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Abstract: With the great impetus of energy conservation and emission reduction policies in various countries, the proposal of concepts such as “Sponge City” and “Eco-City”, and the emphasis on restoration and governance of ecological environment day by day, portland cement porous concrete (PCPC), as a novel building material, has attracted more and more attention from scientific researchers and engineers. PCPC possesses the peculiar pore structure, which owns numerous functions like river embankment protection, vegetation greening as well as air-cleaning, and has been of wide application in different engineering fields. This paper reviews the salient properties of PCPC, detailedly expounds the research progress of domestic and foreign literature about this subject in the past ten years (2010–2020), conducts the statistical analysis of the distribution rule of its major properties around the world, combines with the engineering application to summarize the excellent properties of PCPC, and makes a forecast of future research direction.
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1  Introduction

With the development of the global economy, as well as resource scarcity and environmental deterioration due to the increasing population, the adverse effect of concrete, an indispensable man-made building material, on the environment cannot be neglected [1]. Thus, researchers often not only focus on the structural properties (Mechanical properties and durability properties) of concrete, but also attach importance to functional research on environmental protection and ecological balance [2]. Protecting the global environment and following the path of sustainable development has become a common concern all over the world. The pavement of conventional concrete brings a lot of convenience and security assurance to mankind, but it will not only generate a great deal of carbon dioxide during the production process, but also impede the natural process of the hydrologic cycle, easily leading to runoff and water contamination [3]. In the meantime, the solar heat absorption of the road will dramatically elevate the temperature of the area [4]. Over the past few decades, various countries in the world have researched and developed many substitutive approaches to ease these environmental issues, especially in water treatment. On this background, concepts such as Sustainable Urban Drainage System (SUDS) as well as rain and sewage diversion have been proposed one after another, and PCPC has emerged as a novel material in the engineering field [5]. As an important material basis for sponge city, PCPC has good water permeability, which can effectively relieve the flood discharge pressure of urban drainage system, and at the same time reduce groundwater, and alleviate geological disasters such as geological subsidence and surface collapse caused by groundwater overmining. PCPC can not only meet the requirements of human activities for the use of hardened ground, but also has the same ecological advantages as natural lawn and soil ground, reflecting the concept of sustainable development of symbiosis with the environment.

In terms of composition materials, PCPC, similar to normal concrete, is also made up of aggregates, cement, water, admixtures, and additives; from the view of bonding, it consists of a thin layer of cement mortar wrapped around the surface of the coarse aggregate, which cements the coarse aggregate together [6]. Due to the splendid ecological efficiency of PCPC, it is currently principally used in pervious roadbed and slope protection projects to come true functions such as vegetation greening, coexistence of organisms, off-gas absorption, water quality purification, and remission of the urban heat island effect, satisfying the demands of modern green engineering [7]. On account of the above factors, the fundamental purpose of this paper is to review the salient properties and applications of PCPC, including preparation process, penetrating quality, mechanical property, durability, and environmental (heat absorption, air-cleaning, and water quality) characteristics (Fig. 1). Thus, this paper conducts an extensive review and summary of the related research on PCPC in the past ten years and determines the major trend and research orientation for the future development of this field on the strength of scientific statistics, discussion, and analysis.
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Figure 1: Main functions of PCPC

2  Literature Review and Engineering Application

2.1 Literature Review

This section collects the primary research on PCPC in the past decade, referring to 14 aspects (Table 1). These properties and functions represent the dominant factors that can be analyzed in the application of PCPC in roadbed and side slope, and are also some of the functional properties that scientific researchers are most interested in in the past decade, including permeability, mechanical property, and environmental effects [8].
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Hydraulic property refers to the excellent capacity of PCPC to penetrate or reserve water due to the continuous, interconnected pores [9]. Durability refers to the structural damage of PCPC due to the influence of the external environment during the use in pavement and side slopes. For example, when PCPC is used in slope protection of river embankment, its surface is in the alternation of wetting and drying for a long time as the tide rises and falls, and PCPC is liable to the damage of freezing and thawing cycle [10]. Mechanical properties are chiefly divided into four aspects: compressive strength, tensile strength, bending strength, and fatigue properties. The environmental field mainly contains five aspects, such as photocatalysis and vegetation greening. The proportion of publications is increasing with each passing year, which means that scientific researchers are paying more and more attention to the environmental field. It is also the goal that various countries in the world are struggling for carbon neutrality [11].

All literature achievements in this paper are derived from Scopus database and CNKI database (to avert repetition, Chinese literature is excluded during Scopus database indexing, and only Chinese literature is searched in CNKI database), and the literature from 2010 to 2020 is obtained by searching keywords. A total of 3318 publications were found, of which 2811 are from Scopus database and 507 from CNKI database. The total number of publications applied to the engineering field is 864. From Scopus, the number of publications related to pavement engineering, side slope engineering, and vegetation greening engineering is 517, 49, and 26, respectively. From CNKI, the number of publications related to pavement engineering, side slope engineering, and vegetation greening engineering is 113, 51, and 109, respectively. It is not difficult to find that in the known publications, American and European countries principally use PCPC for pavement permeation, which is what we often call “pervious concrete pavement (PCP)”. However, Southeast Asian countries represented by China chiefly apply PCPC to side slope protection, on this basis, combining with soil matrix and vegetation planting to form “porous vegetation concrete (PVC)” [12]. The formation of this phenomenon is principally caused by the geographic location differences of the two regions: there are many plains in America and Europe, and the population is dense in cities and towns, so the requirements for urban drainage are relatively high; plains in Southeast Asia are relatively few, and the distribution of rivers and lakes is wide, so there are many studies on the slope protection of river embankment [13,14]. The literature in this paper principally synthesizes several characteristic research and seeks the relationship between them. For instance, some literature verifies the relationship between the compressive strength and porosity of PCPC via experiments and set the target porosity to optimize and gain the mix proportion with optimal mechanical properties [15]. In summary, domestic and foreign scholars have done the most research on the mechanical properties, hydraulic characteristics, and corresponding numerical simulations of PCPC in the past decade. To describe PCPC better, this paper divides PCPC into the following three categories in terms of function: PCP; PVC; WPC (water purification concrete). The paper mainly reviews PCP and PVC.

According to the results in the literature review, this section analyzes and discusses the relationship among published countries, corresponding years, and relevant characteristics of publications about PCPC.

