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As a prominent component of the construction field of sponge cities, ecological concrete is an essential tool to reach the goals of green, low-carbon living and sustainable development. A quantitative summary of the preliminary research on ecological concrete infrastructure in sponge city architecture is needed. Therefore, CiteSpace and VOSviewer were applied to perform a comparative analysis of the number of papers, countries, institutions, core authors, literature co-citations, research hotspots, and future trends in ecological concrete in the sponge city construction industry. The results show that the number of papers on ecological concrete is increasing, the research collaboration between domestic and foreign authors is relatively single, and there is insufficient interdisciplinary integration between institutions and the phenomenon of “relatively independent research.” The number of papers published in the field of ecological concrete construction has been on the rise, reaching more than 100 in each of the last 10 years, with China and the United States contributing more to the scientific output of the field. To meet the needs of global environmental protection and resource conservation, the theme of “promoting comprehensive resource conservation and recycling” will continue in the future, making concrete a feature of green, low-carbon, sustainable development and other areas of environmental protection in the construction field.
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1 INTRODUCTION
Due to the rapid development of science and technology, environmental pollution, ecological damage, resource shortage, and flooding caused by the exploitation of land resources and rapid urbanization have seriously affected the quality of the global living environment and the stability of the ecosystem (Ji, 2017; Cohen., 2011; Pandey., 2015; Sayne., 2011; Chourou., 2011; Upadhya and Persson, 2015; Li at el., 2022). Currently, the construction industry consumes the primary source of energy and mineral resources in the world (Shi and Liu, 2019). It is also a major cause of environmental pollution. The energy consumption of the construction industry accounts for about 30–40% of the world’s energy consumption (Abdallah at el., 2016). Faced with such a dilemma, the upgrading of the construction industry has been initiated, and a green, environmentally friendly and sustainable development path has been adopted. Just as an understanding of the mechanical properties of gas hydrate reservoirs is fundamental to the commercial exploitation of gas hydrate (Tang et al., 2022), we need to have a general understanding of the applications of the construction industry if we are to improve the construction industry.
Therefore, there is an urgent need to explore and build sustainable development models for the construction industry to change the status quo of high resource consumption and severe environmental pollution. As a result, the construction industry is facing a tough test in its development, with environmental pollution and natural damage evident in concrete, the most widely used construction material. China collects a total of 50×109 tonnes of raw materials such as sand and gravel, limestone and clay each year, most of which is used in the production of concrete or cement, according to the data. Such a large collection directly leads to changes in the natural form of the mountain and the original posture of the riverbed, resulting in deepening natural disasters such as landslides and soil erosion. In addition, cement production emits many polluting gases, harmful substances that further endanger our ecological environment. Therefore, the development of new green concrete will be our main task from the past to the long future.
The concept of “ecological concrete” has been proposed, but the concept of ecological concrete is unclear, and there is no clear normative definition. In this paper, we can summarize it as green concrete, sustainable concrete, and environmentally friendly concrete. It consists of cement, coarse aggregate, and admixture, and is made by a particular process of construction. It has a unique structure that coexists with plants, alleviates biocontainment, expands green space, reduces environmental load and is in harmony with the ecological environment. Ecological concrete has a variety of functions that ordinary concrete does not. In other words, it is how concrete production can reduce energy consumption and environmental pollution while using materials, provided humans can maintain a good ecological environment. At the same time, due to its unique structure, ecological concrete has excellent water permeability and purification performance, allowing rainwater to infiltrate into the ground to reduce the frequent and severe urban flooding in recent years, thus coping with natural disasters caused by rainfall (Chen et al., 2016; Mo et al., 2016). As a hydrophilic material, ecological concrete has received a lot of attention, not only in the concrete industry, but also in many fields such as ecology and environmental protection, with great potential application value. It ushered in a period of development opportunities in sponge city construction projects such as water and sewerage, ecological restoration and governance. Ecological concrete has become the “infrastructure” in the construction field of sponge cities”.
