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Abstract: It is practical to carry out sponge cities to manage rain and floods in collapsible loess
areas where water resources and water disasters are prominent. The infiltration laws of the partial
anti-seepage bioretention in collapsible loess fields are helpful to ensure the effectiveness and safety
of sponge city, which were learned from the field test and numerical model. The seepage field
and displacement field of loess sites with different collapsibility grades were compared during
rainwater infiltration of the bioretention with the numerical model; the suitability and optimization
suggestions for foundation treatment of this structure in various sites were proposed. It is found
that the infiltration characteristics can be divided into three stages, and the infiltration range of
bioretention increases with increasing infiltration time under the same site type, and the higher the
collapsibility level of the site is, the more significant the rise in infiltration range. The settlement
of adjacent roads in class II and III collapsible fields is far greater than that in class I and is greater
than the settlement standard. The facilities’ bottom part foundation can be replaced to ensure the
functionality of the facilities and the safety of the surrounding roads in the actual project.

Keywords: bioretention; infiltration risk; infiltration range; road settlement; collapsible loess

1. Introduction

In recent years, sponge cities based on low-impact development facilities have be-
come an effective means of urban stormwater control, water resource management, and
landscape improvement [1–5], which has led to sponge cities being popularized and con-
structed in the central and western regions of China (Figure 1). This measure can solve
the urban waterlogging phenomenon caused by frequent extreme weather, alleviate the
problem of water resource shortages, such as the evaporation of rainwater being far more
significant than its rainfall, and actively improve the urban living environment [6]. As a
kind of subtable unsaturated soil widely distributed globally, loess easily collapses when it
meets water, and loess collapsibility often leads to engineering geological disasters, such
as house tilt and road collapse [7–10]. Therefore, at collapsible loess sites, when building
sponge cities, there are some problems, such as the realization of sponge facility functions,
including increased rainwater retention time on the underlying surface, increased total
infiltration, and centralized infiltration of surface runoff, which are contradictory to the
maintenance of water environment stability in the prevention and control of loess disasters.
Based on the collapsible loess site, the influence of rainwater infiltration of sponge facilities
and the optimization of facilities play a positive role in solving the above problems.

As an important part of sponge cities, bioretention is mainly arranged around mu-
nicipal roads and buildings. At present, research on facilities primarily focuses on runoff
reduction, non-point source pollution purification, and facility combination management
[4,11–16]. Results show that bioretention facilities can significantly reduce the surface

Water 2021, 13, 2055. https://doi.org/10.3390/w13152055 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-5440-4049
https://doi.org/10.3390/w13152055
https://doi.org/10.3390/w13152055
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13152055
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13152055?type=check_update&version=2


Water 2021, 13, 2055 2 of 16

runoff, and the regulation effect of facilities on rainfall-runoff is affected by soil matrix
conditions, vegetation conditions, rainfall characteristics, and blocking state; additionally,
the degree of water purification is affected by vegetation type, flow velocity, adequate
water depth, hydraulic retention time, and other factors. On the other hand, many scholars
have studied the infiltration law of rainwater in collapsible loess and its influencing factors,
as shown in Table 1. Studies show that the existing rainwater infiltration impact assessment
in loess areas is mainly carried out from single-layer homogeneous soil and continuous
rainfall conditions. For the collapsible loess site, if water diversion and infiltration mea-
sures are not taken, water infiltration is limited to no more than 3 m. Additionally, the
infiltration characteristics are related to soil parameters, including the initial water content,
soil saturation, and permeability coefficient. Under different initial conditions (water head,
infiltration time, infiltration mode, and site), the infiltration law of loess is different, and the
infiltration depth is greater when rainwater is concentrated. For the bioretention facilities
with layered internal structures, the infiltration characteristics of concentrated rainwater are
different from those of single-layer homogeneous loess rainfall. Therefore, it is necessary
to study the law of water infiltration in bioretention foundations in loess sites.
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Table 1. Summary of research on the loess water infiltration range.

Author Site Location Infiltration Conditions Test Duration Infiltration Range

Huang et al. [17] Lanzhou, Gansu
The diameter of the test pit is
40 m, and the height is 0.5 m
Ponding height is 0.3–0.5 m

140 h The infiltration depth is
between 20 m and 25 m

Wu et al. [18] Haidong, Qinghai
The diameter of the test pit is
20 m, and the height is 0.5 m
The total immersion is 20 t

89 days

The influence range of
saturation is

approximately 6.5 m;
The influence range of
unsaturated infiltration

is about 14 m



Water 2021, 13, 2055 3 of 16

Table 1. Cont.