In the past decade, the major research on PCPC has focused on five fields: hydraulic performance, mechanical property, durability, environmental effect, and numerical simulation. Fig. 2 shows the 864-literature found in Scopus database and CNKI database since 2010. The distribution of years is shown according to the traits of the fields they study. Hydraulic property is the most extensively studied factor in this direction, and mechanical property is in second place. Specifically speaking, among the 864 papers found in the two databases, 36% of the papers refer to the study of the hydraulic property of PCPC, 29% of the papers involve the study of its mechanical property, and 13% of the papers are related to its function of vegetation slope protection, as shown in Fig. 3. As many as 185 papers have investigated the relationship between compressive strength and permeability in an attempt to obtain maximum infiltration capacity without affecting the compressive strength of pavements via adopting different kinds of additives, aggregates, and water cement ratios. In other words, about 85% of the literature studying the mechanical properties of PCPC relates to water permeability and gives priority to water permeability all the time. Additionally, research on environment and security features is still deficient, but these features are considered vital, as shown in Fig. 3. Only 6% of publications involve durability, 4% refer to the mitigation of heat island effect, and 2% are related to photocatalysis.
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Figure 2: Time distribution of the number of publications on the main properties of PCPC
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Figure 3: Research on characteristics of PCPC in recent ten years

Fig. 4 shows the 10 countries possessing the most publications on PCPC. There into, most publications on the subject come from America and China. The difference, however, is that these properties studied by China are dispersive, yet America primarily focuses on hydraulic and mechanical properties. This may be related to China’s vigorous development of ecological construction in the past few years. These environmental issues make people start to pay attention and seek corresponding solutions.
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Figure 4: Spatial distribution of the number of publications on the main characteristics of PCPC

2.2 Engineering Application

PCPC is a novel concrete that can protect the ecological environment and ensure harmonious development between humans and nature. The application of this material in side slope protection not only enhances the capacity of watercourse side slopes to resist current scour, but also realizes vegetation greening, protecting and ameliorating the river ecosystem. The application of this material in pavement engineering and constructed wetland engineering can come true functions such as ventilation and water permeability, as well as water quality purification.

In the project of side slope protection, the internal pores of the PCPC have a large size and can interconnect. After the plants attached to its surface take root and sprout, their roots can penetrate the concrete and reach the underneath soil, creating conditions for the continued survival of plants. In the previous pavement application, the PCPC surface is relatively coarse and possesses a continuous pore structure, which makes the pavement have functions such as ventilation, water permeability, skid resistance, and water quality purification, effectually maintaining the balance of groundwater resources.

2.2.1 Pervious Pavement (Fig. 5)

(1)   The colored antiwear layer on the surface of the PCP will not clog the pores, with excellent water permeability. Even on rainy days, there is no water-logging, guaranteeing the security and comfort of pedestrians.

(2)   The PCP is bright in color and long in service life, which strengthens the landscape effect of the pavement.
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Figure 5: Pervious pavement

2.2.2 Ecological Parking Spot of Sponge City (Fig. 6)

(1)   PVC possesses strong water permeability, which can efficaciously filter and purify rainwater, remove detrimental impurities generated by water bodies, and elevate the ecological environment within the scope of the engineering.

(2)   It has the effect of dust decrease, noise reduction, and purification on vehicle exhaust.

(3)   The overall greening effect is sound, playing a positive, exemplary role in the construction of a sponge city.
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Figure 6: Ecological parking space

2.2.3 Ecological Slope Protection (Fig. 7)

(1)   The PVC possesses excellent ventilation and water permeability, and can carry out free drainage, so the porous concrete itself and the slope surface have preferable stability.

(2)   In this project, the factors of the current scour are taken into account, and the aggregate grading and cement dosage are reasonably determined. Currently, the concrete itself has no great damage except that the partial soil body of the vegetation side slope is scoured.

(3)   The effect of vegetation greening is well, and all technical indicators gratify the engineering requirements.
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Figure 7: Application of PVC in ecological slope protection

3  Preparation Technology and Pore Characteristics

PCPC is a peculiar engineering structural material. In practical engineering applications, other than the strength factors, it is also necessary to take into account properties such as water permeability and freezing resistance, which are closely related to the physical properties of PCPC (porosity and pH) and the nature of raw materials.

PCPC is composed of three parts: aggregate, cement mortar, and pores. Therefore, some scholars regard it as a three-phase composition. The solid-state component is coarse aggregate, the liquid-state component is cement mortar, and the gaseous-state component is pores. According to the features of pore structure, PCPC can be reviewed as the composition of coarse aggregates in a close packing state evenly wrapped by a thin layer of cement mortar [16]. Thus, the key part of the preparation principle of PC is to control the thickness of the thin layer of cement mortar. Around 1 mm is optimum. The thin layer makes the surface of coarse aggregate particles bond together, forming a honeycomb structure after hardening. And the pores between aggregates can interconnect [17].

Due to the need to guarantee the connectivity of pores and meet the strength index, the preparation process and performance of PCPC are more stringent compared with those of normal concrete. The mean dosage of the components of PCPC is shown in Table 2.
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3.1 Raw Materials

3.1.1 Coarse Aggregate

PCPC often adopts the coarse aggregate as follows: broken stone, cobble, ceramsite, recycled aggregate prepared from waste concrete, and the like. In the case of the same aggregate grain diameter and grading, the broken stone has large porosity, excellent water permeability, a coarse surface that is easy for hanging grout, and cheap price, so it should be the first choice; cobble owns a relatively smooth surface, which is not suitable for hanging slurry, so it can be applied to PVC with low requirement for strength; the industrial and mineral waste residue aggregates, such as ceramsite, recycled aggregate prepared from waste concrete, and coal gangue, should be distinguished the types. Special selection or partial substitution with broken stone can be adopted to come true resource utilization of waste. Meanwhile, the appropriate application site should be taken into account [23]. And the influence of factors like hydroscopicity, rock flour content, and weathered stone on the performance of porous ecological concrete should also be considered.

The maximum grain diameter of PCPC commonly does not exceed 40 mm. Distinct aggregate grain diameters are selected on the grounds of different functions of PCPC, as shown in Table 3. Coarse aggregates are classified into continuous grading, interrupted grading, and single grading. From the perspective of water permeability, single grading is superior to interrupted grading and continuous grading; from the angle of mechanical properties, single grading is inferior to interrupted grading and continuous grading [24]. In practical engineering applications, the option should be made according to the specific circumstance. Generally, single grading is the priority selection, and interrupted grading can also meet the conditions. But continuous grading usually does not satisfy the requirements. Screening should be conducted before use. The selected coarse aggregate should account for 40% of the total volume in the stacking state
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3.1.2 Cement

For PCPC, the normal silicate cement that met the requirements of national standards is usually selected. For the preparation of concrete above C30, cement with a strength grade of P.O. 42.5 and above should be selected. In practical engineering applications, cement with a strength grade of P.O. 42.5 is generally chosen to assure the strength requirements and convenience for use. Some scholars also choose low alkalinity sulphoaluminate cement in order to facilitate the growth of plants in the PVC, but the promotion and use cannot be conducted due to the high cost.

3.1.3 Fine Aggregate

To effectively guarantee the porosity of PCPC, no or small amount of fine aggregate is added in the preparation process (The addition of fine aggregate is easy to cause the pore blockage of PCPC, resulting in the complete failure of its water seepage function).

3.1.4 Admixture

The major admixtures of PCPC are flyash, mineral powder, and silica fume. These three admixtures can replace cement in a certain proportion to lessen the cost of materials. Meanwhile, they can also improve the workability of PCPC and lift the durability.

(1)   Fly ash

Fly ash is the dust collected from flue gas after pulverized coal is burned in coal-fired power plants. The main components of fly ash are silicon dioxide, alumina, ferric oxide, calcium oxide and sulfur oxide. Fly ash can replace cement in a certain proportion, reduce material consumption and cost, improve workability of PCPC, optimize interface transition zone, and improve later hardening strength and durability.