Due to rapid urbanization, land use changes, and rapid socio-economic development processes, surface water flooding is now considered the most severe water-related problem in many major cities in China. 2014 saw the introduction of “sponge cities” in the People’s Republic of China, which will address urban surface water floodings and related urban water management issues, such as purification of urban runoff and attenuation of peak runoff, and water conservation (Chan et al., 2018). It is envisaged that practices will enhance natural ecosystems, provide more aesthetically pleasing spaces for people to live and work in urban environments, and improve urban habitats for birds and other organisms through nature-based solutions. As a natural life support system, the sponge city is important to support ecological civilization construction (Saravanan et el., 2019). It allows cities to flexibly adapt to environmental changes and cope with natural disasters caused by rainwater (Cai et al., 2016; Chen et al., 2016; Li et al., 2017; Shen et al., 2020). In addition, it can adjust the urban ecological balance and achieve human-water harmony (Hu et al., 2016). Therefore, sponge cities’ urbanization construction depends on the “infrastructure.” The plasticity, spatial expressiveness, texture and shape of ecological concrete, which is richer than the artistic effects of stone, is an essential technical support for building sponge cities.
With the proposal and promotion of green ecological sustainable development, urban construction projects are increasingly focusing on environmental protection and conservation while ensuring material requirements. Ecological concrete consists of cement, coarse aggregates, and additives, and is made using specific construction techniques. It has a unique structure that co-exists with plants, alleviates biological isolation, expands green spaces, reduces environmental load, and harmonizes with the ecological environment, contributing to the construction and development of sponge cities.
Ecologic concrete has been developed in some European countries since the 1940s. Due to technical limitations, the scope of its application is exceptionally constrained. Ecological concrete was added to the road during paving in 1970 and worked well, but was damaged by freezing and thawing a decade later. Ecological concrete was also used in the United States in 1979 for the construction of parking lots, permeable sidewalks and plazas. The built-up car park met standards for use in terms of strength and water penetration, and was generally well received by nearby residents. Nearly half of all tennis courts in France are built of ecological concrete. Japan is a country with many applications of ecological concrete. In the 1990s, the Ecological Concrete Engineering Society (Okaka., 2000; Tanaka., 1998) began studying plant-based concrete. In 2001, Japan’s “Advanced Science and Technology Research Center” applied porous concrete to the river bank protection (Sun et al., 2021).
Nowadays, ecological concrete needs unique material selection and proportioner design. Nitendrea (Palankar et al., 2015) uses steel scrap residue from steel production to replace traditional aggregate, and it is proven to achieve good results in improving concrete strength. Yu et al. (2015) used slag powder, lime powder, and other parts to replace cement as cementitious materials and achieved good results in terms of strength and durability. Mizuriaev et al. (2015) discussed the composition of general porous concrete and suggested the replacement of ordinary silicates with alkali metal silicates and non-expanding clays. These all show the continuous exploration and innovation in constructing sponge cities abroad.
Since the late 1990s, China began to study ecological concrete. Wu (1998) first proposed high-performance concrete with good environmental coordination performance. Xu et al. (2002) used specific concrete and seed mixture formula to protect and afforest rock slopes and published the patented technology of China Three Gorges University—CBS Vegetation Biotechnical Slope. Wei et al. (2005) developed vegetation concrete highway slope protection technology that combines masonry protection and ecological protection. Lawn plants were planted on the porous concrete slopes to achieve the highway greening effect. In Shanghai Huangpu River Ecological Slope Protection Demonstration Project (Chen et al., 2007), ecological concrete is used to build ecological slope protection along the Huangpu River. The results showed that the plants grew vigorously, the water and soil conservation were excellent, and the bank slope was safe and stable. It can be seen that ecological bank protection has essential functions such as flood control, drainage, and water diversion and ecological, environmental protection, and leisure functions (Huang and Xie, 2017). Wu et al. (2018) discussed the application of ecological concrete in constructing sponge cities. They studied the impact of the water-to-cement and bone-to-cement ratios on the compressive strength, water permeability and frost resistance of ecological concrete, providing theoretical guidance for engineering applications. Zhang (2018) studied the performance of planted concrete slope protection, and the results show that the erosion resistance and stability of the slope after grown concrete slope protection are improved. Yu (2018) studied the closure reverse filtration characteristics of ecological concrete on topsoil and the effect of two slope protection methods on its adsorption and decontamination capacity through rainfall stimulation tests.