Author Site Location Infiltration Conditions Test Duration Infiltration Range

Tu X.B. et al. [19]
Beside Expressway in

loess area of Northwest
China

The size of the test site
is 25 m × 10 m

The annual average
rainfall is 600 mm

Two years

When the maximum
rainfall intensity is

0.04 m/d, the
infiltration and

evaporation activities
of loess are mainly

within 0.7 m below the
surface, and the depth

of wetting front is
approximately 2 mm;

When the rainfall
intensity is 0.12 m/d,

the depth of the
wetting front is

approximately 3 mm

Zhang et al. [20] Ganquan, Shaanxi Natural rainfall Ten days The infiltration depth is
1 m

Liu et al. [21] Fuping, Shaanxi

The size of the test site
is 3 m × 8 m

rainfall intensity is
21.4 mm/h; Rainfall

duration is 14 h

The water content is
stable

The infiltration depth is
less than 2.7 m, and the
saturation depth is only

0.2 m

Li et al. [22] Zhengning, Gansu

The diameter of the
exploratory well is 1 m,
and the depth is 10 m;

Natural rainfall

One year
The infiltration depth is

within 2 m from the
surface

However, there are few studies on the interaction between rainwater infiltration
of bioretention and complex hydrogeological environments, such as collapsible loess
sites. Based on facilities’ functional and site mechanical characteristics in collapsible
loess areas, some scholars have proposed that shallow and small infiltration facilities
should be used as much as possible in this area [23]. For bioretention in addition to
municipal roads in collapsible loess sites, PE waterproof geotextiles are laid at the bottom
for complete protection, and concrete retaining walls are poured on both sides of grass
planting ditches to ensure the safety of road subgrades [24]. The above research provides a
solution for the safe construction of sponge facilities in collapsible loess. However, based
on numerical simulations with four kinds of facility bottom lengths in heterogeneous
soil, Andrea found that the complete closure of the facility’s bottom has a significant
impact on the hydraulic performance of the facility [25,26]. Therefore, in the collapsible
loess area, it is difficult to ensure the function of sponge facilities by simply using the
form of the impervious membrane. Meanwhile, based on the influence law of rainwater
infiltration of typical sponge facilities in Xixian New Area on the surrounding municipal
roads, Liang et al. [27] obtained the partial anti-seepage bioretention, which is all sides
and partially bottom of the facility are paved with impervious membrane. Both sides
of the extended impervious membrane are 0.5 m, as shown in Figure 2. The improved
bioretention can cause rainwater infiltration without affecting the regular operation of
roads. The optimized structure effectively achieves the unity of sponge facility functionality
and surrounding road safety; due to the different water-sensitive characteristics of loess
with varying grades of collapsibility, the soil wetting deformation characteristics and water
infiltration have different effects on the site [28]. Therefore, the influence of rainwater
infiltration of partial anti-seepage bioretention in loess sites with different collapsibility
can verify the applicability of this structure form in various collapsibility sites, and it is
necessary to provide support for its further application.
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Figure 2. Schematic diagram of the partial anti-seepage bioretention in the loess area.

In summary, the research is mainly for the runoff regulation, rainwater prevention
and control function of sponge facilities, and the water infiltration law of a single loess
site at present. Rarely studies the infiltration influence of sponge facilities in the loess site.
To fill the above gaps, based on the partial anti-seepage bioretention in the collapsible
loess area shown in Figure 2, this paper studies the influence of concentrated infiltration
of rainwater near municipal road facilities on the seepage field and deformation field of
the site according to the characteristics of different collapsible loess sites and proposes an
optimization scheme of bioretention facilities under different site conditions. In addition,
the full-scale immersion test is used to verify the rationality of the numerical model
applied to the infiltration effect of bioretention facilities near municipal roads in the typical
collapsible loess field. To explore the applicability of the various kinds of typical sponge
facilities under the collapsible loess sites and to optimize the facilities’ risk prevention
and control measures is of positive significance to the scientific safety of the sponge city
construction under such geological conditions.

