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As a part of low impact development (LID) measures, modifying the design of Inner Tube Porous
Bricks (ITPB) may improve the functionality of the pavement to prevent urban floods. Absorbent
concrete (AC) with different Super Absorbent Polymers (SAP) concentration was used as the brick
materials to adsorb 311–376 l water per m3 AC after 120 min, and the hydraulic conductivity was
calculated to vary between 34.59 mm/h and 74.8 mm/h for different ACs. The Storm Water
Management Model (SWMM) is used here to simulate the influence of the ITPB on urban floods.
When the return period (P) equals 100 years, the peak inflow of drainage networks can be
decreased from 254.55 l/s to 91.12 l/s and the stormwater could be infiltrated 52.49 mm in low
permeability areas (e.g. clay) by ITPB pavement. ITPB can be used as a new LID pavement in clay
areas or be used to mitigate urban floods of long return period storms. Which should be noted is
that the declared values about the simulation are valid in the study areas, further research is
needed on the applicability of ITPB to the overall world.

1. Introduction
Urban flooding is increasing in the context of global climate change. Urban flooding, which can affect urban safety and economic
development, has gradually become a severe problem for many cities of the world [1]. In areas with extensive impermeable surfaces,
stormwater is discharged by the drainage network [2]. With accelerating urbanization, impervious surface areas have increased,
further burdening drainage systems [3,4]. If the capacity of drainage systems cannot discharge stormwater efficiently, urban flooding
occurs [5,6]. Many cities experienced frequent flooding events with consequent economic costs and loss of human life [7]. Therefore,
common approaches like permeable pavements were proposed to alleviate urban flooding around the world [8–12].
Permeable pavement allows stormwater to infiltrate into the native porous soil, thereby reducing pressure on drainage networks
and urban flooding [13,14]. Porous asphalt, porous concrete, interlocking concrete paving systems, and concrete grid systems are four
types of permeable pavement which can significantly reduce runoff and peak flow [15–17]. In general, porous asphalt reduces 13 % of
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total runoff, while porous concrete reduces more than 36 % of the total runoff [18]. However, there is a key problem with the existing
infrastructure that is presented: dependence on underlying bed’s hydrogeological properties.
Flood control ability of permeable pavement is poor in areas with permeability less than 3.6 mm/h [19–21]. Therefore, it is
generally not recommended to use permeable pavement on clay [22]. To address limitations of permeable pavements in low
permeability soil areas, permeable pavement was combined with internal water storage (IWS), reducing runoff by 27 %, with 77 % of
infiltrated stormwater discharged through concealed pipe [23,24]. Even with the inclusion of an IWS zone, runoff volume reduction
was lower than that of permeable pavements built over more permeable soils [23]. Thick brick water-retaining pavements were
designed to retain water which can be used for flood prevention of low permeability soil [25]. However, the underlying surface of this
brick was impervious so water-retaining pavement cannot make stormwater infiltrate. The clay foundation was modified by physical
methods (e.g., soil trenched and backfilled with stone aggregate), to significantly improve the water infiltration rate of permeable
pavement [26,27]. Unfortunately, these treatments increase the intensity of construction.
Storm Water Management Model (SWMM) is a dynamic quantity and quality simulation model developed by the US Environmental
Protection Agency to design and manage urban floods [28]. It is mainly used to simulate a complete urban rainfall-runoff process,
including surface runoff and storm sewage storage processes in drainage systems [29–31]. The SWMM model includes several main
modules such as the runoff module, confluence module, extended transport module, storage/processing module, and receiving water
area [32,33]. This model can track the water quality and the quantity of runoff generated by each sub-basin at any time, as well as the
flow, water depth, and water quality in each pipeline [34–36]. SWMM has been widely used in urban rainfall-runoff simulations. It is a
major current topic of research in low impact development (LID) design for China and globally [37–41]. The LID module of SWMM can
simulate the control effect of LID facilities and continuous rainfall events and guiding the optimal layout of LID facilities of urban
development and construction [42–45].
This study changes the interior of pavement tiles and mingles Super Absorbent Polymers (SAP) into concrete as the brick materials.
The addition of superabsorbent polymer (SAP) mainly has two effects on the pore structure of conventional concrete: the densification
of microstructure due to internal curing (IC) and the increase of large voids by swollen SAP particles. Some studies showed that SAP
could mitigate plastic shrinkage cracking and improve freeze-thaw resistance of conventional concrete [46,47]. What’s more, SAP
voids significantly increase the porosity in the size range of 267–2.7 mm[48]. In the process of making SAP floor tiles, the cement, soil
and inner tube are formed in Inner Tube Porous Brick (ITPB) while SAP can retain water and pores can infiltrate stormwater. And then
the bricks have the ability to absorb, store, discharge, and permeate stormwater. From our design philosophy, this novel brick is an
improved brick part of the urban permeable pavement and a new product of LID measurements. The ITPB can infiltrate some
stormwater into the underlying soil and inflow other rainwater into the drainage network by inner tube rather than runoff.
In our study, a novel paver block, Inner Tube Porous Bricks (ITPBs), was constructed and the porous concrete was prepared to
reduce the risk of urban flood. In order to simulate the impact of the pavement on urban flooding under extreme rainfall conditions, an
urban storm sewer system was used to study the effect of the ITPB pavement, normal permeable pavement, and without permeable
pavement on the regional flood peak, flood volume, runoff coefficient and total runoff using SWMM. After that, the compressive
bearing capacity of porous concrete and ITPBs was evaluated.
2. Materials and methods
2.1. Design and preparation of ITPBs
The Inner Tube Porous Brick (ITPB) with 200 mm × 100 mm × 60 mm in length×width×thickness was prepared to represent a
typical unit of ITPB. Two DN20 cylindrical tubes run through the whole brick inside, and four 10 mm diameter cylindrical pipes on the
upper surface of the brick connect with the pipes running through the brick. The detailed design content of the floor tiles could be
found in our patent application (Patent nos.: CN201810274796.8. and CN202010161279.7). The detail structure of the concrete

