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Abstract

Sponge city construction is an ideal approach to mitigate the degradation of urban water environments. Among road mate-
rials, permeable concrete pavement stands out due to its unique structure that allows rainwater runoff to flow through its
pores. This paper analyzes the current application status and the prospect of different permeable pavement designs in China’s
sponge cities, aiming to offer valuable insights for urban planning and construction. Statistical analysis summarizes the
spatial-temporal distribution patterns of urban flooding disasters in China and their causes. By comparing the characteris-
tics and advantages of pervious concrete pavement with traditional concrete pavement, the potential of permeable concrete
pavement in sponge city construction is summarized through case studies. The findings highlight that by adjusting the pore
size, permeable concrete pavement can collect rainwater while filtering impurities, thereby purifying surface runoff. The
range of the pervious coefficient should ideally fall within the range of 4~8 mm/s. In addition, the pavement’s large contact
area with the air and internal water evaporation contributes to its self-regulating capability, reducing the occurrence of
extreme temperatures. Related experiments have shown that from 8 am to 12 pm, pervious concrete pavement can reduce
the temperature by approximately 1 °C compared to conventional concrete. From 12 pm to 8 pm, this temperature difference
increases to approximately 3 °C. To meet the needs of environmental protection and resource utilization, permeable concrete
pavement can serve as an ideal tool to achieve green and low-carbon development.

Keywords Sponge city - Permeable concrete - Urban flooding prevention - Green infrastructure material

Introduction

China’s rapid economic and social development has inten-
sified environmental pollution. Factors such as industrial
wastewater, urban vehicle exhaust emissions, pesticide
usage, and domestic sewage discharge have significantly
contributed to this negative impact. In recent years, many
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cities in China have been confronted with ecological disas-
ters such as frequent water flooding, serious water environ-
mental pollution, and water resource shortage, particularly
during the rainy season (Nguyen et al. 2019; Sarkar et al.
2021; Stanczuk-Galwiaczek et al. 2018; Uribe et al. 2022).
According to the latest data from the Ministry of Water
Resources in 2020, the direct economic loss caused by flood
disasters alone across the country exceeded 80 billion yuan
(Chan et al. 2018). Urban water flooding not only causes
serious economic losses within the affected region but also
poses a threat to the safety of citizen’s lives and urban infra-
structure (Tang et al. 2024). Urban roads, which account for
approximately 15-20% of the urban area, serve as crucial
infrastructural links connecting cities, regions, and plots.
However, the widespread use of impervious pavement, such
as asphalt, has replaced the naturally permeable underlying
surface, resulting in the doubling of urban surface rainwater
runoff and peak flows. Consequently, this has exacerbated
non-point source pollution and highlighted the limitation
of impervious concrete. In recent years, water flooding
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incidents have become increasingly frequent in China. For
example, the rainfall in July 2022 in Kunming led to over-
flowing water from main road intersections onto sidewalks,
leaving numerous vehicles trapped. Similarly, the “7.20”
rainstorm in Zhengzhou in 2022 and the “7.24” rainstorm
Urban flooding in Xi’an in 2016 resulted in the recurring
occurrence of “urban seas,” as shown in Fig. 1. What is the
way forward?

Impermeable urban roads and pavement are major con-
tributors to the high pressure of flood discharge in modern
cities. The extensive use of impermeable concrete on roads
has significantly reduced the water and air permeability,
as well as the attainability of the pavement. Consequently,
excessive rainfall severely hampers drainage capacity,
leading to water flooding and related issues. At the same
time, due to the small pores of traditional roads, it is dif-
ficult to direct heat exchange with the atmosphere, result-
ing in the urban heat island effect and noise pollution.
Urgent solutions are needed to address these ecological
challenges in urban areas. Urban roads with sponge func-
tions contribute greatly to urban runoff control. There-
fore, incorporating the concept of a sponge city into the
optimization of traditional urban roads and exploring new
pavement materials or improving raw materials can effec-
tively alleviate the drainage pressure of urban roads and
reduce non-point source pollution. As a new environmen-
tally friendly pavement material, permeable concrete has

Fig. 1 Water flooding in typical
cities in China

Hardened urban pavement

Weak drainage system

gradually gained significant attention. It consists of modi-
fied cement, water, a pervious agent, and a concrete-spe-
cific reinforcing binder (known as pervious cementation
mixture) mixed with high-quality aggregates of the same
particle size or with a large discontinuous pervious grade,
resulting in a certain degree of porosity. Compared to tra-
ditional concrete, permeable concrete possesses numerous
interconnected pores, excellent air, and water permeability
and can significantly reduce the runoff coefficient of rain-
water. Its application on urban roads not only expands the
water and air permeable areas of the cities, enhancing the
comfort and safety of pedestrians, but also plays a crucial
role in regulating urban air temperature, humidity, ground-
water levels, and ecological balance. While research and
development on permeable concrete began in Europe,
the USA, Japan, and other regions in the 1980s, China’s
exploration of this material only commenced in the 1990s,
warranting further investigation into its unique character-
istics. Based on this consideration, this paper examines
and consolidates the relevant characteristics of permeable
concrete, with a specific focus on water permeability, heat
absorption, and purification. Furthermore, it explores the
application status and new design of permeable concrete
in the construction of the “breathe in-breathe out” concept
within sponge cities, aiming to contribute to mitigating
urban flooding concerns and advancing sustainable urban
development.
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Background and temporal-spatial
distribution of sponge city construction