2. Field Test and Numerical Verification
2.1. Field Test

The collapsible loess site in Chang’an District, Xi’an City, Shaanxi Province, was
selected, and a full-scale immersion test of bioretention near municipal roads was carried
out on the site. The location and stratigraphic distribution of the test site as shown in
Figure 3. The site size was 25 m × 12 m, and the soil parameters of the site are shown in
Table 2. The soil parameters in the facility were the same as those in reference [27].

This experiment mainly consists of a bioretention system, water supply system, and
test system. The site layout is shown in Figure 4a. The bioretention system consists of a
14 m long bioretention facility belt and 14 m × 3.5 m compacted loess, which is simulated
municipal roads. The water supply system consists of a reservoir (5 m × 3 m × 1 m),
measuring weir and return channel. In the experiment, the water in the reservoir is
pumped to the measuring weir for water supply. An open channel is set at the end of the
bioretention facility belt to form a flow loop with the reservoir. The test system is mainly
composed of a moisture sensor and data collector. The moisture sensor is CS635 made by
Campbell company of USA, and its precision is 0 ± 1%. Twelve sensors were buried at
1.5 m, 2 m, 2.5 m, and 3 m by exploratory well excavation (Figure 4b). The data collector
model was TDS-602, and the fastest sampling speed reached 0.02 s.

In the field test, the most unfavorable rainfall was simulated with a constant water
head of 20 cm for 24 h to observe the change in site water content.

The results show that the water content of the loess site where the bioretention facilities
are located changes with time during water infiltration, as shown in Figure 5.
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Figure 3. The location and stratigraphic distribution of the test site.

Table 2. Soil parameters of test site.

Soil Layer Loess

Thickness of layer/m 4.50
Density (kg/m3) 1.50

Initial water content (%) 17.9
Saturated water content (%) 0.42

Permeability coefficient/m·s−1 4.458 × 10−7

Internal friction angle/◦ 24
Cohesion/kPa 30

Collapsibility coefficient 0.8
Compression modulus/MPa 7.2
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It can be seen from the figure that:
(1) The site water content at M and N at the bottom of the facility basically remains

unchanged at the initial stage of infiltration. With increasing infiltration time, the water
content increases sharply and tends to be stable gradually so that the whole infiltration
process can be divided into three stages: (I) initial stability, (II) rapid growth, and (III) slow
growth. (a) The duration of stage I are approximately 0.5 h, 1 h, and 2.5 h at depths of
1.5 m, 2 m, and 2.5 m, respectively. The duration is different at different depths, and the
duration increases with increasing infiltration depth. The duration of non-subgrade side N
is longer than that of subgrade side M. The reason for the above phenomenon may be that
the layout process of facilities impacts the foundation field, thus affecting the law of water
permeability. (b) With the increase in infiltration depth, the duration of stage II increases,
but the increment of water content decreases. For example, on the right side of the facility
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bottom, it takes approximately 3.5 h for the water content increment at 1.5 m to reach the
maximum value of 38%, while it takes approximately 5.5 h for the water content increment
at 2 m to reach the maximum value of 35%; (c) In stage III, the maximum stable water
content decreases with the increase in depth, it can apply that the stable water content
at the depth of 1.5 m, 2 m, and 2.5 m decreases in turn. This phenomenon is because
the porosity of soil decreases with increasing depth, the saturated water content of soil
decreases, and the stable water content decreases.
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(2) The maximum water content in the process of infiltration for 24 h was θmax = 39.8%
< average saturated water content of the site θSat = 42%, that is to say, the concentrated
infiltration process of facility rainwater in loess site belongs to unsaturated infiltration
state. Similar experimental results have been obtained from the study of the loess water
infiltration law in Reference [17].

(3) The volume water content of soil at positions A and B at the bottom of the subgrade
fluctuates slightly with increasing infiltration time, basically maintaining the initial water
content ± 2%. It can be demonstrated that the influence of facility water infiltration on the
seepage field of the subgrade is small.

2.2. Numerical Model for the Field Test

GeoStudio2007 software SEEP/W module was used to establish the finite element
model based on the field test site conditions and test groups. The physical properties of
the model soil layer are the same as the field test conditions. The geometry, boundary
conditions, and material types of the numerical model are shown in Figure 6. Horizontal
constraints are imposed on both sides of the foundation, horizontal, and vertical constraints
are imposed on the bottom, and a free boundary is taken for the upper structure. According
to the most unfavorable condition, the rainfall boundary is calculated, which is 20 cm water
accumulation in the upper part of the detention zone lasting for 24 h. The impermeable
interface material is used to simulate the impermeable membrane, and the permeability
coefficient is set as 0.