(2)   Silica fume

Silica fume is absorbed and reused by industrial silicon in the process of production. Silica fume is the main component of silica, the content of 85%–95%. Silica powder has a high activity, and it can be used with high efficiency water reducing agent at the same time, which can effectively improve the compressive strength and wear resistance of PCPC, especially in the condition of sulfate erosion, which can significantly improve the durability of the material.

(3)   Ore powder

The main components of ore powder are silicon dioxide, alumina and calcium oxide. Adding a certain amount of mineral powder into porous coagulation can greatly reduce the cost and improve the strength.

(4)   Other admixtures

The modification of PCPC by admixtures has become a hot research field and is also one of the main aspects of PCPC research. In addition to the three conventional admixtures mentioned above, the main admixtures in existing studies are as follows: rubber, fiber, polymer, shell powder, etc. Most of the research is still in the experimental stage, mainly aimed at optimizing the mix ratio of PCPC and improving its strength and durability without affecting its water permeability.

3.1.5 Additive

Currently, polycarboxylate superplasticizer is widely used, which can efficaciously promote the hydration reaction of cement and strengthen the adhesive property between cement mortar and coarse aggregate.

3.2 Mix Proportion

According to the literature, the current design methods for the mix proportion of normal concrete principally include the gravimetric method, the specific surface area method, and the volumetric method. In accordance with the pore structure traits of PCPC, most researchers adopt the volumetric method to calculate the mix proportion, namely [29]:


Mgρg + Mcρc + Mfρf + Mwρw + Maρa + Rvoid=1

In the formula, 
Mg
is the dosage of coarse aggregate in 
1 m3
PCPC, 
Mc
is the dosage of cement in 
1 m3
PCPC, 
Mf
is the dosage of admixture in 
1 m3
PCPC, 
Mw
is the dosage of water in 
1 m3
PCPC, 
Ma
is the dosage of additive in 
1 m3
PCPC e, 
ρg
is the compact stacking density of coarse aggregate, 
ρc
is the density of cement, 
ρf
is the density of admixture, 
ρw
is the density of water, 
ρa
is the density of additive, and 
Rvoid
is the design porosity. On the basis of the above formula, the component parameters are determined, respectively: the dosage of coarse aggregate per unit volume, the volume of cementitious slurry, the water-binder ratio, the dosage of cement per unit volume, the dosage of water per unit volume, and the dosage of additive per unit volume. According to the above, this paper reviews the conventional benchmark mix proportion of three different types of PCPC, as shown in Tables 4–6 [30–33].
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Based on the characteristics of large pores and low strength of PCPC, the modification of porous concrete by admixtures has become a research hotspot, and it is also the main aspect of PCPC research. The main admixtures in the existing literature are: fly ash, mineral powder, silica fume, fiber, slag, recycled aggregate, shell powder, asphalt, polymer, etc.

Sun [34] studied the performance of fly ash and silica fume modified PCP by orthogonal test. The final parameters of the test results were as follows: when the target porosity was 16%, the water-binder ratio was 0.32, the silica fume content was 5%, and the fly ash content was 10%, the compressive strength of PCP could reach 30 MPa, and the permeability coefficient was 1.24 mm/s. Aoki et al. [35] studied the compressive strength and permeability of fly ash PCP. The results showed that the compressive strength of 20% fly ash modified PCP decreased by 12.7%, but had no significant influence on permeability. According to the relationship between porosity and strength of PVC, Huang et al. [36] studied the influence of different mineral admixtures, different particle size aggregates and different porosity on the strength of PVC. The results show that the enhancement of three kinds of admixtures on planting concrete is silica fume > fly ash > mineral powder, and fly ash can effectively improve the workability of PVC. Tang et al. [37] prepared PVC with ordinary Portland cement, low-alkali sulphoaluminate cement and ordinary Portland cement-straw powder. The results showed that the compressive strength of PVC prepared with low-alkali sulphoaluminate cement was not weaker than that of ordinary Portland cement, and the concrete under the condition of reducing alkali was more suitable for plant growth. The compressive strength of ordinary Portland cement-straw powder modified was lower than that of ordinary Portland cement, but the straw powder could provide certain nutrients for plant growth in the later stage. Wu [38] studied the strength and permeability of rubber aggregate PCP. The rubber particles with an average particle size of 1 mm were added by the external mixing method. The test results showed that the strength of PCP increased by 11.9% and 18.4% with the addition of 25 and 50 kg/m3 rubber particles, respectively. Yu et al. [39] studied the compressive strength and permeability coefficient of PCP mixed with steel slag and fly ash. The composite use of fly ash, steel slag and cement on the test surface as cementing materials promoted the hydration reaction of various materials. When the fly ash content was 15% and the steel slag content was 10%, the 28-day compressive strength and permeability coefficient of PCP were high. Singh et al. [40] added 0.33%, 0.65% and 1% of glass fiber and carbon fiber into PCP, respectively. The test results show that the flexural strength can be increased by about 2% and 5% respectively by adding 0.33% of glass fiber and 1% of carbon fiber, and the tensile strength can be reduced by 21% and 9%–16%, respectively. The compressive strength of glass fiber modified PCP can be increased by 10%–23% on the original basis, and the compressive strength of carbon fiber modified group is reduced by 6% compared with the control group. Sun [41] adopted lightweight clay ceramsite and high-strength ceramsite as aggregate, cement paste and resin as aggregate binder, respectively. The compressive strength and permeability coefficient of PCP were tested and studied. The results showed that the compressive strength of PCP under the same cementation condition was as follows: high-strength ceramsite > crushed stone aggregate > lightweight ceramsite, and the permeability coefficient was as follows: lightweight ceramsite > high-strength ceramsite > crushed stone aggregate. Giustozzi [42] did experimental research on four kinds of polymer modified PCP. The results showed that the incorporation of surface polymer significantly improved the flexural strength and stiffness of PCP, but had no effect on the porosity and permeability. The modification effect of vinyl acetate was the best, followed by ethylene-vinyl acetate.

In summary, many scholars have studied the mechanical properties of PCPC modified by admixtures, and analyzed the influence of different admixtures as cementitious materials on the basic physical and mechanical properties of PCPC. The particle size of fly ash and silica fume is smaller than cement, and the content is low, which has little effect on the permeability of PCPC, but can significantly improve the strength of PCPC; rubber can improve the deformation capacity and mechanical properties of PCPC; mineral powder, recycled aggregate, steel slag and shell powder are mainly considered from the perspective of waste recycling, and there are inconsistent conclusions on the influence of them on the mechanical properties of concrete. Fiber modified PCPC has good strength performance.

