influence on improved subsurface drainage 
discharge until filter hydraulic conductivity reduces to about 30~40 times of the soil 
after filters of gravels or rice husk or wood chips or crop stalks working for a long time 
in practice. 
 

Table 3. Effect of the gap between filter and soil hydraulic conductivities 

 

Case S2-1 S2-2 S2-5 S2-10 S2-20 S2-30 S2-40 S2-100 S2-300 

discharge(cm2/d) 1740 2152 2741 2880 2942 2970 2986 3023 3042 

times of S2-1 1.00 1.24 1.58 1.66 1.69 1.71 1.72 1.74 1.75 

 
3.1.2  Effect of filter width and height 
 
Figure 3 showed the effects of filter width and height on improved subsurface 
drainage discharge per unit length. It could be seen that wider and higher filter size 
could obviously increase the drainage discharge before filter width and height 
reached critical values. When filter height kept constant, the relationship between 
improved subsurface drainage discharge per unit length and filter width could be 
estimated as a second degree parabola. The discharge increased 75% when filter 
width varied from 0cm to 20cm and subsequently the discharge only increased 10% 
on the basis of current value every 10cm increase in width when filter width changed 
from 20cm to 60cm. Similarly, when filter width remained constant, the discharge 
increased 49% when filter height increased from 0cm to 20cm, and 5% every 10cm 
increase in height when filter height varied from 20cm to 60cm. 
 
Filter size is an important factor for influencing improved subsurface drainage 
discharge, larger filter size usually means larger discharge but higher cost. Hence no 
matter in design or practice, it is critical to optimize drain layout considering the 
relationship between investments and drain effect with maximum benefit as the 
target. 
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Figure 3. Effects of filter width and height on discharge per unit length 

 
 
3.1.3 Effect of drain spacing and depth 
 
When filter size and drain depth were fixed, for improved subsurface drainage, the 
discharge per unit length increased obviously with the increasing drain spacing when 
drain spacing was within an effective control distance (10m). After drain spacing 
exceeded 10m, the discharge changed slowly (figure 4, left). While for conventional 
subsurface drainage, the effective control distance was about 5m and smaller than 
improved subsurface drainage obviously. In another word, improved subsurface 
drainage could control larger drainage areas. Besides, the ratio of improved and 
conventional subsurface drainage discharge rose gradually within 10m drain spacing 
and was almost in a stable value 1.75 when drain spacing was larger than 10m. 
 

 
 

Figure 4. Effect of drain spacing and depth on improved subsurface  
drainage discharge 

 

In figure 4(right), the effect of drain depth on improved subsurface drainage discharge 
per unit length was given. The simulation results showed that the relationship 
between improved subsurface drainage discharge and drain depth satisfied linear 
positive correlation well when filter size and drain spacing kept constant. The variation 
trends of drainage discharge with drain spacing and height were almost the same as 
that of conventional subsurface drainage obtained from (Kirkham (1949)) formula.  
 
3.2 Water table control 
 
3.2.1  Drainage discharge and cumulative outflow 
 
Figure 6 displayed improved and conventional subsurface drainage discharges and 
cumulative outflow per unit length within 72h after beginning drainage. With draining 
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time going on, water table declined and discharge of improved and conventional 
subsurface drainage decreased gradually, but improved subsurface drainage 
discharge was larger than that of conventional subsurface drainage all the time. The 
improved subsurface drainage had a larger discharge as soon as the drainage began 
due to weak water holding capacity within the filter. Subsequently soil water around 
the filter was drained. As time continued, water table continuously decreased and 
contact zones between groundwater and filter narrowed gradually. Ultimately, the 
improved subsurface drainage discharge was close to conventional ones, as shown 
in the left side of figure 6.  Meanwhile it was easily found that the relationship 
between the discharge and draining time accorded with power function and presented 
a good correlation both for improved and conventional subsurface drainage. 
 
For the right side in figure 6, conventional subsurface drainage had cumulative 
outflows of 1068, 1799 and 2391cm2 per length at 24h, 48h and 72h after beginning 
drainage. While the cumulative outflows of improved subsurface drainage were 1690, 
2525 and 3189cm2 per length, resulting in a corresponding increase of 622, 726 and 
798 cm2 than conventional ones respectively. From the view of cumulative outflow, 
the effect of improved subsurface drainage was remarkable within 24h after beginning 
drainage during which there was 58% cumulative outflow increasing than 
conventional subsurface drainage. That is to say, the improved subsurface drainage 
had obvious effect for real-time drainage and made water table drop to waterlogging 
tolerance more quickly to produce a more favourable soil moisture condition for crop 
growth.  
 

 

Figure 6. Dynamic processes of drainage discharge and cumulative outflow 

 
3.2.2  Water table dynamics 
 
Under drain spacing of 15m, water table depthsat distances of 1m, 4m and 7.5m 
away from the drain pipes under improved and conventional subsurface drainage 
respectively were shown in Figure 7.  With the increase of draining time, water table 
declined and the ability of lowering water table of improved subsurface drainage was 
weakened because of decreasing discharges. In China, waterlogging control standard 
of agricultural drainage requires that water table should drop to 40~60cm below the 
soil surface within 3~4 days during waterlogging sensitive period for drought crops or 
within 3~5 days during drying period for paddy field. Hence, the time taken to lower 
the water table to 40cm below the soil surface has been selected as a study target. 
Numerically, the times of water table drawdown at distances of 1m, 4m and 7.5m 
away from the drain pipes required 7h, 43h and 58h separately for improved 
subsurface drainage and 14h, 56h and 70h for conventional subsurface drainage. It 
could be seen that water table dropped more slowly at farther distance from drain 
pipes. In addition, improved subsurface drainage was satisfied fully with waterlogging 
control standard aforementioned and could shorten over half day for waterlogging 
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control. Moreover, the draining timeof improved subsurface drainage decreased by 
over 17% than conventional subsurface drainage. It was shown that improved 
subsurface drainage was more beneficial to control water table and helpful for 
drainage water management. 
 