Therefore, the inadequacy of ecological concrete compensation applied to sponge cities is discussed by reviewing ecological concrete research in the sponge city domain in a timely manner. This paper quantifies research in the ecological concrete area from 2000 to 2021. It analyzed the literature results retrieved by Web of Science (WoS) by combining CiteSpace, VOSviewer, and other visualization software. Then, the final aim is to comprehensively elucidate the essential background, research status, hot spots, and trends of global sponge city ecological concrete in terms of annual publications, significant countries, research institutions, scholars, and co-cited journals, to provide a reference for future research and practice of sponge city ecological concrete construction.
2 DATA SOURCES AND RESEARCH METHODS
In this paper, the analysis of the prevalence trends, domain distribution, and keyword factors of ecological concrete through core inclusion in the WoS database based on bibliometric analysis methods and information technology such as literature analysis software was carried out. WoS database is a subscription system that provides citation search services. Users have access to multiple databases that refer to interdisciplinary studies and can explore specialized subfields in depth (Wang et al., 2014; Yi et al., 2016).
2.1 Data sources
To obtain a comprehensive overview of the latest advances and trends in ecological concrete research in the field of the sponge city construction industry, the search steps were as follows: the search time was set from 1999-12-31 to 2021-12-31, with “ecological concrete” as the topic and TS (subject) = (“Ecological concrete OR Eco-concrete OR Green concrete OR pervious concrete OR Environmental friendly concrete OR Sustainable concrete”) as search criteria for advanced search, a total of 25353 documents were obtained, the research direction was selected as Construction Building Technology, and the article type was set as Article or Review, a total of 5300 articles were accepted.
2.2 Research methods
Currently, commonly used knowledge graph analysis software including VOSviewer, CiteSpace, etc. Are used to clearly and accurately analyze development trends, research fronts, research hotspots, and other related issues in a particular knowledge domain. CiteSpace uses the hot word analysis function to draw the knowledge map in the scientific area, and intuitively displays the research hotspots and development trends in a particular stage (Chen and Chen, 2005; Zhao et al., 2012; Chen et al., 2015; Li and Chen, 2016; Chen, 2017). VOSviewer is a software developed by Van Eck and Waltman at Leiden University in the Netherlands for constructing and visualizing econometric networks. It can build networks for journals, researchers, keywords, and publications based on co-citation, coupling, and co-authorship relationships (Waltman et al., 2010). This paper uses VOSviewer and CiteSpace software to analyze the number of published articles, publishing institutions, literature sources, core author groups, research hotspots, and future trends. Table 1 is the inclusion and exclusion criteria for the selected literature.
TABLE 1 | Inclusion criteria and exclusion criteria.
[image: Table 1]3 RESULTS AND ANALYSIS
3.1 Overview of research characteristics in the field of ecological concrete construction
In this paper, we analyze the number of papers published in the field of ecological concrete construction and the major source journals.
3.1.1 Analysis of the number of papers published in the field of ecological concrete construction
Statistics on the number of publications over the years provide insight into the development of the field. These data statistics assess an essential indicator of the popularity of academic research over time. Table 2 shows that the number of papers on ecological concrete is on the rise, with more than 100 papers published in the construction field since 2011. The average annual production of academic papers shows a rapid growth trend, indicating that research on green building projects is gaining importance globally, and sustainability goals are driving the green building movement. Green building projects originating from the green building movement are achieving unprecedented success because it provides a quantifiable measure of people’s efforts towards sustainable development. The development of ecological concrete is an emerging field, that is, keeping up with construction efforts while significantly contributing to green (Zhang and Wen, 2008). Advances in global environmental protection have driven the development of ecological concrete, which has gradually become the focus of the current construction industry, and related literature studies have been increasing. This area will remain a research hotspot in the future as the demand for ecological concrete increases.
TABLE 2 | Annual distribution of articles on ecological concrete documents from 2000-2021.
[image: Table 2]3.1.2 Analysis of signficant source journals for research in the field of ecological concrete construction
Statistics on the distribution of high-frequency journals of ecological concrete application literature in various countries are useful to understand the activities of ecological concrete research institutions and to grasp the distribution of journals in the field of ecological concrete. After analyzing the distribution characteristics of high-frequency journals, Figure 1 shows the top ten journals that publish research articles related to this field, and it can be found that “Construction and Building Materials”, “Cement and Concrete Composites”, “Journal of Materials in Civil Engineering”, “Journal of Building Engineering”, “Materials and Structures”, “Journal of Sustainable Cement-based Materials”, “Case Studies in Construction Materials”, “ACI Materials Journal”, “Energy and Buildings” have paid much attention to the research on ecological concrete buildings, which has supported the field. Most primary source journals are concentrated in top journals in JSR I. Thus, it can be seen that although ecological concrete started late in the construction field, the attention of scholars and professional, authoritative journals from all walks of life has gradually increased with the keen global hope for the construction industry. From Table 3, the distribution of the aforementioned journals shows that research on ecological concrete is mainly focused on energy, environment, and ecology, and the discipline is exceptionally comprehensive.