Characteristics of urban water flooding in China

In terms of a time dimension, China experiences a signifi-
cant amount of precipitation, with an average annual precipi-
tation of 631.5 mm (Ministry of Water Resources of China,
Annual Report on China’s Water Resources 2023). Affected
by the southeast monsoon and southwest monsoon, China’s
precipitation shows substantial inter-annual variations and
uneven seasonal distribution throughout the year, mainly
concentrated from June to September (accounting for 60 to
80% of the total precipitation), and even exceeding 90% in
the northern regions (Zhang et al. 2017; Wu and Fu 2013).
Consequently, every summer is characterized by frequent
instances of flooding. However, due to the high peak flow
during the flood season, most of them are not fully utilized
and infiltrated, resulting in alternating river interruption and
floods, with an increasing risk of disaster. According to the
related data, the ratio of maximum peak discharge to the
average annual maximum peak discharge is 5-10 times in
the north and 2-5 times in the south. This disparity in mag-
nitude occurs within and between years, increasing the risk
of flood disasters. Turning to the spatial dimension, China,
with obvious spatial distribution disparity, generally presents

Global flood frequency.National Earth System Science Data Center,
National Science & Technology Infrastructure of China
4 (h ttpwww geodata cn)
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Fig.2 Characteristics of urban water flooding in China
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a natural trend of “water flooding in the South and drought
in the North.”

According to Fig. 2, the intensity of rainstorms has been
consistently increasing in developed coastal provinces
and cities, as well as in central and western regions such
as Shaanxi, Gansu, and Qinghai. This suggests that in the
future, urban rainstorms may become more severe. Global
warming, dominated by the urban heat island effect, has
a significant impact on urban micro-rainfall, leading to a
reduction in annual precipitation in urban areas. The com-
bined effects of extreme climate events and urbanization
have resulted in a heightened risk of frequent rainstorms
and floods, as well as an increase in peak flood volumes.
Changes in the urban land surface directly affect the infil-
tration and runoff of rainwater, posing security risks (Qiu
et al. 2024a, b). Statistics reveal that between 2007 and
2017, more than 360 cities across the country experienced
flooding, especially in mega-cities and provincial capitals.
For instance, in 2021, 380 people died and disappeared due
to the “7.20” rainstorm in Zhengzhou, with an economic
loss of 40.9 billion yuan; similarly, the “5.22” rainstorm
in Guangzhou in 2020 led to flooding in 443 areas of the
city, resulting in the shutdown of Metro Line 13 and the
suspension of classes in many places (Cui et al. 2023). Addi-
tionally, the “4.11” rainfall event in Shenzhen in 2019 trig-
gered a flood, causing 11 workers to drown while cleaning

The growth rate of stormwater mtensny in each provmce
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the river. Consequently, formulating scientifically effective
defense measures has become a crucial aspect of urban flood
control and drainage.

Analysis of the causes of flooding disasters in China

1. Overexploitation of water resources and lack of water
source protection in the process of urbanization

Excessive exploitation of water resources causes over-
extraction of groundwater for domestic and industrial purposes,
leading to a decline in groundwater levels. Consequently,
during rainfall events, surface runoff cannot be promptly
absorbed, resulting in surface water flooding. Additionally,
the degradation of water resources weakens their protective
functions, making cities more vulnerable to extreme weather
events. Data indicates a noticeable increase in peak rainfall
runoff in urbanized areas compared to pre-urbanization levels,
along with frequent occurrences of both drought and flooding
in rivers and lakes, as well as a disconnection between parkland
and regional water systems. The inability of cities to retain
rainwater and replenish groundwater results in increasing
surface water levels (Chan et al. 2014).

2. The drainage and heat absorption performance of urban
pavement is poor, and the utilization rate of rainwater is
low

Due to the high thermal conductivity of the impermeable
pavement, it absorbs more solar energy when air pollutants
increase; thus, more artificial heat enters the atmosphere.
On the other hand, the dense buildings hinder heat dissipa-
tion, forming high-temperature centers, known as the “urban
heat island effect.” Additionally, rigid road surfaces, such
as asphalt and concrete, are impermeable and unable to
promptly absorb water within the road. Consequently, they
generate excessive surface runoff. Furthermore, the design
of drainage systems has primarily focused on water disposal
rather than rainwater conservation and recycling. As a result,
a substantial amount of rainwater remains unutilized, being
discharged into the sewer system or natural rivers without
being reclaimed.

Key point of “breathe in-breathe out” pavement
design in sponge city

The water crisis is a complex and multifaceted problem,
which requires a more comprehensive solution. In response
to this challenge, the concept of the “sponge city” theory
has emerged. As defined by He et al. (2019), a sponge city is
analogous to a sponge in its ability to adapt to environmental
changes and natural disasters. It absorbs, stores, infiltrates,
and purifies water, subsequently releasing and utilizing the

stored water as needed, which reduces urban rainwater dis-
charge (Jiang et al. 2018).

At present, over 470 cities in China have launched the
construction of sponge cities, with 30 pilot cities having
made substantial progress toward achieving their objectives.
Notably, these initiatives have significantly enhanced the
resilience of cities in coping with flood disasters and have
contributed to the improvement and restoration of the eco-
logical environment (Li and Bergen 2018; Fan and Matsu-
moto 2019; Alam et al. 2019). Among these cases, one of the
key points is the usage of porous permeable concrete. Per-
vious concrete (also known as pervious concrete or porous
alpha) is an environmentally friendly material composed of
cement, aggregate, and water. It has continuous pores that
allow water to pass through, effectively reducing ponding.
Permeable concrete pavement serves as a novel method for
rainwater treatment, aiming to address the issue of increased
surface runoff due to ground hardening and establish a sus-
tainable water cycle by collecting, storing, and reusing natu-
ral precipitation. This engineering material with excellent
water permeability has demonstrated mitigation effects on
urban flooding, effectively reducing and purifying rainwater
runoff. Consequently, the application prospects of permeable
concrete pavement are vast and warrant further research.

