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Abstract. Stormwater management is the core of sponge city construction whose essence is to solve the
urban water problem by means of seepage, storage, purification, utilization and drainage. From the
environmental geology point of view, this paper mainly consider the geological properties of sponge
capacity in the construction of sponge city. Based on a large number of in-situ water infiltration tests and
boreholes, two indexes that sponge infiltration and sponge storage are put forward to study and analyze
the maximum depth of rainfall infiltration and the infiltration velocity of surface soil under the original
sponge geological conditions. These two indexes can directly and effectively represent and summarize the
environmental geological suitability in the construction of sponge cities. Moreover, these two indexes are
easy to understand, have a strong universality, and easy to promote. Finally, taking Xinxiang city in
central China as an example, the environmental geological suitability of Xinxiang sponge city
construction is evaluated.
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Introduction

Based on China’s national conditions, China is experiencing and will continue to
experience a period of rapid urbanization. Urbanization promotes the modernization of
the country and the rapid development of the economy. At the same time, the
immaturity of the development of urbanization also bring a series of “urban diseases”
(Burns, 2012; Carter, 2007; Che, 2015), such as urban water logging, water shortage,
water pollution and water ecological degradation. Due to the fact that urban water
problem is very complex and still in its infancy, many standards such as construction
principle, development mode and index system of sponge city have not been perfected
(Wang et al., 2017; Zhang et al., 2016; Yu et al., 2015; Wu et al., 2016; Qiu, 2015; Hu
et al., 2015; Hu et al., 2015a, b; Wang et al., 2015; Song et al., 2007), and are still in the
process of exploration.

In the 1970s, the United States was the earliest to adopt rainwater flood detention and
control measures for urban water problems. However, this measure not only failed to
solve the problem of rainwater flood, but also destroyed the urban water ecological
balance and polluted the urban water environment due to human engineering activities.
By the early 1990s, Maryland (US EPA, 2000a) was the first to propose the concept of
“Low Impact Development” (LID). The main connotation is: in the process of land
development, the rainfall runoff is controlled by the site to reduce the runoff and
rainwater pollution load (Benedict, 2000; US EPA, 2012b). The concept was quickly
accepted and developed by Australia, New Zealand and some European countries
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(2015) by whom natural and harmonious new urban planning concepts such as “Water-
Sensitive Urban Planning” (Hoyer et al., 2011) and “Sustainable Drainage System”
(D’Arcy et al., 2000; CIRIA, 2015) were put forward on the basis of LID. Relevant
German institutions classified (Ministerium fuer Umwelt, 2001) the runoff water quality
of different catchments based on different geographical factors, environmental
conditions, geological conditions, etc. (Council, 2008; Dong, 2011; Wanielista, 1993),
used GIS technology to plan and design the rainwater treatment plan, combined the
water quality conditions and disposal purposes of each city, and decided the final
disposal facility (Geiger, 2001; Gantner, 2003). North American scholars (Ji, 2014)
proposed the study of rainwater micro-management based on the existing natural
system, retaining important hydrological characteristics and functions, adopting the
favorable conditions and constraints of rainwater management at the basin scale so as to
mitigate the damage to the hydrological ecological environment and restore the regional
hydroecological environment as much as possible. The “Optimal Management Practices
for Rainwater” research conducted by Sweden and Denmark (Martin, 2011; Revit,
2003) combines hydrological characteristics, landscape design, environmental control,
and management systems to comprehensively manage rainwater and flood control. This
model is widely accepted because of its low processing cost and good processing effect.
It can also be practiced in small and medium-sized cities in China as one of the
directions to explore the current stage of urban rainwater management in China.

Different from the traditional “fast-draining” rainwater model, many experts and
scholars in China have made new explanations on the nature of sponge cities and put
forward new construction concepts (Che et al.,, 2002). Among the local laws and
regulations, Beijing, Nanning and other cities require that new construction,
reconstruction and expansion projects in various regions have guiding design patterns
and engineering requirements for rainwater utilization in the construction of sponge
cities, and formulate many measures for urban rainwater resource utilization (Wang et
al., 2017).