[image: Figure 1]FIGURE 1 | 10 major research journals of ecological concrete.
TABLE 3 | Distribution of high-frequency journals in the field of ecological concrete research.
[image: Table 3]3.2 Analysis of major research forces and collaborations in the ecological concrete construction industry
Analyzing the relationship between the number of papers published and the research results in the field of ecological concrete can provide research direction in this field and reflect the theoretical basis and practical value of cooperation in the research field to a certain extent, which can better highlight the Frontiers of research in the area (Xie et al., 2020). Interaction among scientists has long been the essence of scientific practice (Melin and Persson, 1996). Most stages of the research process involve a great deal of communication: scientists talk to each other; In short, they communicate and collaborate.
Models of Sino-foreign cooperation have emerged in a number of fields, including education and tourism. Similarly, in ecological city construction, Sino-foreign cooperation has been successful. De et al. (2013) identified the conditions for Sino-foreign cooperation in ecological cities, studied the organization of Sino-foreign cooperation, and constructed a typology of Sino-foreign cooperation in ecological knowledge cities. Their development has a critical impact on improving a region’s competitiveness in globalization (Ovalle et al., 2004; OECD, 2005). It requires robust organizational capacity to build such a foundation with broad participation from public and private players, academia and the wider community.The influx of high-tech knowledge usually comes from abroad, and promoting science and technology is also a key factor in the success of eco-towns.Hence, success is most likely to be achieved through collaboration within a solid consultation framework and exchange between individual scientists and institutions.
Collaborative analysis can be done specifically in terms of regions, institutions, and authors. When ecological concrete forms a systematic study in the construction industry, it facilitates the development of ecological concrete and forms a unique model and framework for ecological concrete research.
3.2.1 Analysis of major issuing countries and regions
From Figure 2, it can be seen that the Peoples of China, the United States, Australia, India, Canada, England, Malaysia, Spain, France, and Germany are the top 10 countries with the highest number of published works on ecological concrete. The top 10 high-profile countries for eco-concrete are spread across Asia, Europe and North America. Of these, China ranked first with 1,308 publications, followed by the United States with 808 and Australia with 414, while the remaining countries did not have more than 400 publications, with China, the United States and Australia accounting for 47.7 percent of the total. China and the United States have a large number of scientific achievements in the field of ecological concrete and are the leading publishers and strong promoters of ecological concrete research in construction (Hu and Milner, 2020).
[image: Figure 2]FIGURE 2 | Regional distribution of countries with high ecological concrete issuance.
To compare the changes in the number of articles issued by each country over time, Table 4 was created according to three time phases. As seen in Table 4, the Top 10 high-issuing countries of ecological concrete in the three phases were distributed in Europe, Asia, and North America. In phases 1 and 2, Canada and the United States are in the first place in terms of the number of publications, respectively.
TABLE 4 | Distribution of top 10 countries with high publication volume of ecological concrete in 3 phases.
[image: Table 4]In stage 3, China jumped to No. 1, which is related to the “sponge city” strategy proposed and implemented in China. The “sponge city” concept was first proposed in the “2012 Low Carbon City and Regional Development Science and Technology Forum” in 2012. Sponge City” concept in 2013, General Secretary Xi Jinping, in the “Central Urbanization Work Conference” speech, stressed the “construction of natural storage, natural infiltration, natural purification of sponge cities” in 2015, the introduction of the “guidance on promoting the construction of sponge cities” policy on China constructive guidance on the construction of sponge cities (Liu et al., 2017). The large-scale structure of concrete ecological projects and the large amount of state funding for scientific research have resulted in the output of a large number of scientific papers. Forming an ecological concrete system requires a lot of practice and time, and consuming human, material and financial resources is also a big concern. Therefore, it can be obtained that ecological concrete is mostly developed in highly productive and relatively developed areas. On the one hand, this is due to that the research of ecological concrete was first proposed and carried out by European countries. On the other hand, it’s due to the limited level of industrial development and weak scientific research in Africa, South Asia, and Southeast Asia, which do not pay much attention to this field.