“Breathe in” characteristics of permeable
concrete pavement

Pervious concrete pavement type
Structural design

Pervious concrete is formed by coarse aggregate, fine aggre-
gate, binder, admixture, and water resulting in a structure of
continuous pores. Permeable concrete pavement is required
to withstand both traffic loads and the demands of the urban
rainwater system. Therefore, the design of such pavement
should consider its hydraulic characteristics (permeabil-
ity, pore volume) and mechanical properties (compressive
strength, flexural strength, etc.). In terms of hydraulic char-
acteristics, factors such as regional annual precipitation,
pavement characteristics, and soil foundation characteristics
should be comprehensively evaluated (Ismail et al. 2013;
Collins et al. 2008). The total runoff is usually less than the
total precipitation because some rainfall enters the low-lying
areas, some infiltrate into the soil, while others are blocked
by the vegetation on the surface. Additionally, different
soil types have varying effects on runoff (Bean et al. 2007,
Haselbach et al. 2006; Dreelin et al. 2006). Moreover, rain-
storm intensity also has a great impact on road runoff, high-
lighting the significance of permeable concrete pavement
design as a vital measure for urban flooding prevention.
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Physical properties

Unlike traditional concrete, permeable concrete primarily
consists of single-graded coarse aggregate, and its binder is
mainly cement mortar or a small amount of fine aggregate
mortar. Apart from its protective effect, the cementitious
agent should ensure the bonding strength between aggre-
gates and prevent obstruction of the gaps between them.
Therefore, the permeability coefficient of permeable con-
crete is generally between 2.0 and 5.4 mm/s, surpassing that
of ordinary concrete. The physical properties of permeable
concrete pavement and traditional pavement are compared
and analyzed, as shown in Fig. 3.

In addition, the physical properties of permeable concrete
vary with different influencing factors. As shown in Fig. 4,
W/C (the weight ratio of water to cement in concrete) signif-
icantly affects the mechanical properties of the concrete. As
the W/C ratio increases, the concrete strength decreases. The
maximum occurs when W/C = 0.32, while the porosity and
permeability show a decreasing trend. Different admixtures
have different degrees of influence on the performance of
concrete. Test results indicate that ZS-3 has a greater impact,
while etonish845 has a lesser impact on concrete strength.
At a ratio of 4/2.0, the porosity and permeability coefficient
also reach the maximum value respectively. The excessive
or insufficient addition of little single-graded crushed stone
can reduce the porosity and permeability of concrete. The

amount of cement affects the thickness of the cement paste
layer and influences concrete performance (Hu et al. 2020;
Zhang et al. 2021; Zhang et al. 2018). With the increase in
the amount of cement, the porosity and permeability of the
specimen decrease.

Analysis of permeable concrete seepage storage
capacity

The ability of artificial regulation of residual rainfall on the
ground can reduce the risk of floods impacting industrial and
agricultural production, as well as people’s living environ-
ment. The seepage of rainwater directly affects the design
of the drainage system inside the road and plays a crucial
role in the coupling between the rainwater pipe network and
the permeable layer (Chu et al. 2022; Brattebo and Booth
2003). The water storage capacity of permeable pavement
directly affects the amount of rainwater that can be absorbed
by the site.

1. Different depths of concrete

The variation curve of porosity at different depths is
shown in Fig. 5. The experiment compared the differences in
permeability rates of pervious concrete specimens at differ-
ent depths under different flow velocities. In terms of depths
of each specimen, it can be observed that the permeability
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Fig.3 Schematic diagram of pervious concrete effect (Ming et al. 2022; Wang et al. 2017; Nie et al. 2020)
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is highest at a depth of 20 mm and lowest at a depth of 80
mm. With the increase of the depth, the water permeabil-
ity gradually decreases, thereby reducing the permeability
of the concrete. The results revealed that among the three
flow velocities tested, a flow velocity of 25 mm/s had the
best permeability performance. This phenomenon can be
attributed to the combined effect of the vibration mode and
self-weight during the formation of permeable concrete, the
continuous rise of bubbles, and the settling of aggregates and
cementitious materials.

2. Different rainfall intensities in the region

The dynamic characteristics of rainfall have a signifi-
cant impact on the seepage volume of permeable pavement.
As shown in Fig. 6, the dynamic characteristics of rainfall
mainly include rainfall duration, intensity, and intensity
(Zhou and Yuan 2022; Xiao et al. 2023; Hou et al. 2022;
Chen et al. 2022; Sansalone et al. 2012). With the increase in
rainfall intensity, the duration of rainfall increases, as well as
the amount of seepage. The drainage system cannot be dis-
charged in time, forming a large amount of surface runoff. In
the event of rainstorms, this may also lead to serious pond-
ing within the urban drainage system. Rainfall is closely
related to local climate and human activities and is one of
the most uncontrollable factors contributing to permeable
pavement leakage.

Analysis of plugging factors of permeable concrete
1. Effect of porosity of permeable concrete on plugging

It can be seen from Fig. 7 that the greater the porosity,
the easier the permeable concrete is to be blocked. This phe-
nomenon occurs due to the enlargement of pore size and

Fig. 6 Infiltration and storage
capacity of permeable concrete A
under different rainfall intensi-

ties (Fan 2022) different rainfall intensities
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Time history curve of normalized permeability coefficient of permeable
concrete under different horizontal runoff velocity
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Fig.7 Influence of different factors on plugging degree of permeable concrete (He et al. 2019)

surface of the sample, making it difficult to penetrate the
pore. When the plugging reaches equilibrium, the fully
graded sand shows the highest attenuation rate of the per-
meability coefficient. This is because after the pores in the
upper part of the specimen are plugged by the coarser par-
ticles, the finer particles are stuck in the remaining gaps,
reducing the permeability.