 

Figure.7 Water table depth in improved and conventional subsurface drainage  

 
3.3  Runoff reduction 
 
Table 4 gave daily water balance of improved and conventional subsurface drainage 
corresponding to rainfall of 25mm, 50mm and 100mm per day under initial water table 
depth of 0cm, 10cm and 30cm respectively. There were three ways to go for the 
rainfall: surface runoff, subsurface drainage and storage in soil. Generally, surface 
runoff remarkably increased with the increasing rainfall when initial water table depths 
were equal, while the amount of subsurface drainage and soil water storage 
appeared small increase limited by soil hydraulic conductivity. 
 

Table 4. Daily water Balance for high intense rainfall 

 

 
Water table 
depth (cm) 

Rainfall Infiltration Runoff Drain Soil water variation 

(mm) (mm) (mm) (mm) (mm) 
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0 25 9.8 15.2 10 -0.2 
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0 100 11 89 11 0 
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10 50 16.4 33.6 10.5 6 

10 100 16.8 83.2 10.8 6 

30 25 24.9 0.1 5 20 

30 50 30.4 19.6 8.2 22.1 

30 100 32.4 67.6 9.9 22.5 

       

Improved 

subsurface 
drainage 

0 25 12.1 12.9 15.6 -3.4 

0 50 15.6 34.4 18.3 -2.7 

0 100 18.9 81.1 21.3 -2.4 

10 25 16.4 8.6 13.9 2.5 

10 50 20.4 29.6 17.2 3.2 

10 100 24.2 75.8 20.6 3.6 

30 25 24.9 0.1 9.2 15.7 

30 50 32.8 17.2 13.6 19.2 

30 100 38.3 61.7 18.7 19.6 
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Under initial saturated soil condition, there almost had no changes in soil water 
storage for conventional subsurface drainage, while for improved subsurface 
drainage, soil water storage decreased for unsaturated zone appearing within and 
around the filters which had weak water holding capacity. Corresponding to 25mm, 
50mm, 100mm rainfall per day, cumulative outflows of conventional subsurface 
drainage were 10mm, 11mm and 11mm per length and the surface runoff reduced 
32.9%, 22.0% and 11.0% accordingly. The cumulative outflows of improved 
subsurface drainage were 1.23, 1.42 and 1.72 times of conventional subsurface 
drainage discharge and surface runoff reduced 48.4%, 31.2% and 18.9% 
respectively. With initial water table depth of 10cm and 30cm, taking 50mm rainfall 
per day as an example, improved subsurface drainage had cumulative outflows of 
17.2mm and 13.6mm which were about 1.7 times of the conventional ones as well. 
Obviously, the effect of improved subsurface drainage on surface runoff reduction 
was larger than conventional subsurface drainage. Moreover, improved subsurface 
drainage could cut down the amount of soil water storage and alleviate farmland 
waterlogging threat which was beneficial to shorten subsequent draining time. 
Focusing on 50mm rainfall per day as well, the soil water storages were 22.1mm and 
19.2mm for conventional and improved subsurface drainage separately when initial 
water table depth was 30cm.  
 

4. CONCLUSIONS 
 
Numerical experiments have been performed for improved subsurface drainage, the 
drain ability of removing ponded surface water with variable filter hydraulic 
conductivity, filter height and width, drain spacing and depth, the capacity of water 
table control, drain ability and surface runoff reduction under different rainfalls and 
initial water table depths. The main conclusions were as follows. Firstly, under 
saturated soil and constant ponded water depth conditions, the value of 30~40 was a 
transition ratio of filter and soil hydraulic conductivity. Improved subsurface drainage 
discharge increased obviously when the ratio was less than 30~40. But the increase 
of discharge tended to be small when the ratio exceeded 30~40. Filter width and 
height had a good relationship of second degree parabola with improved subsurface 
drainage discharge respectively. The effect of drain spacing and drain depth almost 
met the same rules as that in conventional subsurface drainage except for larger 
effective control distance. In practices, the factors aforementioned should be chosen 
carefully, considering the costs and benefits comprehensively. Secondly, improved 
subsurface drainage had better effect on water table control than conventional 
subsurface drainage and could satisfy the farmland waterlogging control 
standard well. In improved subsurface drainage, draining time can be shortened more 
than half day than available waterlogging control standard in China and 17% than 
conventional ones with water table drawdown of 40cm below ground surface as a 
target under initial saturated soil and no ponded water in a silt loam soil. Finally, 
subsurface drainage could reduce runoff effectively, especially for improved ones 
under high intense rainfall. The effect of improved subsurface drainage was more 
significant with the increasing rainfall which also reduced more surface runoff. At the 
same time, the increase of soil water storage for improved subsurface drainage was 
smaller than conventional subsurface drainage, which alleviated subsurface 
waterlogging degree and was beneficial for subsequent water table control.  
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