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Abstract

Exfiltration type bioretention can collect rainwater runoff to recharge groundwater, but the water
diffusion in the in-situ soil can have an impact on the foundation of adjacent structures (such as roads).
Generally, the existing studies are primarily focused on the exfiltration of bioretention as an index
of runoff control or the water balance. However, research is lacking on the diffusion characteristics
of soil water content in different in-situ soils. Therefore, in this study, the VADOSE/W model was
used to simulate the water transport process of bioretention ponds and in-situ soils, under long-term
rainfall. The water diffusion characteristics of four in-situ soils were studied: silt loam (SL), loam (L),
sandy clay loam (SCL), and sandy loam (SaL). The results showed that under 12 rainfall events, with
a monthly maximum rainfall of 268 mm in the study area, for four in-situ soil types, the bioretention
pond’s bottom exfiltration volume per unit area reached 3.93-7.91 times that of the lateral. The order of
bottom exfiltration volume was SaL>SCL>L>SL. Over time, the in-situ soil water content fluctuated
with rainfall events. The order water content was usually SL>L>SCL>Sal., and the water diffused
into the in-situ soil was distributed in a symmetrical arc along the horizontal direction. After rainfall
events, at depths of 1, 3 and 5 m, for SL, L, SCL, and SaL soils, the lateral water diffusion ranges were
~1.25-1.47 m, ~1.23-1.45 m, ~1.22-1.77 m, and ~1.46-1.60 m, respectively. With a continuous supply
of water, the horizontal diffusion distance of each in-situ soil tended to be the same, although
the water diffusion range of SCL was relatively larger. Therefore, when an exfiltration type bioretention
area is designed, the distance between the bioretention edge and the adjacent structures should be
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more than 2 m to avoid nearby structural foundations being negatively affected by water seepage over

a long period of time.
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Introduction

With the acceleration of global urbanization,
permeable natural land cover (such as natural forest and
grassland), and other land use (such as farmland) has
been increasingly replaced by buildings and roads [1].
The impermeable areas of urban areas have increased
sharply, causing a series of serious risks and impacts on
the urban water environment [2]. First, during a rainfall
event, infiltration decreases significantly, while the
surface runoff increases accordingly, which can result
in frequent urban floods [3]. Second, the groundwater
in urban areas cannot be effectively recharged, causing
a drop in its level, which can result in land subsidence
[4-5]. Additionally, urban surface runoff usually
contains pollutants, such as nutrients and salts, heavy
metals, suspended solids, hydrocarbons, and pathogens,
which flow into the downstream water system through
the urban drainage system. Consequently, the regional
water resources become polluted, and also threaten
human health [6-10].

With the continuous deterioration of global water
resources, low-impact development (LID) concepts have
been proposed. During regional development, ecological
landscapes, such as permeable pavements, green roofs,
grassed swales, bioretention ponds (or areas), man-
made wetlands, and stabilization ponds [11-13], are
used to control and utilize rainwater runoff from the
source, to achieve local decentralized management
of rainwater [14-16]. Among them, bioretention has
become a promising and practical ecological control
measure for rainwater management, owing to the
integration of functions, such as landscape, runoff
control, and water purification [17-19]. A typical cross-
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section of a bioretention pond is shown in Fig. 1.
The design scale of a bioretention pond is generally
5-10% of its catchment area. The design usually
consists of 150-300 mm aquifer, 50-80 mm mulch,
300-700 mm plant soil layer, and 150-300 mm
sand-gravel drainage layer [20-22]. When the soil
permeability is lower than 1.27 cm/h, or the bioretention
structure is an anti-seepage (impermeable) type, an
underdrain with a diameter of 50-100 mm is buried
in the sand-gravel layer to enhance drainage [23-24].
During rainfall events, when the rainwater runoff flows
through the bioretention pond, the filler layer will
temporarily intercept and store the runoff. Some runoff
will slowly seep into the surrounding soil, which will
recharge the groundwater, and some will diffuse into
the atmosphere through evaporation and transpiration,
which simulates the natural hydrological conditions,
prior to regional development [25-26].