4. Effect of horizontal runoff velocity on permeable con-
crete blockage

The total mass of the plug in the test specimen remains
relatively constant under varying horizontal runoff veloci-
ties. At the same time, due to the increase in horizontal
runoff velocity, the fine sand particles retained outside the
sample will also increase, because the particles will break
away from the control of horizontal runoff and gradually
penetrate the sample.

In addition, the fitting trend also reveals that the higher
permeability coefficient corresponds to the poorer anti-
clogging capability of permeable concrete. Consequently,
when designing the mix proportion of pervious concrete
pavement, the range of the pervious coefficient should ide-
ally fall within the range of 4~8 mm/s, which can not only
improve the load resistance of pervious pavement but also
meet the pervious demand of pavement.

A case study of Xi‘an City

In locations with high construction standards, the selection
of permeable pavement as a surface material holds pivotal
environmental significance (Yi et al. 2021; Qi et al. 2020).
For instance, in a project located on Taichi Street in Beijing,
the vehicular lanes of the site were equipped with permeable
pavement. The chosen structure type is known as drainage
pavement. The design scheme incorporates a permeable
asphalt concrete structure for the main vehicle traffic lanes
and a permeable cement concrete pavement structure for
areas with smaller-scale vehicle traffic. The collected rain-
water can be reused nearby, which not only meets the driving
demand, but also ensures the comfort of driving and walk-
ing, Additionally, this approach reduces water mist during
driving, mitigates the heat island effect caused by conven-
tional pavements, and enhances the overall aesthetic appeal
of the surroundings (Guan et al. 2021). At the same time,
the subsoil type of the site is mainly sandy soil, which has
good water retention capability.

Another project is situated in one of the central dis-
tricts of Xi’an: Yanta district. The project is specifically
located at the Yanta campus of Chang’an University,
with a population of around 5000, covering a total area
of approximately 100,900 m?. The permeable pavement
construction area spans 1200 m?, accounting for 1.19% of
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the total area. The precipitation shows uneven variations
both inter-annually and seasonally, with rainfall primarily
clustered during July to September. The following analysis
focuses on the renovation effects of permeable concrete
pavement within the region:

1. Total runoff: As shown in Fig. 8, in the simulated rainfall
experiment conducted on the site, the rainfall intensities
vary from 130 mm/h, 150 mm/h, 170 mm/h, and 200
mm/h; the rainfall durations were set at 45 min and 60
min, with a rainfall time interval of 24 h. Based on the
simulated results, the total runoff before the renovation
of permeable pavement for different rainfall intensities
was 2199.99 m®, 2611.69 m?, 3045.98 m’, and 3684.75
m?. The total runoff after the renovation was 1076.69
m?, 1426.16 m?, 1808.21 m?, and 2331.15 m’. The run-
off reduction rates were calculated at 51.06%, 45.39%,
40.64%, and 36.74%.

2. Economic benefits: With the application of permeable
concrete pavement and permeable plastic pavement, the
premised overall expenditure amounted to more than 47
thousand yuan. Based on assumptions, it is estimated
that over 10 years, the implementation of permeable
pavement can lead to an approximate reduction of 60
thousand yuan in municipal drainage costs, along with
rainwater recycling benefits of around 100 thousand
yuan, and water quality benefits exceeding 360 thousand
yuan (Zhu 2023).

Fig.8 Comparison of total run-
off before and after renovation
(Zhu 2023)
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“Breathe out” characteristics of permeable
concrete pavement

Heat reduction mechanism of permeable concrete
Urban heat island effect

The heat island effect is a climate phenomenon in which the
temperature in the city is higher than that in the peripheral
suburbs. In recent years, with urban construction, the heat
island effect in China’s urban areas has become increasingly
obvious. The annual average temperature difference between
urban and rural areas is 2—4 °C, and the maximum tempera-
ture difference is more than 6 °C (Xia et al. 2017). There are
four reasons for the formation of Urban Heat Island:

1. The pavement paved with impermeable materials lacks
breathability and the ability to absorb heat and penetrate
rainwater. Compared with natural soil, hard pavement
has a higher absorption rate of sunlight, and more heat
enters the air in the form of damp heat, resulting in air
temperature rise (Gunawardena et al. 2017). Dense rein-
forced concrete buildings and impermeable urban hard
pavement have changed the structure of ground evapora-
tion and air humidity, surface albedo and radiation char-
acteristics, ground heat conduction, and heat capacity.
For example, when the temperature of the lawn is 32
°C and the temperature under the canopy is 30 °C, the
temperature of the cement floor can reach 57 °C, and the

Porosity: 16.8%

5 Permeability Coefficient: 0.52cm/s

Sub-base Porosity: 0.8%

underlying -

materials
used in the
experiment
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temperature of the asphalt road can reach 63 °C (Theeu-
wes et al. 2013).

2. Motor vehicles, industrial production, and a large num-
ber of people’s activities in cities produce substantial
amounts of nitrogen oxides, carbon dioxide, and dust,
among other pollutants. These substances can absorb a
large amount of thermal radiation from the environment,
leading to greenhouse emissions and extreme climate
(Cai et al. 2018).