The volume water content changes with time at W1, W2, and W3 are calculated and
compared with the measured results at M1, M2, and B2, as shown in Figure 7.

The water content of soil at W1 and W2 reaches saturation at 3 h and 4.5 h, respectively.
The saturated water content is slightly higher than the measured value, and the initial
water content is slightly lower than the measured value. The above phenomenon may be
caused by neglecting the heterogeneity of soil and making the initial moisture content of all
parts of the site 16%, which lead to the rapid stage have some difference between the two
methods, to the duration of the rapid water content stage, the numerical model has more
effective change than field test measured date. On the other hand, the overall change trend
of the water content calculated by the numerical models at each position is consistent with
that of the field. For W1 and W2, the water content increases slowly-sharply-gradually
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stable. In contrast, for W3, the water content remains stable with time, and the concentrated
infiltration of facility water has little effect on the water content of the subgrade within
24 h. Additionally, the stable value of water content in each location directly impacts the
surrounding roads than the time-varying process of water content. The stable value of
the water content in the numerical simulation test results is slightly larger than that in the
field measurement results. Therefore, it is effective to use a numerical model to analyze the
influence of water infiltration in facilities.
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3. Numerical Analysis of the Infiltration Effect in the Different Collapsible
Loess Fields
3.1. Stratigraphic Conditions and Finite Element Model

The Xixian new area is a concentrated construction area of sponge cities in the collapsi-
ble loess area of China. The section form of a typical municipal road in this area (Figure 8)
is selected as the engineering background. The road is in the form of four roads. The 3 m
wide biological detention facility is located between the 16 m wide motorway and the 8 m
wide auxiliary road.

One side of the road was selected, and GeoStudio (2007) was used to establish the
finite element model, as shown in Figure 9. The foundation soil is homogeneous loess with
different collapsibility grades. The calculation depth is 10 m from the road surface down-
ward, and the widths of the motorway and the auxiliary road are 16 m and 8 m, respectively,
on both sides. The cross slope of the motorway and the auxiliary road is 1.5%. Unstructured
quadrilateral and triangular meshes are used in the mesh generation of the model.
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Figure 9. Finite element model.

To analyze the influence of water infiltration on the site water content and road
settlement under different conditions, the specific calculation steps of the model are as
follows: First, the SEEP/W module in the software is used to analyze the transient state of
the model, and the pore water pressure under the initial condition is obtained; then, the
initial pore water pressure is imported into the Intitu module of SIGMA/W to calculate
the initial stress; next, taking the initial pore water pressure and initial stress as the initial
conditions of the following coupling analysis, the coupling of the seepage field and stress
field is calculated. In this way, fluid-solid semi-coupling analysis is carried out, and each
step is taken as the parent of the next step. The variation rules of displacement and pore
water pressure under different time steps are obtained. The scope of water content change
is calculated from the bottom of the facilities; the observation position of road settlement
change is selected from the nearest point A to the facilities.

3.2. Material Parameters

In China’s central and western regions, such as Gansu, Shanxi, and Shaanxi, loess is
relatively developed, and the distribution of loess collapsibility is uneven. To improve
the universality of sponge construction in the loess area, it is necessary to select represen-
tative collapsible loess sites with collapsible I, II, and III for research. According to the
literature [29], the physical parameters of the soil are shown in Table 3, and the mechanical
parameters of the road surface material and subgrade filler are the same as those in the
literature [27].
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Table 3. Mechanical parameters of different collapsible loess.

Collapsibility Grade III II I

Thickness of soil layer/m 7.3 7.3 7.3
Soil weight/kN·m−3 14.97 16.12 17.78

Saturated water content/% 55 51 45
Void ratio 1.20 1.01 0.85

Cohesion/kPa 27 35 47
Internal friction angle/(◦) 21.5 22.6 23.1

Compressibility factor/MPa−1 4.8 5.7 6.8
Saturated permeability coefficient/(m/s) 1.11 × 10−4 9.45 × 10−5 6.12 × 10−5

Collapsibility coefficient 0.08 0.04 0.02–0.03

3.3. Hydraulic Parameter

According to the existing soil parameters, the VG model shown in Equations (1) and
(2) are used to predict the SWCC curve and permeability coefficient curve, as shown in
Figure 10.