Figure 3 shows the map of countries where ecological concrete is issued in the construction field. The more lines there are between countries, the more cooperation there is between countries. The thicker the lines are, the closer the cooperation is. The map clearly shows that the countries with more issuances cooperate more closely with other countries. Peoples r China, United States, Australia, India, Canada, England, Malaysia, Spain, France, and Germany play a linking role in the field of ecological concrete construction and have more cooperation with each other. However, many subject groups in other countries lack horizontal communication and cooperation, and they work independently with great limitations, which is not conducive to knowledge sharing in the field of ecologic concrete and limits the quantity and quality of research to a certain extent, which is not conducive to the formation of a unique global research model and framework of ecological concrete.
[image: Figure 3]FIGURE 3 | Mapping of the distribution network of issuing countries and regions.
3.2.2 Analysis of major issuing scientific institutions
The analysis of global research institutions is an indispensable part to grasp the research priorities and trends of ecological concrete. Figure 4 shows that, in terms of issuing institutions, Wuhan Univ, Southeast Univ, Arizona State Univ, Swinburne Univ Technol, Khon Kaen Univ, Hong Kong Polytech Univ, Wuhan Univ Technol, Xian Univ Architecture & Technol, China Bldg Mat Acad, and Univ Ghent are the top 10 major research institutions. Considering that the application of ecological concrete needs industrialized technology revolution and government policy support, the future development needs more extensive participation of other institutions to realize the innovation of the whole chain of the industry, academia, and research. Individuals and institutions need to form more core groups, indicating that research groups mostly lack horizontal communication and cooperation, which is not conducive to knowledge flow and sharing in ecological context. The lack of a core group has led to limitations in the quality and level of research table 5.
[image: Figure 4]FIGURE 4 | 10 major research institutions of ecological concrete.
TABLE 5 | Distribution of ecological concrete research institutions from 2000-2022.
[image: Table 5]3.2.3 Analysis of major high-yielding authors
In bibliometric research, quantitative analysis of authors can not only discover and analyze the foremost representative scholars in the field of ecologically specific research, but also reflect the academic contributions of authors in this field. The journals published by key authors play a fundamental role in this area of research and are an essential basis for measuring the formation of research communities. According to Price’s square root law, the number of publications of the least productive author should be equal to 0.749 times the square root of the number of publications of the highest influential authors (Li et al., 2013). The core author with the highest publication frequency is Caijun Shi, who has published 102 papers. As shown in formula (1):
[image: image]
Where M is the minimum number of papers to identify the core authors; Nmax is the number of documents published by the author with the most significant number of articles.
The integer calculation can identify authors with a publication volume greater than or equal to 8 as core authors in the field. According to Lockart’s law, when the proportion of authors with eight publications is about 60% of the total number of authors, it can be determined that a core group of authors in the field has been created (Wang and Wang, 2007). The core group of ecological concrete authors is listed in Table 6. It can be seen that 72 authors have published more than eight papers (including eight documents), and the total number of articles issued is 888. Authors who have published more than eight papers account for 8.11% of the total number of authors, which indicates that the core authors of ecological concrete in the construction domain are not yet formed.
TABLE 6 | Number of key authors and publications of ecological concrete from 2000-2022.
[image: Table 6]Author collaboration network mapping was generated by VOSviewer software for core author group analysis. As in Figure 5, the size of the circles indicates the number of posts, and the thickness of the lines indicates the connections between authors who work closely together.
[image: Figure 5]FIGURE 5 | Collaborative network mapping of research authors in the field of ecological concrete construction.
It will be seen that the field of ecological concrete in architecture has only recently started to form several core groups of authors, which are the leading groups in the study of ecological concrete structures. Still, a large-scale author collaboration network has yet to form. In addition, most of the author collaborations are between domestic and foreign authors, and between foreign and domestic authors. It can be seen that with the global attention and promotion of ecological concrete, although its development is highly valued, the cooperation between authors is still weak. In the future research and development process, cooperation and mutual assistance between authors in different countries should be emphasized.