3. It burns various fuels, consumes a lot of energy, and

emits a lot of heat (Wang et al. 2021).

The number of buildings, roads, and squares in the city

has increased significantly, and the natural environment

such as green space and water bodies has been reduced
accordingly. The release of heat has intensified, the
absorption of heat has diminished, and the capacity to
mitigate the heat island effect has been compromised
(Abulibdeh 2021).

Cooling effect of permeable concrete pavement

The water storage in the underlying layers of pervious con-
crete pavement facilitates the evaporation of water under
solar radiation, leading to the absorption of a significant
amount of heat and subsequent reduction in surface tem-
peratures. Furthermore, the presence of interconnected
pores within the pervious concrete allows for efficient heat

conduction between the pavement and the subbase, facilitat-
ing the dissipation of heat within the pavement structure.

The stored water underground, in the form of water vapor,
passes through the pervious pavement and enters the air.
This process increases air humidity, promotes air circulation,
and carries away heat, resulting in a noticeable decrease in
air temperature and an improvement in comfort. Pervious
concrete pavement structures thus show a self-regulating
ability in terms of surface temperature, making them less
susceptible to extreme surface temperatures. After averag-
ing the temperature of three kinds of pavement materials at
each test time, Fig. 9 is obtained. The general rule is that the
surface temperature increases rapidly with the increase of
solar radiation from 8 to 12 o’clock. At 12~ to 16 o’clock,
the temperature remained high, and then gradually decreased
to a low temperature after 16 o’clock.

Purification mechanism of permeable concrete
Water purification principle

Due to urban construction, automobile exhaust, industrial
production, domestic fuel consumption, and other factors, the
atmospheric structure with nitrogen compounds as the main
pollution source has been formed, and the generation of haze
and mist has been greatly accelerated. In addition, the concen-
tration tends to become thicker, the atmospheric transparency

Principle of urban heat island effect
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Fig. 9 Intensity of heat island effect and cooling effect of permeable concrete in some cities of China (Hu et al. 2017)
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has been reduced, and the sunshine has been reduced. The
basic components of permeable concrete have a certain puri-
fication effect on pollutants in rainwater runoff. According to
Sansalone and Teng (2004), the major components responsible
for the purification of Cu* are aggregate, sand, and cement,
with cement playing a crucial role. J.L.. Wang also found that
cement, quartz sand, and gravel, commonly used materials for
pervious concrete pavement, have certain adsorption effects on
various typical pollutants (Wang et al., 2017). The study found
that cement showed the highest adsorption removal rates for
road runoff pollutants, including COD (82%), Cu*+ (99%), TP
(66%), and TN (75%). Quartz sand showed removal rates of
29%, 98%, 56%, and 48% for the same pollutants, while gravel
demonstrated rates of 15%, 98%, 66%, and 47%. The compre-
hensive comparison shows that the adsorption removal effect
of cement, quartz sand, and gravel on a copper ion is better
than that of other pollutants, and the removal effect of cement
on pollutants is the best. The research results show that the
purification principle mainly includes the following aspects:

1. Physical adsorption: macroscopically, cement-based
materials have a huge specific surface area. According
to the calculation, the hydration of 1 cm® of cement gen-
erates a volume of 2.2 cm? of hydrate. With the progress
of hydration, the space originally occupied by cement
and water is gradually filled with hydration products,
while the unfilled voids form irregular pores resulting
in a large specific surface area of the concrete matrix
after curing so that it can absorb heavy metal ions.
Microscopically, relying on the hydration of cement
clinker and the pores of hydration products, the crystal
morphology of ettringite in cement hydration products
and the high dispersion of hydrated calcium silicate gel
are conducive to the adsorption of heavy metal ions by
cement-based materials (Qi et al. 2021).

2. Double decomposition: after the cement meets with
water, each component begins to dissolve, and a hydra-
tion reaction occurs to generate Ca (OH) 2. Therefore,
the cement remains in an alkaline environment during
the hydration process, and the heavy metal ions in the
solution can undergo a double decomposition reaction
with the OH™ in the cement base to generate precipi-
tation (as shown in formula (1) to formula (4)), to be
adsorbed and fixed. The chemical reaction formulas are
as follows (Liu et al. 2019):

Ca** + 20H™ — Cu(OH)® | (D)
Cd** + 20H™ — Cd(OH)? | )
Zn** + 20H™ — Zn(OH)? | (3)

@ Springer

Pb>* +20H~ — Pb(OH)?
3. Isomorphlc displacement: due to the large amount of

Ca’*, AI**, and Mg** contained in the hydration prod-
ucts of cement can have an isomorphic displacement
reaction with the heavy metal ions in the solution so
that the heavy metal ions enter the hydration products
to achieve the function of adsorption and fixation.

Water purification characteristics of specimens
with different voids

It can be seen from the test results in Fig. 10 that there is
a strong linear correlation between the design porosity of
permeable cement concrete and the pollutant removal rate.
The correlation coefficients for these relationships all exceed
93% [55]. Permeable cement concrete can neutralize cer-
tain acidity in runoff rainwater and improve the pH value of
rainwater. At the same time, it has a certain degree of puri-
fication efficacy towards other pollutants. With the increase
of the design porosity of permeable cement concrete, the
removal rate of pollutants increases gradually, and the pH
value increases significantly. Furthermore, the contact sur-
face between the internal voids of concrete and runoff rain-
water increases, filtering and adsorbing more pollutants,
thereby improving the overall purification effectiveness to
a certain extent.