θw = θr +
θs − θr

[1 + (aψ)n]
m (1)

kw = ks
[1 − (aψ)n−1(1 + ((aψ)n)

−m
]

[1 + (aψ)n]
m
2

(2)

where θw is the volumetric water content, θr is the residual volumetric water content, θs
is the saturated volumetric water content, ψ is the matric suction, a, m and n are fitting
parameters with m = 1 − 1/n, kw is the permeability coefficient at matric suction ψ, and ks
is the saturated coefficient of permeability.

Water 2021, 13, x FOR PEER REVIEW 9 of 16 
 

 

3.3. Hydraulic Parameter 

According to the existing soil parameters, the VG model shown in Equations (1) and 

(2) are used to predict the SWCC curve and permeability coefficient curve, as shown in 

Figure 10. 

[1 ( ) ]

s r
w r n ma

 
 



−
= +

+
 (1) 

1

2

[1 ( ) (1 (( ) ) ]

[1 ( ) ]

n n m

w s m

n

a a
k k

a

 



− −− +
=

+

 (2) 

where 
w  is the volumetric water content, 

r  is the residual volumetric water content, 
s  is the 

saturated volumetric water content,   is the matric suction, a, m and n are fitting parameters 

with m = 1－1/n, 
wk  is the permeability coefficient at matric suction  , and 

sk  is the saturated 

coefficient of permeability. 

10-2 10-1 100 101 102 103
0.1

0.2

0.3

0.4

0.5

0.6

V
o
lu

m
et

ri
c 

w
at

er
 c

o
n
te

n
t（

%
）

Matric suction（kPa)

 Level I collapsible loess

 Level II collapsible loess

 Level III collapsible loess

 

10-2 10-1 100 101 102 103
0.1

0.2

0.3

0.4

0.5

0.6

V
o
lu

m
et

ri
c 

w
at

er
 c

o
n
te

n
t（

%
）

Matric suction（kPa)

 Level I collapsible loess

 Level II collapsible loess

 Level III collapsible loess

 
(a) (b) 

Figure 10. The hydraulic characteristic curve (a) SWCC curve; (b) permeability coefficient curve. 

3.4. Boundary Condition 

Combined with engineering practice, the boundary conditions are set as follows: ① 

horizontal displacement constraint and free drainage of the left and right boundaries; ② 

horizontal and vertical displacement constraints + free drainage at the bottom boundary; 

and ③ technical guidelines for the construction of sponge cities in China (2014). When 

the ponding time at the top of the bioretention exceeds 24 h, the water is drained through 

the seepage well. Based on a certain safety reserve, this study selected a ponding height 

at the top of the bioretention layer of 20 cm for 72 h, and the remaining seepage boundary 

was the free permeable boundary. 

4. Numerical Model Results and Discussion 

4.1. Influence Range of Rainwater Infiltration 

The seepage range of bioretention in different collapsible loess sites under the action 

of rainfall is shown in Figure 11. “I-1” in the figure indicates the influence range of seepage 

when the water accumulated in the upper part of the bioretention of the class I collapsible 

loess site lasts for one day, I-3 indicates the seepage influence range of the upper part of 

the biological retention facilities in the class I collapsible loess site when the ponding lasts 

for 3 days, and the other labels are the same. 

According to the diagram, it can be seen: 
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3.4. Boundary Condition

Combined with engineering practice, the boundary conditions are set as follows:
1© horizontal displacement constraint and free drainage of the left and right boundaries;
2© horizontal and vertical displacement constraints + free drainage at the bottom boundary;

and 3© technical guidelines for the construction of sponge cities in China (2014). When the
ponding time at the top of the bioretention exceeds 24 h, the water is drained through the
seepage well. Based on a certain safety reserve, this study selected a ponding height at the
top of the bioretention layer of 20 cm for 72 h, and the remaining seepage boundary was
the free permeable boundary.
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4. Numerical Model Results and Discussion
4.1. Influence Range of Rainwater Infiltration