3.3 Compaction Method

For indoor tests, the molding of PCP specimens generally adopts three compaction methods: vibration, static pressure and beating. When static pressure molding is adopted, the porosity in PCP specimens increases from bottom to top, because the aggregate is embedded and extruded from top to bottom under static pressure. When vibration molding is used, the porosity of the specimen decreases from top to bottom, and the difference between the porosity of the lower part and the porosity of the upper part is large. The porosity of the lower part of the specimen is mostly less than 5%, and the blockage phenomenon is serious, which seriously affects the permeability of PCP. Due to the dry hardness of PCP mixture, the large holes that may exist in the specimen during beating molding are not easy to become smaller, and the strength is difficult to control. However, compared with the other two methods, this method is not easy to precipitate, and the porosity is guaranteed. Therefore, it is generally applicable to the molding of PVC. Therefore, the molding of PCP is generally carried out by static pressure molding. At this time, the coarse aggregate is squeezed into each other, and the contact points between them are significantly increased. Under the occlusion of the displacement of coarse aggregate and the deformation of cement mortar layer, the PCP has a pore structure with connected pores and relatively uniform distribution of pores.

3.4 Pore Characteristics

At present, there are few reports on pore structure characteristics of PCPC. It can be seen from the Fig. 8 that the structure of PCPC is mainly composed of aggregate, cement paste and pores. The cement paste evenly encapsulates the coarse aggregate and fully binds it. However, the pore structure characteristics of general concrete and rock materials have been studied deeply. Through relevant investigations, it is found that there are two main methods for pore structure model simulation of concrete materials [43]: One is to establish random aggregate model of concrete materials by using random bone placement algorithm; Second, using digital image processing technology, Construct the real meso model of concrete materials. The pore structure of porous eco-concrete plays an important role in its physical and mechanical properties, permeability and durability. Therefore, the determination of internal pore structure parameters is a prerequisite to study the relationship between microscopical and macroscopic properties of PCVC and to explore the influence of external erosion environment on its properties. The pore structure parameters of PCPC mainly include porosity, aggregate spacing, pore shape, pore size and pore connectivity.
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Figure 8: Section structure of PCPC

Based on the random aggregate model is round, the rules of the internal random porous materials on the spherical pore (simulated aggregate) or other shapes, and there is bigger difference, the actual characteristics of the aggregate PCPC internal cannot reflect the actual mesoscopic structure, numerical simulation of its mechanical certainly cannot restore its true condition. Therefore, relevant scholars proposed the use of digital image processing technology to establish the pore structure model of concrete materials, and then basically carried out mechanical numerical simulation. For example, Qin et al. [44] applied digital image technology and MATLAB image processing tools to study boundary extraction of two-dimensional concrete aggregate, and established a mesoscale concrete calculation model by using ABAQUS to simulate aggregate. Xu [45] proposed the pore structure parameters of PCPC, measured the pore size of PCPC, analyzed the change of pore size distribution in PCPC under different porosity, water-cement ratio and gradation, and extracted the coarse aggregate boundary and cement slurry boundary by digital image method, and established a numerical aggregate model. The distribution of aggregate, porosity and cement mortar in PCPC is reflected. Therefore, in order to truly characterize the internal microscopic pore structure of PCPC and accurately study the macroscopic properties of PCPC, the two-dimensional and three-dimensional structure models of PCPC are constructed based on image processing technology. The model constructed by image processing technology is more similar to the pore structure of the actual PCPC, and accurately describes its internal pore structure characteristics. It provides an effective model for the finite element method to study the pore structure, mechanical properties, water permeability and plant growth of PCPC. It provides an effective method for numerical simulation of mechanical properties of PCPC.

4  Pervious Concrete Pavement (PCP)

PCP is a sort of PCPC. Generally, PCP refers to the PCPC used for ground pavement, which meets the pavement construction performance and requirements. Pervious pavement usually has 15%∼25% connected pores. When the PCP is used for ground pavement, under normal circumstances, the amount of water permeability can achieve 
200L/(m2⋅min)
, with the permeability coefficient of 
≥1mm/s
, having remarkable benefits in the ecological environment [46,47].

4.1 Penetrating Quality

The permeability of PCP is one of its most significant properties, and is an indirect way to qualitatively determine how internal pores connect (see Fig. 9). In general, the water permeability capacity of PCP is usually measured by the permeation coefficient, which is one of the most important indicators. However, the assay approaches of permeation coefficient are not unified at home and abroad [48]. The existing concrete permeability test device is only suitable for ordinary concrete with low permeability (flow rate is less than 0.01 
mm/s
). Although some testing devices have been designed for permeable concrete with large porosity and strong permeability, there are still some defects and insufficient testing accuracy. At present, the biggest defect of PCP permeability coefficient test device is that the leakage problem of specimen side wall is not fully considered. This is because a large number of open pores are distributed on the surface of PCP specimens. These pores are directly connected with the sidewall to form an open channel. Water is easy to flow out of the channel, thus changing the seepage path and making the measured permeability coefficient larger. Liu et al. [49] tried to seal the contact between the end of the specimen and the inner wall of the sleeve, which reduced the leakage to a certain extent, but the open channel of the main body of the specimen side still existed, and the test results were still too large. Lee et al. [50] developed a device suitable for accurate measurement of permeability coefficient of PCP (Patent No. ZL201120452399.9). The advantage of this device is that it can prevent leakage of sidewall, and it is simple to operate, low in price and high in test accuracy.
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Figure 9: PCP drainage capabilities

The porosity of PCP refers to the remaining part of the total volume of concrete after deducting the actual part. It consists of three parts: connected pores, semi-connected pores, and sealed pores. Connected pores are the pores connected with each other; sealed pores are those that are disconnected and isolated from other pores; semi-connected pores are also called dead pores, which are connected to other pores at one end, and closed at the other end [51]. From the angle of drainage, pores are divided into effective pores and ineffective pores. Effective pores refer to the pores that can go through water and discharge water. From the perspective of water flow, just pores interconnected and not occupied by water are effective. The water in the semi-connected pores is relatively stagnant. But the semi-connected pores act as the buffer when draining, so they are also effective. Thus, the effective pores are composed of connected pores and semi-connected pores, and the sealed pores are ineffective pores [52].

For the indoor experiment, three compaction approaches including vibration, static pressure, and flapping are usually used for the moulding of PCP test specimen. When static pressure moulding is adopted, the porosity in the test specimen of PCP increases successively from bottom to top, because the aggregates are embedded and squeezed from top to bottom under the action of static pressure. When vibration moulding is used, the porosity of the test specimen becomes smaller from top to bottom, the difference value of porosity between the lower part and the upper part is large. The porosity of the lower part of the test specimen is usually less than 5%, and the phenomenon of clogging is severe, which seriously influences the water permeability of PCP. Due to the dry and hard nature of the PCP admixture, the large pores that may exist inside the test specimen are not easy to become smaller during moulding through flapping, and the strength is difficult to control. However, compared with the other two approaches, this approach is less liable to appear slurry sinking phenomenon, which guarantees the porosity, so it is generally appropriate for moulding of PVC. Thus, for the moulding of PCP, the approach of static pressure moulding is often adopted. At the moment, the coarse aggregates are squeezed and embedded into each other, and the contact points between them significantly increase. Under the interlocking action of coarse aggregate displacement and cement mortar layer deformation, PCP gains interconnected pores as well as the evenly distributed pore structure [53].