The essence of the sponge city construction is to solve the problem of urban water. It
is not only the rationality and validity of the measures of seepage, station, storage,
purification and drainage should be considered, but also the physical properties of the
sponge bearing body (rock and soil), as well as the danger of storing rainwater
(including environmental geological problems) should be taken into account. The core
content is closely related to environmental geology and hydrology. At present, domestic
and foreign scholars still have different opinions on the construction model, essential
connotation and viewpoins of the sponge city. They mostly study the “engineering
measures” of the construction methods and technical modes (Du, 1996; Taylor, 2005;
Wang, 1999), and overlooked the geological properties of the sponge capacity in the
construction of sponge cities. They do not consider the overall evaluation of the
environmental geological suitability of the construction area or planning area of sponge
cities. Moreover, because of the lack of funds, most studies only stay in the theoretical
research stage (Keller, 1999; Lloyd, 2002; Eslami, 1995), and have not been put into
practice.

Therefore, in order to evaluate the suitability of sponge city construction, we should
mainly consider the underground environmental bearing capacity and evaluate the
original sponge environmental geological suitability from the geological point of view.
This evaluation can effectively save the construction cost of sponge city and minimize
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the workload of sponge city, and have a definite object in view to achieve the goal of
spongy city construction.

Materials and methods

The environmental geological suitability evaluation of sponge city construction is the
premise of sponge city construction. The sponge capacity of geological body in sponge
city construction directly affects the difficulty and complexity of city planning, scheme
design and site construction. From the point of view of hydrogeology and environment
geology, this paper mainly consider the bearing capacity of underground environment
(Knodel, 2007; Argent, 2008; Rooijen, 2010). Based on a large number of in-situ water
infiltration tests and boreholes, two indexes that sponge infiltration and sponge storage
are put forward to study and analyze the maximum depth of rainfall infiltration and the
infiltration velocity of surface soil under the original sponge geological conditions.
These two indexes can directly and effectively represent and summarize the
environmental geological suitability in the construction of sponge cities. They are easy
to get and understand, have strong universality and are easy to popularize. Completing
the evaluation of environmental geology suitability in sponge city construction can
reduce the difficulty and workload of urban planning investigation, design and
construction, and provide ideas and reference for urban agglomeration sponge city
construction planning and design.

Sponge infiltration capacity

Sponge infiltration refers to the capacity of urban “sponge body” to infiltrate rainfall
(rainfall infiltration coefficient): Assuming under an ideal condition (an atmospheric
pressure, a hydraulic gradient of one, only vertical infiltration is considered) and during
the whole rainfall infiltration process (Figs. 1 and 2), the water seepage speed during
the complete infiltration process of different soil layersis Vv, :

v :t9 (Eq.1)

V,: Water seepage velocity in different soil layers; t,: Complete infiltration time in
different soil layers.

T

e
ts t3* tz*
—— Seepage of rainstorm —— Seepage of Heavy rain

—— Seepage of Moderate rain —— Seepage of Light rain

Figure 1. Rainfall infiltration curves in different soil formations
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Figure 2. Schematic diagram of rainfall infiltration curve. (A: The area of the region; Q:
Maximum rainfall in 30 years; Vs: Rainwater infiltration rate; hmax: Maximum infiltration depth
of rainfall; hew: Depth of groundwater; to: The time required for total infiltration of rainfall; n:
Weighted effective porosity in penetration depth; hg: The height of the rainfall within the area)

Sponge storage capacity

In the construction of the sponge city, the capacity of the sponge storage refers to the
ability of the city “sponge body” to store rainwater (the size of aquifer storage space)
and to solve urban water problems effectively (with the water supply capacity of
phreatic layer).