The seepage range of bioretention in different collapsible loess sites under the action
of rainfall is shown in Figure 11. “I-1” in the figure indicates the influence range of seepage
when the water accumulated in the upper part of the bioretention of the class I collapsible
loess site lasts for one day, I-3 indicates the seepage influence range of the upper part of the
biological retention facilities in the class I collapsible loess site when the ponding lasts for
3 days, and the other labels are the same.
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According to the diagram, it can be seen:
(a) For the same collapsible grade, the seepage influence range increases with the

infiltration time. The infiltration influence range of class I – III site at 3d is more incredible
than at 1d. With the extension of infiltration time, the diffusion velocity in the influence
range of seepage decreases. At the same time, the water diffusion rate of the site with
facilities is faster than that of the site without facilities. For example, for the class II
collapsible loess site, according to the literature [30], it takes 5 days when the water reaches
5 m, while it takes only 1 day for sites with sponge facilities. The above phenomenon
may be that the planting soil and gravel layer inside the sponge facility increase the
water residence time, raise the infiltration head, and accelerate the water infiltration rate.
Therefore, it is necessary to fully consider the influence of the site when arranging sponge
facilities in collapsible loess site;

(b) For bioretention on different grades of collapsible loess sites, under a specific
infiltration time, the influence range of seepage increases significantly with the increase
in collapsible grade. For the class I collapsibility, when the ponding time lasts for one
day, the maximum influence width of seepage in the foundation soil is 3.5 m at the
bottom of the detention facility. The maximum influence depth is 2.1 m. However, the
maximum influence width and depth of class III collapsible loess fields are 8.4 m and 7.1 m,
respectively. The reason for the above phenomenon may be that the higher the collapsibility
level, the greater the saturated permeability coefficient of the site, and the water diffusion
increases with the increase in collapsibility level;

(c) With the increase in infiltration time, the diffusion speed of water in the site
gradually decreases. The higher the collapsibility grade, the slower the reduction speed,
and the horizontal diffusion speed are less than the vertical diffusion speed. The shape
of water diffusion is slender. The maximum influence depth of class I collapsible field
with 3 days of ponding time is 1.1 m higher than that with 1 day of ponding time. The
maximum influence depth of class II collapsible site increases by 2.2 m. The cause of this
phenomenon may be related to loess as a typical specific unsaturated soil with a smaller
horizontal permeability coefficient than the vertical permeability coefficient.

4.2. Road Settlement Caused by Rainfall Infiltration

The curve of road settlement with the time of different collapsibility loess sites under
the action of rainfall is shown in Figure 12. It can be seen from the figure that:
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5. Optimization Anti-Seepage Design of Bioretention 
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(a) Pavement settlement increases with the increase in ponding time, and its growth
rate gradually slows down with time. That is, for all kinds of sites, the subgrade has promi-
nent settlement at the initial stage of infiltration, and the change of subgrade settlement
gradually decreases with the increase in ponding time;

(b) The collapsibility grade of the site has a significant impact on the site settlement.
Under the same ponding conditions, the higher the collapsibility grade, the greater the
site’s settlement after immersion. When the ponding lasts for 3 days, the maximum
pavement settlement is 18.6 mm, 51.2 mm, and 97.1 mm for class I to III collapsible loess
sites, respectively;

(c) The slope of settlement increases with the increase in collapsibility grade. That
is, the higher the collapsibility grade, the faster the settlement increases. The above
phenomenon is mainly caused by the comprehensive action of saturated permeability
coefficient, compression modulus, and gravity of the site. The greater the collapsibility, the
more efficiently the soil strength is affected by water [18].

In conclusion, the road settlement caused by rainfall infiltration of bioretention on
class II and class III collapsible loess sites is far more than that of class I collapsible sites,
and the settlement is greater than the settlement standard in the code for design of highway
subgrade of China (JTGD30-2015), which is 40 mm. In order to avoid the impact of
rainwater infiltration of sponge facilities on nearby municipal roads, the typical facility
structure can be adopted for low-grade collapsible loess sites. It is recommended for
high-grade collapsible loess sites to shorten the maximum water storage time of facilities
and the seepage prevention measures of facilities should be strengthened.