3.2.4 Co-citation analysis of literature on ecological concrete construction industry
To better explore the knowledge base and evolution of research in the field of ecological concrete buildings, this paper conducts a co-citation analysis of the literature related to the area of ecological concrete structures (Li and Chen, 2016), and uses CiteSpace to conduct co-citation analysis of the 5300 acquired documents, derives the top five papers in terms of co-citation frequency, and obtains a co-citation analysis table of ecological concrete literature to find its highly cited literature and understand. Critical results in this area have been obtained. The basic information of the top five positively mentioned literature in this area is shown in Table 7.
TABLE 7 | Top five highly cited literature for research in the field of ecological concrete construction.
[image: Table 7]Gartner (2004) discusses the practicality of replacing silicate cement with industrial byproducts such as blast furnace slag and fly ash, and identifies the durability of concrete made from such cement. Duxson et al. (2007) discusses current and future developments in sustainable cement production. Meyer (2009) introduced some of the cementitious materials that replace Portland cement and found that significant progress has been made worldwide in replacing aggregates with renewable materials, the most important of which are recyclable aggregates, including scrapped glass, tires, plastics, and by-products from paper and other industries, and summarized recent progress in improving the situation where concrete, in general, is not particularly environmentally friendly or does not meet sustainability requirements. Environment et al. (2018) presents eco-efficient cement as an industrially viable solution.
4 RESEARCH HOTSPOTS AND FRONTIER ANALYSIS OF ECOLOGICAL CONCRETE
The analysis of frequency keywords is more limited as a hotspot for identification research. In this paper, the clustering analysis of keywords can deepen the keyword co-occurrence relationship and calculate a set of keywords with a closer connection to form a topic cluster containing multiple groups of words and further study the topic structure in the field of ecological concrete construction (Callon et al., 1991; Law and Whittaker, 1992).
4.1 Research hot topic analysis
To further explore the analysis of research hotspots in ecological concrete construction, this paper analyzes keyword clusters as well as keywords through Figure 6 and Table 8. The 14 groups are divided into two parts.
[image: Figure 6]FIGURE 6 | Clustering mapping of research keywords in the field of ecological concrete construction.
TABLE 8 | High frequency keywords in the field of ecological concrete.
[image: Table 8]The first category of hot topics includes clusters such as #1 life cycle assessment, #12 sustainable design model, and #14 multi-scale computational model, which can be summarized as some methods, performance models, and evaluation systems based on the research of ecological concrete. “Construction”, “Design”, “Model”, “Pore structure ", “Pore structure”, and “Life cycle assessment” are the keywords of this section.
In China, based on research on recycled concrete technology, life-cycle assessment has been used to establish a whole-life-cycle environmental and economic performance assessment system for recycled concrete, analyzing, adjusting and setting key processes (Tian, 2012). A sustainable design model is a design that can be used on material structures to optimize the mix of building materials and reduce CO2 emissions. Choi et al. (2016) eveloped a sustainable design model for SRC composite structures, which was used to comprehensively analyze changes in CO2 emissions during construction of the building. Multiscale computational models are a method for multiscale modeling of interfacial connections in concrete structures. Gong et al., 2018 proposed a multi-scale simulation of visible mechanical damage to concrete caused by mixed microporous pressure. The combination of new models provides many new ideas for the study of ecological concrete (James et al., 2009; Jahn et al., 2012; Abson et al., 2017), and the integration of different models, disciplines, and fields is instructive for the development of ecological concrete in the construction field. Models can predict performance, and accurate models can reduce the number of experiments, shorten the experimental cycle, save time, cost, and materials, contribute to environmental protection, and enable new research topics and hot issues in the field to emerge and develop towards industrialization.
The second category of themes can be summarized as specific directions for the development of ecological concrete with the clusters #2 ultra- High-performance concrete、#3 recycled concrete aggregate、 #4 pervious concrete、#5 thermal properties、#6 3 days printing、#7 foamed concrete、#8 Glass cullet、#9 sodium chloride、#10 bfrp bar (Basalt fiber reinforced polymer (BFRP) bars)、#11 steel corrosion、#13 plastic waste these.