Fig. 1. Schematic diagram of the Inner Tube Porous Brick.
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pavement is shown in Fig. 1.
The materials of ITPB are porous concrete with Super Absorbent Polymer (SAP, 150 mesh), the sand for the mortar had a fineness
modulus of 2.53, while the cement utilized was Portland cement (P.O 42.5). The sand-cement ratio was 4:3, and the water-cement ratio
was 0.45. The Super Absorbent Polymer (SAP, 150 mesh) firstly saturated with water and then mixed with cement mortar to prepare
porous concrete.
2.2. Water absorption experiments of ITPBs
The Absorbent concrete (AC) bricks with the size of 45 mm * 45 mm * 50 mm were made to test water absorption (vol%). They
were placed vertically in a container holding water. The mass of the bricks was measured after water absorption at different time, and
multiple repeated tests were conducted. Hydraulic conductivity (HC) of AC was estimated with conversion according to.
(1)

HC = WA * 101.25 * 10/(20.25 * t * 100)

Where: HC is the hydraulic conductivity, mm/h; WA is the water absorption, vol%; 101.25 represent the brick volume of absorbent
concrete, cm3; and t is the absorb time, h; 20.25 represent the contact area of the brick, cm2.
Furthermore, the porous concrete with different weights of SAP was used to prepare ITPBs. After immersion in water for some
times, the sides of the ITPBs were sealed, the inner tubes of the bricks were filled with water and weighed to determine the water
content of the ITPBs. Average seepage rate (ASr) of ITPB is calculated as the water content (WC) divided by the contact area (CA) (Eq.
(2)). Water retention rate (WRr) of ITPBs is calculated as the water content (WC) divided by the brick volume (BV) (including cavity
inside the brick) (Eq. (3)).
(2)

ASr = WC * 10/(200 * t)

(3)

WRr = WC/1200 * 100 %
2

Where: ASr is the average seepage rate, mm/h; WC is the water content, ml; 200 represent contact area of the ITPB, cm ; and t is the
absorb time, h; WRr is the Water retention rate, %; 1200 represent the brick volume of the ITPB, cm3.
2.3. Prediction of flood resistance performance of ITPBs
2.3.1. Construction of ITPB model based on Storm Water Management Model
The water storage capacity of the ITPB in this project depends on the cavity from the inner tube of the brick, the infiltration of the
brick material, and the underlying geological conditions. The stormwater confluence method of the ITPB is similar to the infiltration
ditch, so this LID control model in SWMM is adopted to simulate ITPB pavement. The Parameters for ITPB are taken from the design
and experimental data. The parameters for simulation of permeable pavement with the SWMM model are taken from the literature
[42]. It is worth mentioning that the permeable pavement is set at the same thickness as ITPB in order to ensure comparability between
pavements. The water retention rate of ITPB is considered as the porosity (void/solid), while the average seepage rate of AC is
considered as the seepage rate of storage in LID model. The main parameters of ITPB are listed in Table 1. The details of SWMM
procedures are given by EPA’s SWMM manual [30]. The layout of the drainage networks in this area selected from the book Water
Pollution Control Engineering (Chinese edition 2014) and the SWMM-based regional generalization diagram is shown in MethodsX file.
Details of the setting parameters are also given in MethodsX file.
2.3.2. Design rainstorm
The ITPB is designed to cope with some of the stormwater brought by different rainfall events, such as once-in-a-decade or once-ina-century stormwater. The designed Chicago rainstorm is usually adopted in China for urban drainage design because of its consistent
and stable results [14,49]. According to the “Xi’an Hydrological Handbook”, we use the rainfall intensity formula of Xi’an (Eq. (4) and
Eq. (5)):
Table 1
Main parameters of ITPBs model.
LID layering