5. Optimization Anti-Seepage Design of Bioretention

According to Liang (2019), increasing the extension length of impervious membranes
can only reduce the seepage effect and pavement settlement to a small extent. Therefore,
for the loess sites with collapsibility classes II and III, the foundation soil in a certain range
is replaced to reduce the influence of seepage in the bioretention on the foundation soil
and pavement settlement. The applicability of the optimized bioretention facilities in all
kinds of collapsible loess sites can be improved.

To achieve the above objective, the elastic modulus of the in situ foundation soil
should be appropriately increased, and the deformation modulus Es of the replacement soil
should be selected as 10 MPa, which can be converted into the compressibility of the soil α
14 MPa−1. The saturated permeability coefficient KS is 6 × 10−7 m/s. With the width of the
bottom of facilities is 1.2 m and the facility width at the second subgrade location is approx-
imately 1.7 m, the convenience of actual construction was considered, a rectangular area is
selected under the detention facilities for replacement, as shown in Figure 13. The working
conditions a × b were chosen: 1.7 m × 0.4 m, 1.7 m × 0.5 m, 2.0 m × 0.4 m, 2.0 m × 0.5 m.
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The influence range of seepage under different conditions is shown in Figures 14 and 15.
The underground foundation replacement of class II and class III collapsible sites significantly
impacts the range of rainwater infiltration. The range of rainfall infiltration decreases with the
increase in the area of the replacement soil layer under bioretention. To Figures 14 and 15, it can
be seen from Figures 14a,b and 15a,b that increasing the depth range b of foundation treatment
can effectively reduce the influence range of vertical and horizontal water infiltration and the
area with significant water content in the foundation, and then reduce the range of collapse
caused by collapsible deformation in the site; Meanwhile, under the same infiltration time and
replacement width a, the soil saturation inside the facility increases with the increase in the
depth b. So the rise in the replacement depth is more conducive to the water storage capacity
of the facility. Comparing Figures 14a,c and 15a,c, it is found that only increasing the width of
the foundation treatment has little effect on the seepage range. The above phenomenon may
be due to the diffusion form of water in the loess foundation field mainly affected by vertical
diffusion. The larger the compaction range along the vertical direction is, the more conducive
it is to alleviate the influence of water seepage in the foundation soil.
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(b) 1.7 m × 0.5 m; (c) 2.0 m × 0.4 m; (d) 2.0 m × 0.5 m.



Water 2021, 13, 2055 13 of 16Water 2021, 13, x FOR PEER REVIEW 13 of 16 
 

 

 

Figure 15. Influence range of seepage in different foundation treatment ranges of class III collapsible sites: (a) 1.7 m × 0.4 

m; (b) 1.7 m × 0.5 m; (c) 2.0 m × 0.4 m; (d) 2.0 m × 0.5 m 

The curve of road settlement with the time of each collapsible loess site under 

different foundation treatment ranges is shown in Figure 16. Under the same seepage 

conditions, different foundation treatment ranges have a more significant impact on road 

settlement. The larger the foundation treatment range is, the smaller the settlement under 

the same conditions. For the class II collapsible loess site, the road settlement is less than 

40 mm under all working conditions. However, for the class III collapsible loess site, when 

the foundation treatment depth b = 0.40 m, the road settlement exceeds the allowable 

value of 40 mm. When the treatment depth increases to b = 0.50 m, the settlement meets 

the specification limit. When the foundation treatment range is 1.7 m × 0.5 m and 2.0 m × 

0.5 m, the settlement caused by rainwater infiltration is similar under the same conditions, 

and the road settlement law is similar when the foundation treatment range is 1.7 m × 0.4 

m and 2.0 m × 0.4 m. The increase in foundation treatment width a has little influence on 

the pavement settlement, while the increase in foundation treatment depth b has a 

noticeable impact on the pavement settlement under the same conditions. 

0 10 20 30 40 50 60 70 80

0.035

0.030

0.025

0.020

0.015

0.010

0.005

0.000

Time (h)

S
et

tl
em

en
t 

(m
)

 2.0 × 0.5 m

 2.0 × 0.4 m

 1.7 × 0.5 m

 1.7 × 0.4 m

 

0 10 20 30 40 50 60 70 80

0.05

0.04

0.03

0.02

0.01

0.00

Time (h)

S
et

tl
em

en
t 

(m
)

 2.0 × 0.5 m

 2.0 × 0.4 m

 1.7 × 0.5 m

 1.7 × 0.4 m

 
(a) (b) 

Figure 16. The curve of pavement settlement with time under different foundation treatment ranges in different loess sites: 

(a) class II collapsibility, (b) class III collapsibility. 