For pervious pavement engineering, PCP is extensively used on sidewalks and low-load roads. According to relevant statistical materials, this approach can augment the surface pervious area of existing urban regions by 6%. But, as time goes on, foreign particles lower the permeability of roads, ultimately leading to blockages [54]. Thus, cleaning and removal of deposit sediment at regular intervals is also one of the ways to ensure the sustainable function of PCP.

4.2 Mechanical Properties

Under the condition of gratifying a certain capacity of water permeability, PCP must also meet the requirements of fundamental mechanical properties, which will determine its development prospects in pavement engineering. For normal concrete, once the strength of the aggregate is determined, the bottommost measure to enhance the strength of the concrete is improving the slurry strength of the cementing material; for PCP, due to its point-contact porous structure, the aggregate itself is high in strength, and the cementing layer between aggregate is relatively weak, which limits the strength of concrete. In other words, compared with normal concrete, the enhancement of slurry strength makes relatively little contribution to the improvement of the overall strength of concrete. The strength of PCP is affected by multiple factors, and the major factors are: (1) the thickness of the slurry layer wrapping the aggregate; (2) the strength of the aggregate; (3) the strength of the slurry; (4) the grading of the aggregate; (5) preparation technology [55]. Table 7 sums up the mechanical properties of PCP with different admixtures in recent years.
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4.3 Durability

4.3.1 Freezing Resistance

Except for the load, the PCP used for the pavement also suffers the deterioration effect of the environment, such as current scour, solarization, erosion of rain, snow, wind, frost and water, as well as the effects of freezing, aridity and humidity, and acid and alkaline [62]. Thus, PCP should not only meet the general load-bearing of pavement, but also own certain durability. From the angle of practical engineering application, PCP suffers the most severe damage of freezing and thawing cycle. Under the action of the freezing and thawing cycle, the microstructure of PCP will alter, affecting its macro-mechanical properties. The long-term accumulation of freezing and thawing damage will ultimately lead to destruction.

Now, the durability of PCP is chiefly evaluated by the test of anti-frost property in the globe, but no engineering test standard has been formed. The research on the durability of PCP mostly remains in the indoor lab, and the experiment just targets a single factor. For example, the optimal mix proportion that can satisfy the freezing resistance of PCP can be acquired by controlling the admixture amount of different materials via the orthogonal experiment. As shown in Fig. 10, the 28-day compressive strength of pervious Portland cement porous concrete under different times of freezing and thawing cycles was tested by adding the PCP of the benchmark group with single-doped mineral powder, silica fume, and rubber, as well as double-doped silica fume and mineral powder, and silica fume and rubber, respectively. With the increase of freezing and thawing cycle period, the loss ratio of compressive strength rose little by little. After 25 freezing and thawing cycles, the loss ratio of the 28-day compressive strength of the benchmark group reached around 10%. After 50 freezing and thawing cycles, the loss ratio of compressive strength of the benchmark group test specimen achieved 22.1%, which was about twice the strength loss ratio of the double-doped silica fume and mineral powder group. After 75 freezing and thawing cycles, the strength loss ratio of the test specimen in the benchmark group reached 36%, far beyond the 25% required by the standard, yet the strength loss ratios of the other single-doped and double-doped groups were all less than 25%. After 100 freezing and thawing cycles, it could be found that the test specimens of most groups had been entirely destructed or approximately destroyed, whereas the strength loss ratio of the double-doped silica fume and rubber group was just 15.6%. From strong to weak, the sequence of the freezing resistance of the six groups of PCP was: double-doped silica fume and rubber group 
>
single-doped rubber group 
≥
double-doped silica fume and mineral powder 
>
single-doped mineral powder group 
>
single-doped silica fume group 
>
single-doped benchmark group.
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Figure 10: Relationship between the number of freeze-thaw cycles and compressive strength loss rate of PCP [63–67]

4.3.2 Fatigue Property

As pavement material, PCP will be subjected to repeated vehicle loads, and its fatigue performance is an important part of its durability. At present, there are few studies on the fatigue durability of PCP. Zhou et al. [68] studied the bending fatigue characteristics of polymer modified PCP. The aggregate used in the test was 27.5, 32.5 and 37.5 mm, the water-binder ratio was 0.32, and the polymer content was 10% of the water consumption.65 trabeculars were made for static bending test and fatigue bending test, the stress level was 0.65–0.85, and the stress ratio was 0.08, 0.2 and 0.5. The test results show that the fatigue life of specimens accords with two-parameter Weibull distribution, and the fatigue life equation coefficient is proposed. With the increase of aggregate particle size, the static strength and fatigue life of PCP decrease gradually. Zheng et al. [69] through indoor trabecular bending fatigue test, such as bending fatigue properties of PCP is studied, the study found that, the two parameter weibull distribution can be used to describe the permeable concrete fatigue life distribution, and thus established the fatigue life under the condition of different stress level and equivalent fatigue life equation, to calculate the fatigue stress coefficient and bending tensile strength structure coefficient. Wang et al. [70] using the acrylic class-poly carboxylic acid type water-soluble modifier on the single particle size of PCP modified and its properties of PCP three-point bending fatigue analysis, the effect of using weibull distribution with two parameters to simulate the distribution of fatigue life, and at the same time under the condition of different failure probability is established PCP fatigue life equation, the addition of modifier increases the fatigue life of PCP.

Chandrappa et al. [71] studied the influence of stress level and frequency on the fatigue life of PCP beams and established the fatigue life model of PCP beams. In the test, the fatigue load frequency is 2–10 Hz, and the stress level is 0.70, 0.75 and 0.80. Four-point bending fatigue test is adopted. The test results show that the fatigue life of PCP decreases with the increase of stress level under a certain load frequency, and there is a good functional relationship between the fatigue life and stress level. Compared with the load frequency, the fatigue life of PCP is more dependent on the stress level and flexural stiffness. The effect of load frequency on fatigue life is very small. The fatigue test data accord with three-parameter Weibull distribution and lognormal distribution. It can be seen from the strain curve of fatigue test that the failure strain of PCP is higher than that of ordinary concrete. Chandrappa et al. [72] also studied the influence of pore size and porosity on the fatigue performance of PCP and established a stiffness attenuation model of PCP. The results show that the crack surface porosity has a greater effect on fatigue life and stiffness than the volume porosity. The effect of large aperture on fatigue life is more significant than that of small aperture. Pindado et al. [73] conducted compression fatigue tests on polymer modified PCP with cylindrical specimens. The addition of polymer significantly improved the fatigue behavior at high stress levels, but the improvement was reduced at low stress levels. Chen et al. [74] studied the fracture toughness and fatigue performance of SJ-601 polymer modified pervious concrete. Under various stress levels, both fracture toughness and fatigue performance of polymer modified PCP were effectively improved.