Due to the construction and development of railroads, highways, mines, and water conservancy projects (Andrew, 1990; Bennett, 1991; Cohen-Fernández and Naeth, 2013; Shao at el., 2014), a large number of exposed rock slopes and fragile banks slopes have been formed (Bengtsson at el., 2000; Zeng et al., 2020; Walia et al., 2017; Zeng et al., 2019). Affected by natural climates such as rainfall, weathering, and dry-wet cycles, the slopes are prone to runoff, resulting in a large amount of soil erosion (Caro et al., 2014; Handa et al., 2019). In this case, ecological concrete can meet the primary responsibilities of concrete and ecological conservation of biodiversity. Compressive strength, porosity, PH value, and vegetation properties affect its mechanical properties because when porosity is too high, good permeability promotes the decomposition of hydrates and reduces strength, while admixtures will inevitably affect durability (Wu et al., 2005; Wang et al., 2022). With the increasing demand for environmental protection and conservation, ecological concrete has attracted more and more attention (Zhang and Wen, 2008; Xiang et al., 2020). Previously, ecological concrete was mostly used in slope protection where the alkaline environment restricted the growth of plants (Shi et al., 2011; Wang et al., 2019; Wasim et al., 2022), so fly ash, silica fume, and rice hull ash are applied in vegetation concrete to replace cement and Portland cement to reduce the alkalinity of the internal environment while maintaining strength.
An essential technological breakthrough in ecological concrete is the reuse of waste concrete (Yu and Yu, 2009), and recycled concrete is a joint research topic in developed countries. So far, this has been done using recycled aggregates and waste materials such as corn cobs, shells, glass fragments, fabric and plastic waste, rather than ordinary aggregates made from recycled concrete. Pervious concrete has been increasingly used to reduce water runoff and improve water quality near sidewalks and parking lots, with high performance requirements, often with external admixtures such as silica fumigants and high-efficiency water dewatering agents to improve its performance. Foam concrete has high strength-to-weight ratio and low density, among other things. Its use reduces static loads on structures and foundations, which is beneficial for energy savings and reduces labor costs during construction. Amran et al., 2015 examines the composition, fabrication techniques and properties of foam concrete, providing a comprehensive insight into possible applications of foam concrete in today’s construction industry.
Due to the rapid development of ecological concrete, it has become a trend to combine technical and common concrete. 3D printed concrete combines 3D printing and concrete, and there are still many challenges in the level of technology and processing. 3D printed concrete is a new type of digitally manufactured concrete, with the addition of technology to increase shape complexity and reduce the use of materials in concrete, which is more environmentally friendly but lacks rheological and hardening properties. Numerical simulation and machine learning, an emerging method combined with ecological concrete construction, is an inevitable trend in concrete development (Jiang et al., 2018; Chang et al., 2020; Huang et al., 2020).
To promote the mass use of ecological concrete for the sustainable development of the world (Kim and Park., 2016; Gao et al., 2020; Faiz et al., 2022; Kong et al., 2022), researchers need to continue their efforts to realize the industrial production of ecological concrete table 8.
4.2 Analysis of research knowledge evolution
Emergent words, which can provide researchers with the latest evolution and direction of the discipline, refer to a sudden increase in the citation frequency of a particular document within a certain period. A larger number of citations indicates that many related studies have appeared. Thus, the recent emergent nature represents a research Frontier. Using the mutation detection algorithm of CiteSpace V, information on emergent words is obtained, as shown in Figure 7. After analysis, this period can be divided into three points in time. By tracing these emergent words, we can find that they are closely related to ecology and that the protection of the global environment and sustainable development have been the primary goals in the world since the last century, even now and in the future (Jacobs, 1999).
[image: Figure 7]FIGURE 7 | Summary of Ecological concrete mutation words.
Since 2000, concrete has been required not only to meet the requirements of being a structural material, but also to minimize load and negative impact on the global environment and contribute to global sustainability. Gupta et al., 2021 is focused on developing green self-compacting concrete using industrial by-products such as foundry waste sand, coal bed ash, waste tire rubber, copper slag and waste glass as acceptable aggregates substitutes.These industrial by-products have great potential for use in self-compacting concrete, leading to sustainable development. The reuse of waste concrete (Yu and Yu, 2009) is an essential technological breakthrough in the field of ecological concrete. There are many studies on the effect of waste concrete as recycled aggregate on the performance of recycled concrete (Chen et al., 2013; Zhang et al., 2018). Zou and Cao (2020) used waste concrete with different strengths to make regenerate aggregates and study their properties. In addition, attention has been paid to the resource utilization of industrial waste through innovative disposal methods, one of which is its use as a filling material or volcanic ash for concrete production. Ji et al. (2021) and Liu et al. (2021) prepared corn cob aggregate ecological concrete by mixing broken corn cob particles into recycled mortar. Xie et al. (2021) and Liu et al. (2020) prepared ecological concrete using volcanic stone as coarse aggregate with different porosity. Murugan et al. (2020) used shells as a substitute for granite aggregate. Olofinnade et al. (2018) used waste glass in concrete to achieve sustainable benefits of reducing solid waste and greenhouse gas emissions. Javali et al. (2017) proposed using aluminum slag and granular iron slag as partial replacement materials for cement and natural sand, respectively, to develop ecological concrete. The research on recycled aggregates has important implications for energy saving and emission reduction, as well as a new innovative direction for ecological concrete.