Recently, there have been studies of the runoff
regulation effect of bioretention ponds through
laboratory and field experiments. For example, Winston
[27], Pan [28], and Giilbaz [29] have proved that
bioretention can effectively reduce the runoff volume
and attenuates the peak runoff. Debusk [30] found
that bioretention outflow can simulate the process of
shallow water discharge into rivers in undeveloped
areas, thereby helping to restore the natural regional
hydrological cycle. To alleviate the continuous decline
of groundwater levels, research has been carried
out on the recharge effect of bioretention ponds on
groundwater. For example, through field experiments
Guo [31] showed that the concentrated infiltration
of runoff by bioretention had a significant effect on
groundwater recharge. Pan [32] studied the long-
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Fig. 1. Diagram of a typical bioretention pond.
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term water balance of bioretention areas and showed
that the amount of water exfiltrating the ground from
bioretention accounted for the largest proportion (more
than 50% of the total runoff volume). Gao [33] showed
that the type of in-situ soil is the main factor affecting
exfiltration from the bioretention area.

A Dbioretention pond is typically used to collect
rainwater runoff from pavements or building roofs and
is located close to the structures. When a bioretention
pond is used for the concentrated infiltration
of rainwater, it typically needs to collect runoff of
5-20 times its own area, causing a large amount of
rainwater to seep underground [34]. If the water
continues to spread to the adjacent structure foundation,
the safety of the structure will be affected. For example,
Liang [35] showed that a large amount of bioretention
water diffused to the road subgrade, resulting in
a significant settlement of the pavement. Presently,
the commonly used method is to carry out anti-
seepage treatment for bioretention; however, this
method limits the recharge of rainfall to groundwater
[36-37]. Additionally, there are some differences in the
properties for underground soil in different regions,
resulting in different water diffusion characteristics.
Therefore, the study on the diffusion characteristics of
water from bioretention areas in in-situ soil can provide
a basis for the layout and design of a bioretention pond.

Owing to the lack of direct observations of water
diffusion in soil, numerical simulation can provide
insight for this study. Currently, few models can be
used to simulate the hydrological effects of bioretention,
such as RECARGA, HYDRUS-1D, Stormwater
Management Model (SWMM), and SUSTAIN. Among
them, RECARGA predominantly uses the Green-
Ampt equation to simulate the rainwater infiltration
process, which is suitable for long-term water balance
analyses of bioretention; however, it is unsuitable for
simulating the situation of water diffusion in soil [38].
The HYDRUS-ID model is a one-dimensional model
based on the Richards equation. However, it disregards
the lateral diffusion of soil water, and therefore cannot
simulate the lateral water transport process in the soil
[39]. The SWMM and SUSTAIN models are based on
the LID concept to simulate the runoff process of the
whole region, carry out LID planning, and simplify
the water transport process within a bioretention area.
Therefore, there are clear deficiencies in the study of
bioretention alone [40-41]. The VADOSE/W model
is a two-dimensional numerical model used for the
simulation of soil seepage, groundwater changes,
evaporation and evapotranspiration under saturated-
unsaturated soil states. It couples the Richards equation
and atmospheric boundary conditions to calculate soil
water movement and the surface ponding process [42].
Gao [43] used the VADOSE/W model to study the
ponding and outflow processes of a bioretention pond
collecting runoff from roads and proved that the model
can effectively simulate the hydrological effects of two-
dimensional bioretention. Additionally, Pan [32] studied

the long-term water balance of a two-dimensional
bioretention area of an expressway service area, based
on the VADOSE/W model.

Presently, most existing studies are focused on the
exfiltration of bioretention as an index of runoff control
or the water balance. However, studies on the diffusion
characteristics of water in different in-situ soils are
lacking. The research objective of this study was to
use the VADOSE/W model to simulate the saturated-
unsaturated transport process of rainwater runoff in the
bioretention area’s soil, and to study the water diffusion
characteristics, including (but not limited to) water
exfiltration, water content change, and water horizontal
diffusion, in different in-situ soils under long-term
rainfall events. This study can therefore provide
a reference for the layout and design of bioretention
ponds in different regions.