(a) (b) 

(c) 
 

(d) 

0.08–0.1 0.1–0.12 0.12–0.14 0.14–0.16 0.16–0.18 0.18–0.20 0.20–0.22 0.22–0.24 0.24–0.26 

0.26–0.28 0.28–0.30 0.30–0.32 0.32–0.34 0.34–0.36 0.36–0.38 0.38–0.40 0.40–0.42 0.42–0.46 
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(b) 1.7 m × 0.5 m; (c) 2.0 m × 0.4 m; (d) 2.0 m × 0.5 m

The curve of road settlement with the time of each collapsible loess site under different
foundation treatment ranges is shown in Figure 16. Under the same seepage conditions,
different foundation treatment ranges have a more significant impact on road settlement.
The larger the foundation treatment range is, the smaller the settlement under the same
conditions. For the class II collapsible loess site, the road settlement is less than 40 mm under
all working conditions. However, for the class III collapsible loess site, when the foundation
treatment depth b = 0.40 m, the road settlement exceeds the allowable value of 40 mm.
When the treatment depth increases to b = 0.50 m, the settlement meets the specification
limit. When the foundation treatment range is 1.7 m × 0.5 m and 2.0 m × 0.5 m, the
settlement caused by rainwater infiltration is similar under the same conditions, and the
road settlement law is similar when the foundation treatment range is 1.7 m × 0.4 m and
2.0 m × 0.4 m. The increase in foundation treatment width a has little influence on the
pavement settlement, while the increase in foundation treatment depth b has a noticeable
impact on the pavement settlement under the same conditions.
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Figure 16. The curve of pavement settlement with time under different foundation treatment ranges in different loess sites:
(a) class II collapsibility, (b) class III collapsibility.
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Under actual conditions, to ensure the safety of the surrounding roads when bioreten-
tion is built in the site with high collapsibility and to ensure the function of the facilities,
partial anti-seepage bioretention facilities can be used in class I collapsible loess fields
directly. For class II and class III collapsible loess sites, the anti-seepage membrane can
be arranged at the side and bottom of the facilities, and the soil under bioretention can be
compacted or replaced to control the compressibility of the soil α ≤ 0.14 Then, considering
a certain safety reserve, it can dig down 0.5 m vertically along the edge of the second layer
of the subgrade, replace the foundation soil according to the requirements, and then slope
the facilities.

6. Conclusions

To ensure the functionality of typical bioretention in collapsible loess areas and the
safety of surrounding municipal roads, the general rules of rainwater infiltration of the
partial anti-seepage bioretention facilities near municipal roads in different collapsible loess
fields are discussed, and relevant suggestions for facility optimization are put forward.
Additionally, the validity of the model used to analyze the law of water infiltration under
this condition is verified, and the results are as follows:

(1) With increasing infiltration time, the water content at the bottom of the partial
anti-seepage bioretention can be divided into three stages: initial stability, rapid growth,
and slow growth. When the water time at the top of the facility is less than 24 h, the rainfall
concentrated infiltration has little impact on the municipal roads around the facility;

(2) The collapsible grade of the loess site has an important influence on the rainwater
seepage of sponge facilities on adjacent roads. When the collapsible grade of the site is the
same, the seepage influence range increases with the infiltration time; The influence range
of seepage of the partial anti-seepage bioretention facilities near municipal roads increases
with the increase in collapsibility class. At the same time, the sensitivity of infiltration
range to infiltration time also increases with the rise of collapsibility class;

(3) The pavement settlement increases with the increase in water accumulation time,
and its growth rate gradually slows down with time. The collapsibility grade of the site
has a significant impact on the site settlement. Under the same ponding conditions, the
higher the collapsibility grade, the greater the site’s settlement after immersion;

(4) Bioretention facilities with partial anti-seepage control can be used in various
collapsible loess fields. For different types of collapsible sites, when the foundation soil
of partial anti-seepage sloping infiltration bioretention is the grade I collapsible loess,
base replacement should not be carried out. When the foundation soil is class II and III
collapsible loess, a 1.7 m × 0.5 m area at the bottom of the facility can be selected for
foundation treatment and can shorten the maximum water storage time of facilities.
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