4.4 Endothermic Function

Under the action of solar radiation, the evaporation process of water in the PCP of the road surface is similar to that of water in the soil. The water in the PCP overbrims the pavement surface. One type is the direct evaporation of the water on the pavement surface, and the other type is the evaporation of the water inside the connected pores of the pavement. The water evaporation of PCP pavement relies not only on the water content and internal structure of the pavement, but also on meteorological factors such as temperature, humidity, and wind speed. Some studies have discovered that, under the same environmental conditions, due to the coarse surface of PCP, the lighter weight of the same volume, and the larger connected pores, the temperature decrease rate of PCP is faster than that of conventional concrete, and the surface temperature range ability is also higher than that of conventional cement concrete. The coefficient of thermal conductivity, specific heat capacity, and density of PCP are small, resulting in a small coefficient of thermal storage [75].

Furthermore, the reflectivity of PCP is also lower than that of conventional concrete. Generally speaking, material reflectivity ranges from 0 to 1, the higher the indicator, the higher the solar reflectivity of the material. The reflectivity of traditional concrete is about 0.50, whereas the highest reflectivity of PCP can reach 0.29 (porosity of 17% and maximum aggregate size of 9.5 mm), which is conducive to reducing the heat island effect [76].

4.5 Purification Performance

PCP containing photocatalysts possesses the capacity of removing air pollutants. Similar to photosynthesis in plants, photocatalytic compounds can be used to capture and absorb organic and inorganic particles in the air and remove detrimental pollutants, such as oxynitride (NOx) [77]. Titanium dioxide (TiO2) is one of the photocatalytic materials that have been studied most. Because its cost is low and it can rapidly react without chemical reactants. Titanium dioxide can decompose gaseous pollutants in sunlight, therefore, it can be applied to the pavement, to efficaciously remove pollutants emitted by vehicles on the road. Additionally, due to the coarse surface and high porosity of PCP, it has a high specific surface area and can retain more titanium dioxide particles, helping PCP gain a better photocatalytic air-cleaning effect on sunny days [78].

Now, photocatalysts are mainly made into coatings on the market, which are applied to traditional concrete pavements. Some researchers have attempted to test the purifying effects of three coatings: plaster, whitewash, and transparent coating. Compared with the latter two (52% NOx removal rate of varnish, and 40% NOx removal rate of white paint), plaster obtains the best effect when using in pavement concrete (81% NOx removal rate) [79]. Although these experimental results are from studies of conventional concrete pavements, applying PCP to pavements is deemed to retain photocatalytic compounds better due to its higher porosity ratio. However, PCP for pavement may lose some of this capacity over time, as it is more susceptible to abrasion and current scour. However, the application of photocatalytic coatings on the PCP of pavement is not extensive, and most stay in the indoor test stage, so some scholars have begun to study the innovative applications of directly adding titanium dioxide into the mixture. One of them is to evenly mix water with a certain amount of titanium dioxide. Then paint the PCP surface. This method has been proved that can absorb and reduce a large amount of NO (97.14%), methylbenzene (91.98%), and tetramethylbenzidine (TMB, 96.34%) [80]. However, the coating was found to be fragile and easily scoured by water. Another approach is called the cement-water slurry method, which consists of a thinner layer of cement slurry and contains small amounts of cement and titanium dioxide. Through this method, the removal rate of NO, methylbenzene, and TMB can reach 96.94%, 78.82%, and 97.26%, respectively. Nevertheless, this approach leads to a substantial reduction in permeability [81].

5  Porous Vegetation Concrete (PVC)

PVC, one type of PCPC, is concrete with large pores, with porosity of 20%∼35%. Most pore diameters are above 10 mm. The skeleton composed of cementing materials and aggregates is its load bearing part, and the pores are the spaces in which plant roots grow. Most pores are ventilated, pervious, connected, and large, allowing the root system that grows in them to reach the underneath soil layer (see Fig. 11) [82]. PVC can be divided into normal PVC and light PVC according to its use. The former has a certain load bearing capacity and is mostly used for slope protection of river embankments, dams, canals and roads, as well as parking lots. The latter is chiefly used for vegetation rooftops. The raw materials, structures, and performance indicators of PVC for different purposes are quite different.
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Figure 11: PVC root development [83]

5.1 Penetrating Quality

For PVC, the core principle of its design is to enlarge the water permeability of PVC, decrease water loss, and guarantee the growth of green plants on the premise of assuring the basic mechanical properties of the structure, to reach a state of natural ecological balance.

The permeation coefficient is a direct, efficacious indicator to characterize the water permeability of the PVC. The water permeability, on the one hand, reflects the capacity of the PVC to absorb rainwater and snow water for plant growth, and on the other hand, it can also reflect the capacity of the PVC to meet the nutrient exchange between the plant root system and the ambient environment. The permeation coefficient should not be too large. If it is too large, the filling soil and the nutrients in the filling soil will easily run off; if it is too small, the water-holding capacity and water exchange capacity of the PVC will bring down. Keeping a rational permeation coefficient can ensure the needs of plant growth and reduce the alkalinity of pores.

To study the influence of the planting process on the PVC, some scholars set up test experiments under distinct porosity and aggregate grading. The permeation coefficient of PVC, the permeation coefficient after perfusing pore vegetation substrate and covering 2 cm surface layer substrate, and the permeation coefficient after 30-day plant growth were tested step by step. The water cement ratio is 0.25, and the test specimen is a cylinder with a bottom diameter of 100 mm and a height of 150 mm, as shown in Table 8.
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According to the table, the permeation coefficient of PVC shows a significant uptrend with the increase of porosity. Hence, the design of porosity is one of the significant factors influencing the permeation coefficient of PVC. Moreover, the permeation coefficient of concrete dropped dramatically after covering the soil. The permeability after planting was almost the same as that after covering soil, and in both cases, the phenomenon that the permeation coefficient rose with the increase of porosity was not significant. Generally, for the PVC after planting, the permeation coefficient must reach more than 1 mm/s, so as to offer the necessary water and nutrients for plant root growth, and to possess the functions including water retention, drainage, and ventilation.

5.2 Mechanical Properties

In different engineering applications, the emphasis on the mechanical properties of PVC is distinct. In the situation of pavement or in the case that needs to meet a certain load, the requirements for compressive strength and flexural strength are high, yet the demands for tensile strength are low. Generally, on two sides of the watercourse side slope, only the compressive strength is taken as the design index.

These mechanical properties are often closely bound up with the mix proportion of the PVC. Its porous structure is formed by the point-to-point force between the coarse aggregate inside the concrete and the cement mortar. The strength of the cement mortar directly affects the strength of the concrete. Influencing factors such as water cement ratio, water-binder ratio, and additives can all alter the strength of concrete. In the meantime, the porosity also restricts the strength properties of the PVC. In engineering applications, the rhizomes of plants play a penetrating and connecting role on the surface matrix soil layer and the PVC over time, which results in the reinforcement effect on the whole concrete structure. To a certain extent, the mechanical properties and stability are improved [85].

In general, the original intention of the design of PVC is mainly embodied in the function like vegetation greening, with low requirements for mechanical properties. In current engineering applications, the 28-day compressive strength of PVC is generally 10∼20 Mpa, and the 28-day flexural strength is usually between 1.5 and 2.5 Mpa.