Experimental Procedures

Soil Saturated-Unsaturated Seepage
Control Equation

The top of the bioretention and the soil areas are
in direct contact with the air, and the lowest point is a
certain distance from the groundwater, and is in a dry-
wet cycle, which is the typical saturated-unsaturated
soil. The movement of rainwater entering the
bioretention and soil includes downward infiltration and
lateral diffusion, which can be regarded as horizontal
and vertical seepage. Therefore, the two-dimensional
Richards seepage equation can be used to describe
the water movement process of bioretention and the
associated soil [44], as shown in Equation (1):
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where i = the negative pressure head of soil (mm);
k(@) = the soil permeability coefficient (mm/h);
¢ = the soil volume water content (mm’/mm?);
S(x, z, t) = the source sink term, (such as transpiration
and evaporation (mm)), and ¢ = the time (h).

When the soil negative pressure head % is >0, the
soil is in a saturated state, and 6 and k(0) are both fixed
values in equation (1), which are the soil saturated
water content and the soil saturated permeability
coefficient, respectively. When 4 is <0, the soil is
in an unsaturated state. At this time, € and K(#) are
variable values, which can be defined according to the
Van Genuchten equations [45], which include the soil
moisture characteristic curve equation (2) and hydraulic
conductivity curve Equation (3):
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where 6 = the soil residual water content (mm?/mm®);
0 = the soil saturated water content (mm*/mm?®); a, n, and
m are the Van Genuchten parameters, and m = 1 — 1/n;
S, = the effective saturation, S, = (0 — 0)/(0, — 0),
and K = the soil saturated permeability coefficient
(mm/h).

Design Rainfall

When studying the effects of bioretention on the
hydrological cycle of the area, the design rainfall should
first be determined. It takes a certain length of time
for water diffusion in the soil around the bioretention
pond; therefore, to reflect the impact of the lag on
water diffusion, this study used the long-term rainfall
data measured in the study area was used as data for
the design rainfall. Fig. 2 shows the monthly rainfall
data of the study area in 2010. The total annual rainfall
was 1,045 mm, which is close to the average annual
rainfall (1090 mm) from 1951 to 2013 in the study area;
the maximum was 268 mm in July with 12 rainfall
events, accounting for 25.63% of the annual total.
The hourly rainfall data in July 2010 was selected
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Fig. 2. Monthly rainfall data in the study area for 2010.
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Fig. 3. Hourly rainfall data of the study area in July 2010.

to use as the rainfall intensity for the calculation of the
design intensity, as shown in Fig. 3.

The runoff entering the bioretention pond is
composed of the catchment runoff and direct rainfall
into the pond [43]. The design runoff intensity was
calculated using Equation (4):

_q(yF,+F)

9,

g @

where ¢, = the design runoff intensity acting on

bioretention (mm/h); g = the actual rainfall intensity

(mm/h); ¥ = the runoff coefficient (which was 0.9 in

this study); F, = the catchment area (m*); and F, = the
bioretention area (m?).

Design Parameters
Bioretention Design Parameters and In-situ Soil Types

The VADOSE/W model was used to simulate the
water transport process within the bioretention pond
and four in-situ soils; the bioretention design parameters
and in-situ soil types are shown in Table 1. The four
in-situ soils include silt loam (SL), loam (L), sandy
clay soil (SCL), and sandy loam (SaL). The size of the
bioretention area were all taken as 10% of the catchment
area, and included layers of planting soil, sandy-gravel
and mulch, with thicknesses of 700 mm, 300 mm, and
50 mm, respectively. The depth of surface aquifer was
300 mm. To ensure the maximum infiltration into the
soil, the impact of overflow was not considered in the
numerical simulation, and the rainwater runoff was
allowed to accumulate on the bioretention surface area.
Soil types SL and L had permeability coefficients lower
than 1.27 cm/h, and an underdrain (diameter of 50 mm)
set in the middle of the sandy-gravel layer, to form
an internal water storage area at a height of 150 mm.
However, for soil types SCL and SaL, these parameters
were not set. The evaporation and transpiration volumes
are much smaller than the exfiltration volume of the
bioretention pond; therefore, these were not considered
in this study. Additionally, the influence of the
groundwater level was also not considered.

Soil Hydraulic Characteristic Parameters

When the VADOSE/W model is used to simulate
the saturated-unsaturated water transport process of the
pond and in-situ soil, the soil hydraulic characteristic
parameters need to be determined, as shown in Table 2.
In this study, the hydraulic parameters of the planting
soil and sandy-gravel layer used the data which was
verified through studies on the influence of bioretention
parameters on the regulation effects of road runoff [43],
while the parameters of four in-situ soil types were
taken from Li, who studied the unsaturated seepage
process of rainwater infiltration into a ditch [46].
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Table 1. Bioretention design parameters and in-situ soil type.