Water purification characteristics of different road
materials

The road surface morphology is shown in Fig. 10, follow-
ing a simulated precipitation test on the permeable cement
concrete specimen and open-graded friction course (OGFC)
specimen with approximately the same void ratio carried
out on the prepared simulated rainwater. The results of
the precipitation test reveal the adhesion and interception
of suspended solids on the surfaces of both the porous
cement concrete pavement and the asphalt concrete pave-
ment. According to the comprehensive analysis of table test
results and figures, permeable cement concrete and asphalt
concrete have a certain purification effect on pollutants in
runoff and rainwater. However, the removal effect of perme-
able cement concrete is superior to that of asphalt concrete.
Furthermore, it is noticeable that the OGFC asphalt mixture
has no neutralization effect on H" in runoff rainwater and
fails to improve the pH value of rainwater.

A case study of Chengde city
Located within the LiuYe Lake scenic area as part of the

planning scheme for the LiuYe Lake area in Changde, Hunan
Province, the roads between the ground on the western side
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Fig. 10 Water purification effect of permeable concrete. TSS, total suspended solids; TOC, total organic carbon; TP, total phosphorus; PA,
drainage asphalt wearing course; PC, permeable cement concrete surface layer (Qin 2017)

are mainly farmland, vegetable fields, lakes, ponds, and a
small number of residential houses. The first phase project
of Taiyang Avenue is chosen as the focal point. The hydro-
geological condition of the construction site is general. The
surface water is mainly distributed in low-lying places such
as ditches, lakes, and ponds along the road. The water depth
is about 1.5 m, and existing more than 20 years. The domi-
nant water source is atmospheric rainfall (Wang and Qu
2017; Qi et al. 2023). Seasonal changes have a prominent
impact on water level, subgrade stability, and road founda-
tion construction. The impacts following the transformation
are as follows:

1. Road cooling effect. According to the experiment of the
project site, the average temperature of ordinary con-
crete is about 3 T higher than that of permeable cement
concrete, while that of asphalt concrete is about 13 °C
higher. It can be seen that permeable cement concrete
has a significant effect on improving the “heat island
effect” of the city. The high porosity of permeable con-
crete makes the rainwater stored within the material
undergo rapid cooling through transpiration. With good
air permeability, it can promote water vapor circulation
and atmospheric circulation, and regulate environmental

temperature and humidity. In addition, the permeable
concrete pavement can reduce the pavement temperature
by about 5 °C. The use of water vapor evaporated by
permeable pavement contributes to an increase in air
humidity, thereby effectively mitigating “sand storms”
caused by low humidity and ground evaporation (Zhou
and Xie 2022; Tan et al. 2021a, b).

Pollutant purification effect. The ecological grass plant-
ing ditch can store a certain amount of rainwater, slow
down the rate of rainwater entering the pipeline ditch,
relieve the drainage pressure of the urban pipe network
to a certain extent, avoid the occurrence of urban water-
logging in the heavy rain season, and has a significant
purification effect combined with permeable concrete
(Bao 2019). The usage of biochar permeable concrete
effectively reduces the surface runoff before its satura-
tion. Through adsorption and infiltration, the concentra-
tion of pollutants is reduced, and urban water pollution
is alleviated. Permeable pavement acts as a “purifier” for
urban areas and functions as a natural “sewage treatment
plant,” aligning well with the sustainable development
concept of “symbiosis with the environment” (Luo et al.
2019).
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Future outlook
Solid waste utilization

In recent years, China’s urbanization process has experi-
enced rapid development, leading to a growing scarcity of
natural aggregates and other construction raw materials. At
the same time, many high-risk buildings with a long history
are also facing demolition and reconstruction. Along with
many urban construction projects, a substantial amount of
construction waste is generated. The recycled coarse aggre-
gate permeable concrete made by crushing and screening
can not only solve the disposal of construction waste and
agricultural waste but also make full use of resources to
improve the mechanical properties and permeability of
concrete, which is in line with the concept of “sustainable
development.”

Colored permeable pavement bricks

Coal gangue and lithium slag are the main industrial wastes
in the coal and lithium battery industries respectively. The
screened spontaneous combustion coal gangue is used as an
aggregate, while lithium slag is used as a mineral admixture.
These components are then combined with cement to make
colored pavement bricks. Incorporating 5% lithium slag as a
substitute for cement greatly reduces the production cost of
permeable brick. The permeable surface layer made of inor-
ganic pigment, white cement, and quartz sand can produce
permeable brick products with bright colors and excellent
performance. It can not only make full use of high emissions
of solid waste such as coal gangue and lithium slag but also
help the development of China’s circular economy. To solve
environmental problems, expanding the economic market of
resource recycling serves as a new direction.

Self luminous

Luminous permeable concrete pavement

Luminous pervious concrete is a new type of concrete that
combines luminous materials and pervious concrete in a
certain way. Generally, luminous materials (powder, liquid,
block) are mixed with pervious concrete materials. Lumi-
nous permeable concrete is environmentally friendly and
pollution-free. It absorbs sunlight or light during the day and
stores this energy. At night, it slowly releases energy in the
form of visible light, which can last for more than 10 h. As
shown in Fig. 11, luminous materials offer a diverse range
of colors, including green, blue, and red, which can improve
the color decoration effect of luminous permeable concrete.