Parameter item

ITPB pavement

Surface

Berm height
Vegetation volume fraction
Surface roughness
Surface slope
thickness
Void ratio
Seepage rate
Clogging factor
Flow coefficient
Flow exponent
Offset

5 mm
0
0.05
2%
60 mm
0.45
79.59 mm/h
0
0.05
0.5
20

Storage

Underdrain
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i=

6.041 × (1 + 1.475 × log10 P)
(P ≤ 20years)
(t + 14.72)0.704

(4)

i=

15.2 × (1 + 1.125 × log10 P)
(P > 20years)
(t + 21.5)0.870

(5)

where: i is the design storm intensity, mm/min; t is the rain duration, min; and P is the design return period.
In order to study the effect of ITPB on flood reduction under different stormwater, the return period is calculated as 2, 5, 10, 20, 50
and 100 years according to formula (4) and formula (5) . The design rainstorm lasts 120 min. The Chicago hyetograph method is used
to calculate the rainfall process at a 1 min time step and the peak time point r was set as 0.4 [14,49]. After simulating the stormwater,
the changes of runoff volume, runoff coefficient, infiltration rate, and peak time are analyzed and compared for six different return
periods.
2.4. Compressive bearing capacity test
The electronic universal testing machine (CMT5105) was used to test the compression resistance of brick material samples at a
loading rate of 810 N/s, and structural compressive strength of ITPB tested at a loading rate of 4979.6 N/s. The compressive strength of
AC and ITPB was calculated according to the following formula:
(6)

CS = SF/BA
2

where: CS is the compressive strength, MPa; SF is the Specimen failure load, N; and BA is the Specimen bearing area, mm .
3. Results
3.1. Water absorption capacity of the materials
The water absorption capacity (vol%) of AC, the volume of water that can be absorbed per unit volume of AC, is shown in Fig. 2. The
water retention experiment found that when immersion in water for 120 min (Fig. 2), the absorption effect from each AC starts to
stabilize. Results indicate that the AC can adsorb 31.1–37.6 vol% with different SAP concentration after 120 min (Fig. 2a), and the
hydraulic conductivity was calculated to vary between 34.59 and 74.8 mm/h for different ACs. It can be seen from the experimental
results that the water absorption capacity is not in strict positive correlation with SAP concentration. The adsorption capacity peaked
when content of SAP is 55 mg/cm3, the main reason is that the higher content of SAP can plugging material voids.
The ITPB with 55 mg/cm3 SAP dosage was prepared to study its water storage properties (Fig. 2b). It is worth mentioning that the
water absorption capacity and water retention of the ITPB include the volume of the cavity (the tube) in the brick. Form the result, we
can find that the water content of ITPB gradually increased with time, but the average seepage rate decreased significantly, and ITPB
had a better water storage performance at smaller time. In order to further study the flood prevention performance of ITPB, the feature
data of ITPB were set as LID parameters input to the SWMM model for simulation analysis.
3.2. Analysis of urban waterlogging prevention performance of ITPBs
In order to study and compare the influence of ITPB pavement, hardened pavement, and permeable pavement on stormwater

Fig. 2. (a) Water absorption ability of absorbent concrete and (b) absorption characteristics of ITPB.
4