Bioretention design parameters
Simulated | Areq ratio of | Thickness Depth of Thickness of | Thickness of Height of In-situ soil type
siuation | pioretention to | of mulch | surface aquifer | planting soil | sandy- gravel | internal water
catchment area (mm) (mm) (mm) layer (mm) storage (mm)
SL 150 Silt loam
L 150 Loam
10% 50 300 700 300
SCL No Sandy clay loam
SaL No Sandy loam
Table 2. Soil hydraulic characteristic parameters of bioretention and in-situ soils.
Soil tvpe Saturated permeability Residual water content | Saturated water content a(om™) " "
P coefficient (cm-h) (cm?-cm?) (cm?-cm?)
Bioretention
Planting soil 5.04 0.058 0.408 0.057 2.00 | 0.50
Sandy-gravel 163.00 0.046 0.445 0.153 2.64 | 0.62
In-situ soil
Silt loam 0.45 0.067 0.450 0.020 141 | 0.29
Loam 1.04 0.078 0.432 0.036 1.56 | 0.36
Sandy clay loam 1.31 0.100 0.393 0.059 1.48 | 032
Sandy loam 4.43 0.065 0.416 0.075 1.89 | 047

The initial water content of the bioretention filler and
in-situ soil is the water content distribution after the
free drainage of the medium, reaching stability under
the saturated state.

Model Grid and Boundary Condition

In this study, the lateral and vertical dimensions
of bioretention were both set at 1 m. To reduce the
influence of the boundary effect, the lateral range of the
soil on both sides of the pond were taken as five times
the width of the pond, and the vertical range extends
downward from the bottom of the pond to five times the
height of the pond. In this study, a rectangular grid was
used to divide the model. In the lateral direction, the
bioretention range and the width of 1 m on both sides
were properly densified, and the grid size was 10 cm,
and the others were set at 20 cm. Vertically, the surface
layer of the bioretention area is significantly affected by
atmospheric conditions. Therefore, the unique surface
function of the VADOSE/W model was used to create
a 30 cm upper layer of planting soil as the surface unit.
The grid was finely divided, at a height of 3 cm, and
the lower 40 cm of the planting soil was set to 5 cm.
Owing to the relatively larger permeability coefficient
of the sandy-gravel layer, to ensure the convergence of
the simulation results, the grid of the sandy-gravel layer
was refined. The grid height and the boundary grid size
of the underdrain in the sandy-gravel layer were both

set to 3 cm. The grid 1 m below the pond was split into
10 cm intervals, and the others were set to 20 cm. Curbs
are typically set on both sides of the pond; therefore, a
30 cm impermeable interface was set above the contact
surface between the bioretention pond and soil.

The surface of the pond receives runoff and
concentrates the infiltration. When the runoff
intensity is greater than the infiltration capacity of the
bioretention filler, water will accumulate on the surface.
The boundary conditions of atmospheric ponding in
the model were used for this process. For bioretention
with an underdrain, when the water does not reach the
underdrain, the water flow of which is 0, and when the
water reaches, the water pressure of which is 0, so the
boundary of underdrain can use the seepage surface
boundary conditions. The influence of groundwater
level was not considered; therefore, free drainage
boundary conditions were set at the lowest soil layer.
The grid division results and boundary conditions of the
bioretention pond and soil are shown in Fig. 4.

Results and Discussion
Water Exfiltration from Bioretention to /n-situ Soil
Fig. 5 shows the cumulative exfiltration volume

per unit area at the bottom of the bioretention pond
and the sides, for the four in-situ soil types. Owing
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Fig. 4. Simulation model of bioretention pond and in-situ soil.

to the difference between the horizontal and vertical
structural dimensions of the bioretention area, the use
of the exfiltration volume per unit area is more suitable
to compare the water diffusion capacities.

Fig. 5 further shows that with the occurrence of
rainfall events, the exfiltration from the bottom of the
pond increased significantly, while the change trend of
lateral exfiltration was relatively flat. This indicates that
the exfiltration from the lowest bioretention layer was
more sensitive to rainfall. For the four soil types, the
cumulative exfiltration volume per unit area at the lateral
and bottom of the pond were 196.03-424.99 mm/m? and
1111.84-1981.06 mm/m?, respectively. Additionally, the
bottom exfiltration volume reached 3.93-7.91 times the
lateral exfiltration volume, indicating that the water
exfiltration of bioretention was mainly dominated by
the bottom.