Since 2011, the concept of “life cycle” has been emerging. The basic idea of a life-cycle assessment is that all environmental burdens associated with a product or service must be assessed, from the raw material all the way through to waste disposal. When the need for raw concrete materials shifted to the study of recycled materials, it entered the “life cycle” category. The Life Cycle Assessment (LCA) is the only environmental assessment tool that avoids a positive rating that only includes the measurement of the transfer burden. Life-cycle assessment can provide recommendations for the optimal design of ecological concrete processes, suggesting strategies and policies for industrialization of recycled concrete that are consistent with national conditions, taking into account the issues that need to be addressed in the promotion of ecological concrete. After 2016, it can be concluded from the emergent words such as lightweight aggregate concrete, high strength, and permeable pavement that the development of ecological concrete tends to mature with the improvement of the economy and technology, and there are higher requirements for other properties other than the basic performance, such as light aggregate concrete and high strength permeable pavement. Lightweight aggregate concrete is characterized by its light weight, high strength, thermal insulation, fire resistance and good seismic performance, as well as its good deformability, low modulus elasticity and low shrinkage creep. It can be used in industrial and civil construction, among other projects, and has the advantage of reducing the weight of structures and saving material consumption. Permeable pavement makes porous concrete in cold climates to solve freeze-thaw and crack resistance problems. It can be seen that the development of ecological concrete in the construction sector is getting better, and the transition from ordinary ecological concrete to high-performance ecological concrete is just around the corner.
5 CONCLUSION
In this paper, we use the Web of Science core database as a data source and perform a statistical and visual analysis of the ecological concrete related literature in the field of sponge city construction from 31 December 1999 to 31 December 2021 with the help of CiteSpace and VOSviewer software. The study was conducted in a variety of aspects, such as number of publications, discipline type, core country, institution, authors, etc. The combination of clustering, keyword, and emergence analysis is used to effectively reflect the current status, hot spots, and frontiers of ecological concrete research in construction with high research reliability. However, sampling also lacks representability due to many imperfections in the literature. Thus, the literature mainly reflects information collected from dominant groups, and these issues still have to be overcome to obtain the most accurate data possible.
1) The research of ecological concrete is mostly concentrated in relatively developed regions, while relatively backward regions are in the state of “relatively independent research”, without core groups between individuals and institutions, which indicates that most research groups lack horizontal communication and cooperation, which is not conducive to the flow and sharing of knowledge in the field of ecological concrete. Strengthening cooperation among different subjects and directions is the key to interdisciplinary integration, and strengthening research cooperation is the key to the development of ecology.
2) Combining emerging methods such as methodological models, numerical simulations, and machine learning with ecological concrete to establish certain ecological concrete assessment systems, integrating different models, subjects, and different fields is the future trend that can increase the application of ecological concrete in construction and make it develop towards industrialization and popularization.
3) Different types of waste are used in place of cement or aggregates to make ecological concrete. In the future, there will be more diversity in alternative cement materials, innovation of more environmentally friendly ecological concrete technologies based on waste-resolved and recycled aggregates, and promotion of recycling of global construction waste in ecological concrete. Australia’s water resources: from use to management, 2007, Abdallah et al., 2016, Bengtsson et al., 2000, Chourou, Cohen, 2011, De Oliveira Andrade et al., 2018, Environmental Change Disasters and Security, 2011, Harris, 2008, Li et al., 2022, Liu et al., 2000, Owaid et al., 2013, Pandey, 2015, Saravanan et al., 2019, Sayne, 2011, Sergey et al., 2015, Shao et al., 2014, Tanaka, 1998, Vieira et al., 2016.
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