Case Studies in Construction Materials 17 (2022) e01236

P. Luo et al.

runoff, the regional runoff volume and infiltration was obtained by simulation (Fig. 3a). For rainstorm with a more than 10 years return
period, the regional infiltration is maintained at about 3.5 mm on the hardened pavement, indicating that the hardened pavement has
no regulation function on stormwater in these conditions. When the storm return period is less than 10 years, the reduction effect of
ITPB pavement on runoff is the same as that of permeable pavement; when the storm return period is more than 10 years, the reduction
effect of ITPB pavement on runoff is stronger than that of permeable pavement. The time variation curve of runoff shown that the peak
value of the surface runoff of ITPB pavement is substantially less than that of the permeable pavement when the storm return period is
100 years but coincides with the permeable pavement at 2 years (Fig. 3b). These results indicate that the effect of ITPB on reducing
urban runoff is the same as that of permeable pavement in short storm return periods, while ITPB pavement is better in reducing the
peak value of rainfall-runoff than permeable pavement in long return period storms.
Similar to the above analysis, the maximum depth of a manhole in ITPB pavement is less than that of permeable pavement when the
storm return period is more than 10 years. Under ITPB pavement, the maximum manhole water depths were reduced by 52–96 %
which is more stable than permeable pavement (Fig. 3c). Table 2 shows the drainage network inflow under different pavements which
could found that the ITPB pavement can reduce the peak inflow at the manhole by 62.9 %, the total inflow by 65.6 % when the return
period storm is 100 years, while permeable pavement can only reduce it by 12.5 % and 54.9 %, respectively. Peak reduction effect of
ITPB pavement is apparent, especially for the rainfall under high storm return period. However, the difference between the two
pavements on the reduction of total inflow is not significant, at only 10.7 %. The difference may come from the infiltration or
accumulation of stormwater in brick inner tubes of ITPB in the later period of rainfall. It shows that ITPB pavement plays a more
significant role in regulating and storing stormwater and flood, reducing flood peak and reducing regional drainage pressure than
permeable pavement.
The urban underlying soil of a study area is set as loam and clay respectively to study and compare the runoff reduction effect of
ITPB pavement and permeable pavement under different soil conditions. As shown in Fig. 3d, the infiltration of permeable pavements
and ITPB pavements are always higher than that of hardened pavements. When the regional soil is loam, the infiltration of permeable
pavement and ITPB pavement are 4–9 times that of hardened pavement; when the regional soil is clay, the infiltration of permeable

Fig. 3. The (a) regional runoff and infiltration at different return periods; (b) time variation curve of designed rainstorm area runoff with 2 years
and 100 years return period; (c) maximum water depth of a manhole under different schemes; (d) runoff infiltration of a study area under different
soil properties.
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Table 2
Network flow under different pavements.
Return period
(year)

Hardened pavement
Maximum total inflow
(l/s)

Total inflow volume
(m3)

Permeable pavement
Maximum inflow
(l/s)

Total inflow volume
(m3)

ITPB pavement
Maximum inflow
(l/s)

Total inflow volume
(m3)

2
5
10
20
50
100

83.13
119
148.49
180.99
216.12
245.55

140
204
254
304
325
366

30.81
44.05
55.26
105.43
160.87
214.89

47.5
69.7
87.3
115
138
165

30.81
40.05
55.26
68.11
80.59
91.12

47.5
69.7
86.9
104
112
126

pavement and ITPB pavement are 16–37 times that of hardened pavement, but clay infiltration is lower than that of loam. When the
storm return period is less than 10 years, the stormwater infiltration of ITPB pavement in the clay area is similar to permeable
pavement. This is because the rainfall intensity is small in these conditions, and the rainfall depends on the brick infiltration. The brick
inner tube in ITPB pavement has not played a role of collecting stormwater yet, while the permeability of brick material (hydraulic
conductivity = 79.59 mm/h) is similar to the permeable pavement (hydraulic conductivity = 72–78 mm/h), so the infiltration of ITPB
is similar to permeable pavement. When the storm return period is longer than 10 years, due to the brick tube playing the role of water
storage and drainage, the infiltration of ITPB pavement is better than that of permeable pavement whether in loam or clay area.
Therefore, for long storm return periods (P ≥ 10 years), ITPB pavement can better reduce the runoff than permeable pavement.