2000

For the exfiltration from the bottom of the pond,
the order of cumulative exfiltration volume for the
in-situ soil types was SalL>SCL>L>SL, and the volume
increased significantly with an increase in the soil
saturated permeability coefficient (K). Additionally,
owing to the smaller K of L and SL, the underdrain
in the sandy-gravel layer and part of the rainwater was
discharged through the underdrain, further reducing
the exfiltration volume at the bottom of the pond. The
order of the lateral cumulative exfiltration volume for
the in-situ soil types was SCL>L>SL>Sal.. Generally,
the impact of soil type on lateral exfiltration was low.
However, the lateral exfiltration was relatively larger
for SCL. This is predominantly owing to the K of SCL,
which was much smaller than that of the planting soil.
There was no underdrain, so the water accumulated
casily at the bottom of the sandy-gravel layer, thereby
increasing the lateral exfiltration volume.
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Fig. 5. Cumulative exfiltration volume of bioretention under different in-situ soil types.
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Water Content Changes in /n-situ Soil Types
Historical Analysis of Water Content

The water content change processes over the rainfall
duration for the four im-situ soils under long-term
rainfall at monitoring points 1, 2, and 3 (as shown in
Fig. 4) are shown in Fig. 6. Monitoring points 1, 2, and
3 correspond to depths directly below the bioretention
pond, of 1 m, 3 m, and 5 m, respectively. In the figures,
the initial value at 0 h is the water content when
the soil drains freely from a saturated to a stable state.
At this time, the water content of SL was the largest,
and the water content range of monitoring points 1, 2,
and 3 was 0.334-0.356. The water content of SalL was
the smallest, at 0.109-0.125, while that of L and SCL

was between these two, at 0.239-0.263 and 0.232-0.245,
respectively. As the depth of the soil increases, the
initial water content increases, to a certain extent.

Fig. 6 shows that the in-situ soil water content
fluctuated with the rainfall events. As the soil depth
increased, the influence of rainfall on the soil water
content gradually decreased, the lag time of water
content change was prolonged, and the degree of
fluctuation of the water content was weakened. There
were significant differences in the change trend of
water content among the in-situ soil types, including
the effect of rainfall intensity. The water content of SalL
and SCL changed more sharply, while that of SL and
L was relatively flat. Additionally, the water content of
each in-situ soil during a rainfall event was different, as
follows: SL > L>SCL>SaL.. The results show that with
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Fig. 6. Water content variation process with rainfall at different monitoring points, for the four in-situ soil types: a), b), and c¢) represent

monitoring points 1, 2, and 3, respectively.
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Fig. 7. Water content horizontal distribution of the four in-situ soil types, at depths of 1, 3, and 5 m below the bioretention pond.

an increase in soil K, the sensitivity of water content
to rainfall events was enhanced, and the water content
changed more drastically, but its water-holding capacity
was weakened. The water in the soil was then easily
drained, and the influence on the adjacent structure was
relatively smaller.

Additionally, although the K of monitoring points 2
and 3 of SalL was larger than that of SCL, the water
content change of Sal. was prolonged. This was
predominantly owing to the lower initial water content
of the SaL. This shows a higher volume of pores to
be replaced by the water, resulting in less downward
diffusion.

Horizontal Distribution of Water Content

The horizontal distribution of water content after
rainfall events, at depths of 1, 3, and 5 m below the
bioretention pond is shown in Fig. 7, for each in-situ
soil type. The figure shows that the water content
of each soil was different, as follow: SL>L>SCL>SaL.
The water content exhibited a symmetrical arc
distribution along the horizontal direction, and the water
content was highest in the middle of the bioretention
area. The water diffused to both sides, creating
a gradual decrease in water content until it returned to
its initial water content. The soil type had an influence
on the horizontal distribution width of the water content.
The distribution width of SalL and SCL (~4.5 m)
was slightly larger than that of SL and L (~4.0 m).
This may be because SL and L soils were equipped
with an underdrain, resulting in the reduction of water
seepage into the in-situ soil. Additionally, when it was
close to the bioretention bottom (such as 1 m deep), the
water content horizontal distribution of the in-situ soil
was relatively steeper, which was predominantly due
to the fact that the water supply to the soil was greater
when near the bioretention.