5.3 Durability

The structure of PVC is different from normal concrete. Its durability damage simultaneously occurs inside and outside, and the damage degree is much greater than that of normal concrete. The number and volume of internally interconnected pores in PVC restrict the growth and development of the plant root system, and plant growth also influences the essential performance and durability of PVC. The plant root system, at a certain stage after its formation, grows rapidly and becomes stronger quickly, which can easily make the concrete deform and cause structural damage.

According to the existing research results, aggregate grain diameter and porosity have little effect on the freezing resistance of PVC. After planting, the damage of freezing and thawing is no longer the major factor affecting the compressive strength of PVC. The distribution test of experiments is used to measure concrete test specimens in three different pores. The water cement ratio is 0.25, and the size is 
100mm×100mm×100mm
. After 28-day standard maintenance, the concrete specimen of PVC was placed outdoors and planted with tall fescue (Festuca arundinacea Schreb.) lawns. After the plants had grown for 120 days, the concrete specimen of PVC was taken out, and the residual substances on the surface were cleaned. Then the experiment of freezing and thawing cycle was conducted, as shown in Fig. 12 [86].
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Figure 12: Effect of porosity on freezing resistance of PVC

According to the experiment results, when the porosity is 15% and 20%, the initial compressive strength of the PVC is high, and the strength declines sharply after the lawn is planted; while the porosity is 25% and 30%, the primary strength of the PVC reduces, and the strength drops less after the lawn is planted; so the greater the porosity, the less reduction of concrete strength by plants; after planting, the damage of freezing and thawing is no longer the major factor affecting the compressive strength of PVC.

Furthermore, the filling soil in the PVC is weakly acidic, and its acidity mainly derives from the organic acids in the humus and the microorganisms in the soil. In the soil solution, H+ dissociates from the acidic substances of the soil. And H+ occurs neutralization reaction with Ca(OH)2 dissolved from the cement stone. On the one hand, the alkalinity of the cement stone is sharply dropped. The hydrate calcium silicate and hydrate calcium aluminate lose their stability, hydrolyze, and dissolve, leading to a continuous decrease in the strength of the concrete. On the other hand, the corrosion products it produced have poor stability and are easily dissolved, which accelerates the corrosion process.

5.4 Function of Slope Protection with Vegetation

The theoretical foundation of slope protection with PVC is principally based on the theories of drainage and slope stabilization as well as stable protection of hydraulics and engineering mechanics, the theoretical basis of the vegetation ecology like restoration ecology and landscape ecology, and the fundamental theory of edaphology; the principle of slope protection with PVC mainly contains slope stabilization and conservation of water and soil. The water and soil conservation function of PVC is chiefly manifested in two aspects: one is to slow down the impact of runoff scouring the slope; the other is that plants alter the soil structure to enhance the erosion resistance of the soil. Common slope protection types, characteristics and evaluation are shown in Table 9.
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The function of plants to stabilize slope is mainly embodied in the soil holding effect of the root system. Namely, the root system can enhance the cohesion strength of the soil body and the friction force between the root system and the soil body via reinforcement and anchoring, aggrandize the friction strength of the soil body, and then improve the shear strength and stability of the soil body. This is the fundamental theory of fixing soil via root system [91].

Vegetation plays a crucial role in controlling water and soil loss, and also cuts down the perniciousness of soil erosion. The practice has attested that there is a certain correlation between the total amount of soil erosion and vegetation coverage. The runoff generation amount and water and soil loss amount of the sloping fields with luxuriant grassland are less than that of bare lands, less than 6% and 12% of that of bare land, respectively. When the vegetation coverage rate is cut down to less than 75%, the runoff generation amount and water and soil loss amount soar [92]. Plant roots are confined by numerous factors when enhancing the overall stability of slopes. In a general way, the vegetation traits and environmental issues are the most essential.

6  Conclusion and Prospect

On account of the above summary and analysis, this paper reviews the research and evaluation of relevant properties of PCPC at home and abroad in the past ten years. In short, research and attention on PCPC have been increasing in recent years, for instance, the evaluation of new properties to alleviate the climate and environmental issues that society is handling. In the past decade, the application of PCPC has been studied worldwide, but most of the research has been conducted in America and China. Moreover, it is possible to design high-performance PCPC for specific applications. However, these properties conflict with each other, so further study is needed to optimize the design of the corresponding mix proportion, to satisfy the performance such as hydraulic performance, mechanical performance as well as durability, and ultimately come true the combination of environmental function and security feature. In effect, aside from the well-known hydraulic and mechanical properties, many countries have not yet explored these environmental supplementary benefits, such as noise reduction, air-cleaning, and the like. This gives prominence to the necessity for continued study and promotion of PCPC as a multifunctional application material, particularly in overpopulated cities, which will confront major environmental issues, like air pollution, heat island effect, flood, and water contamination. In line with the quantitative analysis of publications, future trends show that there will be more and more applications of PCPC in the greening of sidewalks and side slopes in the next few years, contributing to solving the issues triggered by climate change and urban expansion.

6.1 Conclusion

PCPC is an important part of ‘sponge city construction’, which has excellent water permeability and plays an important role in urban ecological environment. However, the porous structure of PCPC leads to relatively poor durability of its mechanical properties, which seriously restricts its engineering application. In this paper, according to the literature in the past ten years, the number of literatures in various fields of PCPC is counted. The research focuses and reasons of different countries and years in different fields are analyzed. Combined with engineering applications, the domestic and foreign research on raw materials, mixing ratio, preparation and pore characteristics of PCPC are summarized. According to the different engineering characteristics of PCP and PVC, the research results in permeability, mechanical properties, durability, photocatalysis, heat absorption and plant slope protection are systematically reviewed. In general, PCPC is currently mainly used in ‘light load’ permeable pavement and slope greening. Low strength, pore clogging and poor durability are the three most critical issues of PCPC, which to some extent limit the large-scale promotion of PCPC. The conclusions drawn from the literature review are as follows:

(1)   From the function, this paper has divided PCPC into the following three categories: PCP; PVC; water purification concrete. At present, it is mainly used for water permeability of pavement and side slope greening in the engineering field.

(2)   In the light of different application fields, the permeability coefficient of PCPC is around 1.0–4.0 mm/s, the porosity is between 5% and 45%, and its porous structure basically meets the property of preferable water permeability.

(3)   The 28-day compressive strength of PCP is generally above 15.0 Mpa, the tensile strength is 1.5–3.0 Mpa, and the bending strength is above 3.0 Mpa. The 28-day compressive strength of PVC is generally above 10.0 Mpa, the tensile strength is 0.8–1.8 Mpa, and the bending strength is above 2.0 Mpa.

(4)   The mechanical properties and durability of the PCP and the water purification concrete are better than those of the PVC. For the PCP with the benchmark mix proportion, its frost resistance is as follows: double-doped silica fume and rubber 
>
rubber group 
≥
silica fume and mineral powder 
>
mineral powder group 
>
silica fume group 
>
benchmark group.

(5)   The reflectivity of PCP is lower than that of conventional concrete, which is conducive to retard the urban heat island effect.

(6)   The slope protection with PVC owns superior anti-washout capacity, is appropriate for various side slopes such as high, steep, and low slopes, and can meet the dual effects of “Ecology and Security”.