One case is the courtyard dam of the nursing home clinic
in Dongyang Town, Beibei District, Chongqing. Initially,
the courtyard dam consisted of concrete ground. However,
it was transformed into a luminous permeable concrete pave-
ment, featuring intricate designs of “auspicious clouds” and
“stars in the sky.” After reconstruction, the surface of the
courtyard dam is flat, wear-resistant, and anti-skid. The
pavement has the following advantages:

1. It has strong adaptability to the elderly and contributes
to the construction of therapeutic villages and towns.
The permeable pavement with luminescent materials can
enhance the illumination of the nursing home at night,
especially when the lighting of the courtyard dam is
insufficient or even the lighting equipment is damaged,
it can play the role of safety warning at night and reduce
the occurrence of safety accidents. It can be seen that
the luminous permeable concrete pavement can meet
the needs of some places without street lights and rural
tourism, and help Rural Revitalization and construction.

2. Improve the road environment. It can quickly drain the
ponding on the road surface to avoid mirror reflection
due to excessive ponding, which will cause driver diz-

~ Realistic effect of nursing home

Fig. 11 Effect drawing of luminous permeable concrete (Zheng and Mao 2020; Kong 2020)
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ziness, reduce the occurrence of traffic accidents, and
facilitate the travel of the elderly. At the same time,
porous pavement can absorb vehicle noise and provide
residents with a quiet and more comfortable environ-
ment.

3. Provide visual beauty. All kinds of luminous patterns are
bright during the day and have visual beauty at night.
The patterns have cultural connotations and contain
good wishes, which can bring visual enjoyment and
improve the quality of life for people.

Permeable steel slag concrete pavement

As one of the largest world’s steel manufacturing industries,
China produces a large amount of waste steel slag every
year. However, steel slag can be turned into treasure through
processing, and can be used as good road engineering mate-
rials after removing harmful substances. Leveraging the high
strength and porous characteristics of steel slag, permeable
concrete can meet the mechanical structure and drainage
function requirements, making it superior to the perfor-
mance of ordinary permeable concrete (Lai et al. 2022).
The embankment reinforcement project along the Suzhou
section of the Beijing-Hangzhou Grand Canal in Suzhou has
implemented the use of permeable steel slag concrete pave-
ment. This pavement offers numerous advantages, includ-
ing higher load-bearing capacity than normal pavement,
wear resistance, a smooth surface, a comfortable walking
experience, minimal joints, reduced vibration, low noise
levels, and simplified maintenance and repair procedures.
Additionally, the cost of raw materials for this pavement is

L]
e n—

Appearance of steel slag
aggregate

Willowy trophy mullite

(a) 0%Anti crack agent (X2000)

significantly lower compared to conventional non-permeable
concrete surfaces, thereby yielding notable ecological and
economic benefits.

New material combination

Polypropylene fiber modified polymer permeable concrete
pavement

As shown in Fig. 12, polymer pervious concrete is formed
by cementing aggregates through resin polymerization and
solidification. Its permeability is better than that of ordinary
pervious concrete, and the use of polychromatic aggregate
enhances its decorative effect (Luo et al. 2019). Polypro-
pylene fiber can effectively enhance its strength, abrasion
resistance, impact resistance, and other properties. Further-
more, it reduces the development of brittle damage on the
pavement after hardening and improves the durability of the
permeable concrete pavement. In this study, ordinary pervi-
ous concrete, polymer pervious concrete, and polypropylene
fiber-modified polymer pervious concrete were selected to
compare their respective runoff reduction effects.

As shown in Fig. 13, polymer pervious concrete shows
better resistance to clogging compared to ordinary pervi-
ous concrete, mainly because polymer emulsion improves
the working performance of fresh pervious concrete and
improves the compactness of concrete. In terms of road
runoff, the rainfall-runoff coefficient of ordinary pervious
concrete pavement ranges from 0.26 to 0.48. Under the same
return period and rainfall duration, the runoff coefficient of
polymer pervious concrete and polypropylene fiber-modified

e —

(c) 0.5%Anti crack agent (X 10000)

(b) 0.2%Anti crack agent ( X5000) |

Fig. 12 Structure of polypropylene fiber-modified polymer permeable concrete under the electron microscope (Kong 2020)
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Fig. 13 Effect of polypropylene
fiber-modified polymer perme-
able concrete on runoff reduc-
tion (Luo et al. 2019)
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polymer pervious concrete is similar but smaller than that of
ordinary pervious concrete pavement (Tian 2018). In areas
with frequent rainfall events characterized by short durations
and short reduction periods, polypropylene fiber-modified
polymer pervious concrete pavement has a better runoff
reduction effect than ordinary pervious concrete pavement.

Epoxy resin permeable concrete

Epoxy resin permeable concrete is made of a specially
graded aggregate, epoxy resin binder, and colorant accord-
ing to certain mix design methods and preparation pro-
cesses. Its structure is similar to porous cement concrete,
with less or no use of fine aggregate in the grading design
process, as shown in Fig. 14. Therefore, the pores are not

Fig. 14 Epoxy resin pervious
concrete structure and pervious
effect (Tian 2018)

Pervious concrete permeability

Blockage degree: runoff coefficient:
Polymer permeable concrete>Ordinary Polymer permeable concrete>Ordinary
pervious concrete pervious concrete

filled with fine aggregate, resulting in numerous intercon-
nected and semi-connected pores. This phenomenon is
attributed to the skeleton pore structure. According to the
structural principle of porous cement concrete, the ideal
structural model of epoxy resin permeable concrete is
shown in the figure below. Comparative analysis of tech-
nical performance between common permeable pavement
materials and epoxy resin permeable mixtures shows that
epoxy resin permeable concrete has obvious advantages in
terms of wear resistance, water permeability, frost resist-
ance, colorization, and strength formation time. Compared
with permeable cement concrete, its strength formation
time is shorter, which can meet the needs of rapid con-
struction in the urban environment.
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effect of pervious resin type
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Epoxy resin-based pervious
concrete ideal structural model
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New design

Application of permeable filter core infiltration well
technology in the transformation of sponge city

As shown in Fig. 15, the filter element infiltration well
technology is a filter element technology method that uses
the existing form as a water storage sponge and embeds
a vertical permeable concrete filter in the soil layer. This
technology efficiently directs rainwater into the deep soil
during rainfall, mitigating disasters and storing water for
future use. It is a construction scheme with wide application,
low-impact development, and cost-effectiveness. According
to the field test and numerical calculation results, the per-
meable filter infiltration well technology can significantly
increase the permeability of the soil itself and can be further
applied in the old community, to reduce the surface runoff of
the old communities during the rainy season and relieve the
pressure of urban flooding, enhance the disaster prevention
toughness of these communities, and inject new vitality into
the renewal of aging cities.