Assuming an ideal state (an atmospheric pressure, a hydraulic gradient of 1,
considering only vertical infiltration), the time required for complete rainfall infiltration
Ist,, and the maximum depth of infiltration is h__, :

-3 (Eq.2)

Due to equal water permeability, the seepage on the ground is equal to the seepage in
the aeration zone.

The sponge capacity P should be defined as: P = EG—W

max

When P >1, hy, > h,. This indicates that the geological environment (the thickness

of the aerated zone) can fully withstand the maximum rainfall Qin 30 years. It means
that the city “sponge body” has sufficient rainfall storage capacity and water release
capacity;

When P=1, h,, = h,. This indicates that the geological environment just can
withstand rainfall Q, and this is a critical state. To construct the sponge city, it is
necessary to maintain the natural geological environment or take slight measures;

When P <1, h, < h,. This indicates that geological environment cannot withstand
rainfall Q . It means that the city “sponge body” has enough rainfall storage capacity and
water release capacity.

Case study
Study area

Xinxiang City is located in the north of Henan Province, China. It belongs to the
North China Plate. It is located in the Yellow River and Haihe River Basins. The terrain
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is high in the north and low in the south. The northern part is mainly the Taihang
Mountain and hilly land. The south is the alluvial fan plain of the Yellow River. The
plains occupy 78% of the total land area of the city. The annual average precipitation is
573.4 mm, of which precipitation is the most from June to September, accounting for
72% of the annual precipitation, and the annual evaporation is 1748.4 mm. Xinxiang
City has three national-level development zones and two provincial-level development
zones, which are in a period of rapid urbanization and development.

A total of 123 sets of drilling points and 163 Investigation points information were
obtained from the ground survey. The groundwater level in dry season and indoor
seepage test data in the study area were collected, and 50 sets of field in-situ water
seepage tests were carried out. The location distribution is presented in Figure 3.
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Figure 3. Distribution of research points

Results and discussion

Though a large number of field water seepage tests, a table (Table 1) of infiltration
test results and their correspondent rainfall levels was obtained (Fig. 4).

Light rain Moderate rain Heavy rain and above grade
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Figure 4. Infiltration curves corresponding to different rainfall levels
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The critical value of the corresponding seepage velocity is determined by the rainfall
level in Table 1.

Table 1. Infiltration test results and their correspondent rainfall levels (rainfall does not
produce runoff)

Name of soil Water seepage Per_meability , Abso_rptive_rainfall Rainfall level description
speed mm/d | coefficient cm/s intensity (mm/d)
Clay 4.12 < 1.2*10® Light rain Light rain 0.1-9.9
Powder sticky 5.18 1.2x10%-6.0*10° Light rain Light rain 0.1-9.9
Floury soil 6.61 6.0%105-6.0*10* Light rain Light rain 0.1-9.9
Loess 6.73 3.0*104-6.0*10* Light rain Light rain 0.1-9.9
Silt 18.36 6.0*104-1.2*10°3 Moderate rain Moderate rain | 10-24.9
Fine sand 22.75-31.76 | 1.2*103-6.0*10°3 Heavy rain Heavy rain 25-49.9
Medium sand | 57.86-81.32 | 6.0*103-2.4*107 Rainstorm Rainstorm 50-99.9
Coarse sand | 87.46-125.23 | 2.4*102-6.0*107? Downpour Downpour 100-249.9
Gravel 289.26-342.32 | 6.0*102-1.8*10" | Heavy downpour |Heavy downpour| > 250

WhenV < 6.0%10%, the surface soil layer can only accept the precipitation of light
rain;

When 6.0*10% < v <1.2*103, the surface soil layer can only accept moderate
rainfall;

When 1.2*103 < v < 6.0*103, the surface soil layer can accept heavy rain;

When 6.0%107 < v , the surface water can accept the precipitation above the level of
the heavy rain;

Based on the measured data and experimental results, the sponge seepage capacity
and the P results of sponge storage capacity of Xinxiang sponge city is divided:

Figure 5 shows that the evaluation of sponge seepage capacity is poor in the study
area, only 3% of the area infiltration rate reaches the level of heavy rain in the region,
rainwater can directly infiltrate the surface aerated zone to recharge the shallow aquifer
in rainy season. Rainwater does not generate rainfall-runoff, causing surface water. This
area can be directly used for the water seepage construction of sponge cities. About
26.5% of the area with medium-rainfall infiltration capacity is distributed in the
southwest and central part of the region. Rainfall can not fully infiltrate the surface
aerated zone to recharge the shallow aquifer in rainy season. Surface runoff and surface
water will be formed. In the initial stage of the construction of sponge city, it is
necessary to carry out the water seepage construction of sponge city after the
improvement of the sponge seepage capacity by paving with water permeability or
adding engineering facilities such as grass planting ditch and vegetation buffer zone.
70% of the area only reaches the level of light rain, poor infiltration capacity, when
rainwater conditions will form a large number of rainfall-runoff and lead to surface
water. The intervention of artificial conditions and high cost of engineering
construction, it is not appropriate to directly or selectively carry out the water seepage
construction of sponge cities.
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Figure 5. The V results of sponge seepage capacity in Xinxiang sponge City

Figure 6 shows that the evaluation of sponge storage capacity is preferably in the
study area, 62% of the area can meet the annual rainfall. In rainy season, the water
storage capacity of the surface aerated zone is enough to withstand rainfall infiltration
and will not produce surface water. This area can be directly used for water storage
construction of sponge city. In rainy season, 35.5% of the surface aerated zone in the
region is in the critical range of water storage capacity, and some low-lying areas may
produce surface water. In the early stage of the construction of sponge city, slope
drainage should be carried out, or additional engineering facilities such as reservoirs and
artificial lakes should be installed to improve the water storage capacity of sponge city.
2.5% of the area in the region has poor water storage capacity, can not withstand rainfall
when rainwater conditions lead to surface water, and the intervention of artificial
conditions and high cost of Engineering construction, it is not appropriate to directly or
selectively carry out the water storage construction of sponge cities.
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Figure 6. The P results of sponge storage capacity in Xinxiang sponge City
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Conclusions and future work

The environmental geological suitability evaluation of sponge city construction is the
premise of sponge city construction. The sponge capacity of geological body in sponge
city construction directly affects the difficulty and complexity of city planning, scheme
design and site construction. From the point of view of hydrogeology and environment
geology, this paper mainly consider the geological properties of sponge capacity in the
construction of sponge city. Based on a large number of in-situ water infiltration tests
and boreholes, two indexes that sponge infiltration and sponge storage are put forward
to study and analyze the maximum depth of rainfall infiltration and the infiltration
velocity of surface soil under the original sponge geological conditions. These two
indexes can directly and effectively represent and summarize the environmental
geological suitability in the construction of sponge cities. They are easy to get and
understand, have strong universality and are easy to popularize. Completing the
evaluation of environmental geology suitability in sponge city construction can reduce
the difficulty and workload of urban planning investigation, design and construction,
and provide ideas and reference for urban agglomeration sponge city construction
planning and design.

According to the sponge seepage ability and the sponge water storage ability, the
environmental geological suitability of Xinxiang sponge city was evaluated by two
indexes. The sponge seepage ability in the study area was obviously superior to the
sponge seepage ability, which was consistent with the field investigation results. In
addition, some suggestions on the construction of sponge cities are given for the regions
with insufficient infiltration and storage capacity to digest the maximum rainfall.

In this paper, the ideal state hypothesis is made in the environmental suitability index
of sponge city construction, and the sponge purification capacity is also an important
link in the construction of sponge city. Which are insufficient and slightly rough.
Besides the sponge seepage and the sponge water storage capacity should be considered
simultaneously, which should be the direction and focus of further research.
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