(7)   The application of photocatalysts like titanium dioxide to PCP can effectively remove air pollution. However, due to the limitation of its validity period, it cannot be popularized and applied at present.

(8)   Around the world, America and China have the most and widest research on PCPC. The literature chiefly focuses on hydraulic and mechanical performance, yet the literature on durability and environmental function accounts for a small proportion. As climate change and urban expansion trigger some issues, the rapid development of sponge cities conforms to the development strategy of China. PCPC, as the novel and green material, will play an important role in projects including water permeability of urban pavement and side slope greening.

6.2 Prospect

Though PCPC, as a sustainable novel material, obtains more and more recognition, further study is needed to advance its extensive application in engineering:

During the preparation process of PCPC, different researchers adopt distinct mix proportions, and the unified design criterion is deficient. It is necessary to guarantee preferable mechanical properties and durability under the premise of meeting penetrating quality.

(1)   Now, there are few studies on the microstructure and mesostructure of PCPC at home and abroad, so further research is required to enhance the understanding of the pore characteristics of PCPC.

(2)   Different admixtures and additives have a significant influence on the performance of PCPC. Based on distinct engineering applications, from the angle of the economy and environmental protection, the effects of various substitute materials (such as fiber, rubber, and mineral powder) on the performance of PCPC are studied and the sustainable benefits over the design life are explored.

(3)   The high porosity of PCPC plays an active role in its seepage, but this structure is also prone to cause pore blockage. Thus, more research approaches are needed to pledge that the efficacious pore structure of PCPC is not blocked. Quantitative models can be set up to predict the hydraulic power and mechanical properties of PCPC in the case of blockage.

(4)   PVC possesses fine ecological benefits, but it involves multi-disciplinary crossover, which can be further studied in the aspects of alkali reduction, soil holding stability of roots, and vegetation performance.
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Table 3: Size of coarse aggregate of PCPC with different functions [25-28]

Types Aggregate size (mm)
Pervious 5-20
Vegetation 2040

Water purification 5-10
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Table 8: The water permeability of PVC with different porosity [84]

Porosity/%  VGC After covering the soil  After planting
Permeability/(mm/s)  Permeability/(mm/s) Permeability/(mm/s)

15 12.01 0.89 0.64

20 19.73 0.85 0.72

25 37.11 1.12 1.01

30 46.22 1.02 0.99

35 60.81 0.98 1.06
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Table 4: Mix ratio of PCP

Materials  Coarse a&gregate/kg Sand/kg Cement/kg Additive/L  Water/L W/C

Content 1460 200 250 5 87.5~112.5 0.15~0.40
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Table 9: Comparison of common slope protection types, characteristics and evaluation [87-90]

Slope protection
type

Capacity of
anti-washout

Scope of application

Practical evaluation

Slope protection
with natural growth
grass and trees

Slope protection
with bamboo pile
and timber pile

Slope protection
with placed rockfill

Integral slope
protection with
grouted stone

Slope protection
with gabion

Slope protection
with common cast-
In-situ concrete

Slope protection
with PVC

Weak

General

General

Strong

Strong

General

Strong

Commonly used for bank
slopes of rivulets, creeks,
and rivers with the
relatively low flow
velocity.

Usually used for park and
landscape watercourses.

Usually used for bank
slopes of watercourses with
general flow velocity and
gentle slope.

Usually used for bank
slopes of watercourses with
general flow velocity and
gentle slope.

Suitable for bank slopes of
embankment with the high
flow velocity.

Suitable for low, rigid side
slopes.

Suitable for high, steep,
and low side slopes.

The capacity of anti-washout is
weak, and auxiliary reinforcement
measures are required. The structural
integrity is weak.

The construction is simple and the
ecological landscape is ordinary. The
expense is high, and the scope of
application is limited.

The structure is simple, the
construction period is short, and the
ecological landscape is poor.

The ecological landscape is poor, the
cost is high, but the stability is good.

The capacity of deformation is
strong, the integrity is good, and the
ecological landscape is poor.

The cost is low and the ecological
landscape is ordinary.

The ecological landscape is excellent
and durable, the construction
efficiency is high, the construction
period is short, and the integrity and
stability are well.






OEBPS/Images/JRM_22684-fig-2.png
Number of studies

1007
1 |_] Hydraulic performance
140 y P

1304 [T Durability
1204 ] Mechanical property
1104 [__]Enviomental function
1004 |—¢— Total quantity
90
80
70 ’\ R
60 /
50 7 ¥ \
40 7
30
20 7
107
0
2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Year






OEBPS/Images/table-7.png
Table 7: Mechanical properties of PCP with different admixtures

Materials  Aggregate Cement W/B Porosity Permeability 28 d Size of the specimen  References
additive (kg/m?)  (kg/m?) (%) coefficient compressive

(mm/s) strength
Flyash 1550 360.00 0.28 14.0 243 26.8 100 x 100 x 100 mm> [56]
(8%)
Mineral 1550 360.00 0.28 15.0 2.16 25.9
powder
(8%)
Silica fume 1503 462.90 030 15.2 3.93 24.8 100 x 100 x 100 mm® [57]
(6%)
Rubber 1503 480.00 030 15.0 3.86 16.9
(6%)
Fiber 1474 327.59  0.30 24.4 3.44 20.6 100 x 100 x 100 mm> [58]
(0.18%)
Asphalt 1450 320.73  0.31 16.7 3.23 28.9 150 x 150 x 150 mm> [59]
(5%)
Coral 0 400.00 / 14.6 / 32.7 150 x 150 x 150 mm* [60]
(65%)
Shell power 0 500.00 / 20.3 / 22.4 150 x 150 x 150 mm®> [61]

(70%)
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Table 1: Number of literatures on different characteristics of PCPC (2010-2020)

Areas 1dentified Properties Number of studies
Scopus CNKI
Hydraulics Infiltration 150 43
Porosity 321 245
Durability Skid Resistance 25 5
Freeze Thaw 44 41
Corrosion Resistance 13 6
Mechanics Compression Strength 406 49
Indirect Tensile Strength 107 9
Flexural Strength 41 16
Fatigue 75 14
Environment Water Purification 48 11
Photocatalysis 7 8
Vegetative Landscaping 66 109
Urban Heat Island Mitigation 63 43
Noise Reduction 151 6
Computer modelling Prediction 57 28
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Table 6: Mix ratio of WPC

Materials  Coarse aggregate/kg  Sand/kg Cement’kg Additive/L  Water/L W/C

Content 1250 200 250~300 5 103.0~138.0  0.37~0.47
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Table 2: Average dosage of each component of PCPC [18-22]

Components Minimum Maximum Average
Coarse aggregate (kg/m?) 150.00 560.00 345
Binding materials (kg/m?) 565.00 2035.20 1500
Aggregate (mm) 2.40 40.00 5.00-40.00
Fine to coarse aggregate ratio 0.00 0.15 0-0.02
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Table 5: Mix ratio of PVC

Materials  Coarse aggregate/’kg  Sand/kg Cement/kg  Additive/L  Water/L W/C

Content 1520 150 250 5 72.5~120.0  0.30~0.50
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