New tubular permeable structure
The new tubular permeable structure is shown in Fig. 15.

Phase a introduces a new tubular double-layer porous
structure. A and B (Fig. 16a) are interconnected tubular
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of pavement infiltration

( Unit: cm)

pores with different diameters, which can not only fully
play a protective role, but also ensure the permeability of
the permeable structure. C (Fig. 16a) is the solid imperme-
able skeleton structure. Phase b introduces the movement
of clogging particles. Illustrating that the top layer effec-
tively shields sediment particles larger than 1 mm (repre-
sented by magenta particles, with Js = 1.18-2.36 mm, and
blue particles, with Js = 0.6-1.18 mm) from entering the
pores, while allowing smaller sediment particles to freely
move within the pores. Phase c introduces the side view
of the structure at the end of the coupling. The observa-
tion indicates minimal sediment particle retention within
the internal pipes of the model, highlighting a significant
filtration effect. Moreover, it is evident in phase d that
sediment particles larger than the pore diameter of the top
layer, which did not enter the pores, can be easily removed.
This method effectively closes the pores and prevents the
formation of pore throats, reducing the occurrence of plug-
ging. The pore structure of the new tubular double-layer
permeable structure features low curvature and uniform
diameter sections, facilitating smooth movement of sedi-
ment particles within the pores and greatly enhancing the
particle transport capacity of the pore structure. Conse-
quently, this new design maximizes the anti-clogging
performance of the waterproof structure, minimizes the
likelihood of plugging, and extends its effective lifespan.

Lay filter Iement Monitoring points
Variation of total head

(b) 1hour after rainfall

Variation of pore water pressure in
central section
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(a) Initial state

~

Fig. 15 Pervious filter element structure and pervious effect (Cheng et al. 2021)

@ Springer



40834

Environmental Science and Pollution Research (2024) 31:40818-40837

Fig. 16 New tubular permeable
structure and permeable princi- r
ple (Xia 2021) 1
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Conclusions

This study discusses the era background and spatial lay-
out of sponge city construction in China. The temporal
and spatial characteristics of urban floods in China can
be summarized as follows: from the perspective of time,
the summer flood cycle is prolonged, and the flood peak
is more pronounced. From the perspective of space, it
shows the characteristics of “flooding in the South and
drought in the North.” Additionally, the main reasons
for China’s urban drainage problems lie in the exces-
sive development of water resources the lack of water
source protection in the process of urbanization, and the
poor heat absorption performance of urban pavement
drainage, which points out that the popularization and
use of ecological drainage system is the key to solve the
problem of urban drainage.

The study focuses on the “breathe in” characteristics
of permeable concrete pavement. A brief overview of
the various types of pervious concrete pavement is pro-
vided, followed by a comparison of the physical proper-
ties between ordinary concrete and pervious concrete.
Experimental results demonstrate that pervious concrete
outperforms ordinary concrete pavement in terms of per-
meability, compressive strength, and other factors. In
terms of infiltration and storage capacity, it is mainly
affected by the depth of permeable concrete and regional
precipitation intensity. The deeper the depth, the greater
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the precipitation intensity, the smaller the amount of
infiltration and storage, and the greater the amount of
seepage. In addition, the plugging factors of permeable
concrete are analyzed. They are revealing that higher
porosity increases the susceptibility to clogging. The
blocking tendency of permeable concrete is influenced
by the depth of storm runoff, the higher the water head
is, the more easily the permeable concrete is blocked.
Finally, the analysis of plugging materials’ gradation
reveals that coarse sand results in a higher degree of
clogging compared to fine sand and fully graded sand.

The “breathe out” characteristics of permeable con-
crete pavement are investigated in this study. Compara-
tive tests reveal that from 8 to 12 o’clock, permeable
concrete pavement reduces the temperature by approxi-
mately 1 °C compared to cement concrete. Furthermore,
from 12 to 20 o’clock, the cooling effect becomes more
pronounced, with a temperature difference of around 3
°C near the surface. These findings indicate that perme-
able concrete reduces the pavement temperature more
significantly compared to cement pavement, thus miti-
gating the urban heat island effect. Moreover, the chemi-
cal mechanism underlying the ability of permeable con-
crete to adsorb impurities and purify water is analyzed.
Macroscopically, physical adsorption occurs, while
microscopically, double decomposition and isomorphic
replacement reactions take place between impurities and
the concrete, facilitating the removal of impurities. This
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showcases the favorable environmental utility of perme-
able concrete pavement.

4. The innovation and development direction of permeable
concrete in sponge city construction are summarized.
This paper focuses on three research directions: solid
waste utilization, new material combination, and new
design. These directions involve integrating pervious
concrete with resource reuse, employing specialized
materials, and implementing novel structural designs,
thereby demonstrating its immense application potential
and promising development prospects.
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