Fig. 4. Compressive test: (a) and (b) compressive test of Materials; (c) and (d) compressive test of ITPB.
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3.3. Compressive bearing capacity test
In order to determine the feasibility and compressive bearing capacity of the actual pavement designed in this paper, the
compressive bearing capacity of bricks with different proportions was measured, and the compressive test of each group was carried
out at a loading rate of 810 N/s through the electronic universal testing machine (Fig. 4a). From this test, compressive bearing capacity
of the materials is lower than the hardened pavement. The maximum ultimate load of the blank group without SAP was 4461.5 N,
while the maximum ultimate load of the AC decreased from 2120.2 N to 1580.4 N with the content of SAP increased from 45 mg/cm3
to 65 mg/cm3. What’s more, the compressive strength of materials significantly decreased from 2.20 MPa to 1.05 MPa when SAP
added in the concrete. Hence, the mechanical properties of concrete deteriorated due to SAP incorporation.
When the ITPB was constructed by different materials, the maximum ultimate load of the ITPB fluctuated between 15,900 and
10,100 N which was higher than the ultimate load of the material itself. And the compressive strength of ITPB was also higher than the
AC. These results indicate that ITPB has better compressive performance even constructed by lower compressive resistance material.
However, according to the technical specification for pavement of water permeable brick (CJJ/T 188-2012) in China, the compressive
strength of permeable brick paving in parking lots and sidewalks needs to be at least 42 MPa and 35 MPa, respectively. This ITPB could
not retaining the features desired in a pavement with low compressive strength. Which should be noted is that the compressive strength
of concrete samples without adding SAP is only about 2 MPa. Thus, the small compressive strength may be caused by our concrete
making process and proportioning. It can be seen that it still needs to improve the material strength to put ITPB into use.
The curve in the Fig. 4c generally rises sharply after falling a tiny radian, which is because the experimental instrument did not stop
working after the brick structure was destroyed in the process of the experiment. And continued to press, and the plastic deformation of
the material occurred under the electronic universal testing machine. It is believed that there are a large number of pores in the
material, and the combination between cement and river sand is quite different from the existing cement mortar because of the ex
istence of resin. The material molecular structure is loose, and the force dispersion performance is good, so that it has plastic defor
mation under greater pressure.
3.4. Economic evaluation
For the practical application of the ITPB, economics is an important aspect. As we pointed out in the above-mentioned study, ITPB
provides more flood protection than permeable pavements in the construction of urban municipal flood protection facilities. In this
study, the cost of using hardened pavement, permeable pavement and ITPB pavement was evaluated (Table 3). As shown in Table 3,
the material cost of ITPB is 24.80 CNY which is lower than the permeable pavement when laying one square meter of pavement.
Therefore, the ITPB is more economical in urban flood control than permeable pavement.
4. Discussion
In low permeability soil (such as clay), the treatment capacity of permeable pavement would be reduced significantly [22,50,51].
Therefore, overflow and drainage structures were often equipped under permeable bricks in low permeability conditions [15,23,52,
53]. Some studies have shown that for low permeability areas, burying permeable pipes under permeable pavement could improve the
urban flood prevention effect of permeable pavements [52]. In our research, the ITPB can absorb water by the brick materials with
SAP. There is no need for the underlying soil to absorb and infiltrate water. The simulation results showed that with the high frequency
of storms, the effect of flood detention and peak staggering of ITPB pavement is better than that of the conventional permeable
pavement, and the comprehensive capacity of ITPB pavement is better than that of permeable pavement under extreme storms. In
summary, ITPB pavement can reduce the surface runoff better than permeable pavement on clay. Polymers dehydration under drying
conditions provides advantages for water permeability and retention during the next storm. Furthermore, brick materials with
water-retaining and permeable characteristics could alleviate the urban heat island effect, save energy consumption for urban cooling,
and maintain the surrounding ecological environment while mitigating urban flooding [54–57]. However, SAP could reduce the
compressive strength of brick material. Thus, further research is needed to preparate higher strength materials or inject concrete with
SAP into asphalt [58].
Noteworthy, the return period represents the average of the time interval between the return of an event in many trials. It is
important to note that the so-called "return periods" does not mean exactly how many years in the occurrence of once. The return
periods of hydrological phenomena has a statistical average concept, such as "one in a hundred years" rainfall does not mean that a
certain place rainfall is greater than the amount of this rainfall exactly once in a hundred years, in fact, maybe in a hundred years such a
Table 3
Material costs of three kinds of pavement.
Calculation basisa
Sand: 0.15 CNY/kg
Portland cement: 0.8 CNY/kg
Super Absorbent Polymer: 7.8 CNY/kg
a

Hardened pavement

Permeable pavement

ITPB pavement

2.57 CNY/m2
0.39 USD/m2

40 CNY/m2
6 USD/m2

24.80 CNY/m2
3.72 USD/m2

Price of material agents was according to http://www.alibaba.com/.
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value appears many times, maybe not once. But often rainfall with large recurrence periods can be very heavy and more prone to urban
flooding, which brings greater economic losses and therefore needs to be prevented as much as possible. This does not require that our
facilities have a life span of 50 or even 100 years. We consider it a success as long as it can solve any such heavy rain. Not to mention
that the ITPB functions the same as permeable pavement in the short return period.
5. Conclusion
This study mingles Super Absorbent Polymers (SAP) into concrete as the brick materials and changes the interior of pavement tiles
to reduce the risk of urban flood. The materials can adsorb 311–376 L/m3 with different SAP concentration materials. From the SWMM
simulation results, the ITPB pavement is better than permeable pavement in terms of flood prevention capacity and sustainable use
capacity, but still needs to improve the material strength to put ITPB into use. It should be noted that the declared values about the
simulation are valid in the study areas, further research is needed on the applicability of ITPB to the overall world.
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