Historical Analysis of Water Lateral Diffusion
of In-situ Soil

Fig. 8 shows the lateral water diffusion distance (to
the central axis of the bioretention area), at depths of 1,
3, and 5 m below the bioretention pond, for all in-situ
soils under long-term rainfall. A water lateral diffusion
distance of 0 m indicated that the water had not yet
reached a certain depth in the in-situ soil.

Additionally, when the water collected by the
pond has reached a certain depth in the in-situ soil,
the water initially rapidly diffused laterally. However,
as the diffusion distance increased, its rate gradually
decreased, and the horizontal range of water tended
to gradually stabilize. At depths of 1, 3, and 5 m, the
SL, L, SCL, and SaL soils had water diffusion starting
times of ~115-533 h, ~12-547 h, ~106-210 h, and
~107-347 h, respectively. With an increase in soil depth,
horizontal water diffusion decreased, and the influence
of the soil type was enhanced. Compared with SalL
and SCL, the K of SL and L was relatively smaller,
and the underdrain at the bottom of the gravel layer
further reduced the amount of exfiltration; thus, the
start of their water diffusion was delayed, at the same
depth. The K_of SalL was larger than that of SCL, but
its diffusion start time was relatively longer, which was
related to the lower initial water content of Sal.. When
the water diffused downward in Sal, more pore space
needed to be filled, resulting in a lower water transport
capacity.

The water lateral diffusion ranges for SL, L, SCL,
and SalL, were ~1.75-1.97 m, ~1.73-1.95 m, ~1.72-2.27 m,
and ~1.96-2.10 m, respectively (after rainfall events, at
depths of 1, 3, and 5 m). The results show that the water
diffusion range of each in-situ soil was different in the
early stage (SCL>SalL>L~SL), and with the continuous
supply of water, the water diffusion range of each soil
tended to be consistent gradually. At a depth of 1 m
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Fig. 8. Water lateral diffusion distance of the four in-situ soil types, at varying depths below the bioretention pond: a), b), and c) represent

depths of 1, 3, and 5 m, respectively.

below the bioretention pond, there was adequate water
supply; therefore, the initial horizontal diffusion rate
was higher, and it stabilized earlier than at depths of
3 and 5 m. Additionally, the soil depth had an impact
on the water horizontal diffusion range. The maximum
water diffusion distance at depths of 1, 3, and 5 m were
1.956 m, 2.208 m, and 2.269 m, respectively, indicating
that with the increase in soil depth, the diffusion
range also partially increased; however, the increment
gradually decreased.

In this study, the design width of the bioretention
pond was 1 m; thus, the maximum diffusion distances
at depths of 1, 3, and 5 m, were 1.456, 1.708, and
1.769 m, respectively, from the boundary of the pond.
Therefore, the maximum water diffusion distance of
2 m, from the edge of the pond, ensured that the

structure foundation was not affected by the exfiltration
water of bioretention.

Conclusions

The VADOSE/W model was used to study the
water diffusion characteristics of bioretention ponds
in different in-situ soils, under long-term rainfall.
The following conclusions have been made:

The bioretention exfiltration is dominated by
seepage from the bottom of the pond, which increases
with an increase in in-situ soil K. When there is
a decrease in in-situ soil K or an increase in depth, the
degree of fluctuation of the in-situ soil water content
response to rainfall is clearly lower. The in-situ soil
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water content in the center of the bioretention area is
the highest, and gradually decreases as water diffuses
to the sides. Additionally, with an increase in in-situ
soil K, the in-situ soil water content is usually less
under rainfall events. With a continuous supply of
water, the diffusion range of each in-situ soil tended
to be consistent. If a bioretention pond does not have
an underdrain, when the in-situ soil K is much smaller
than that of the planting soil, the water diffusion rate is
usually higher, and the lateral water diffusion range is
typically larger.

The results suggest that the in-situ soil type has
a significant influence on the water diffusion of
bioretention and the water content distribution in the
in-situ soil. However, the in-situ soil layering was not
considered in this study. It is recommended that further
research be conducted on the diffusion characteristics
of bioretention water in the layered in-situ soil.
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