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Abstract

:

Many rivers in semiarid areas have ecological degradation and flood control problems that need to be addressed urgently. In order to maintain river health and to promote the sustainable development of cities near these rivers, a comprehensive river regulation project must be carried out. In this study, first, the factors influencing river health are discussed, and the principles and main restrictions involved in comprehensive regulations are studied. The scientific regulation mode is proposed, and new financing channels for water conservancy construction are also suggested. Second, a river reach adjacent to a city in the middle part of the Luanhe River in North China is used as a case study. The health status of the river is analyzed, and a comprehensive river regulation plan combined with urban development is put forward on this basis. The plan includes embankment construction, river regulations, multilevel rubber dam storage, ecological restoration, and artificial lake and riverside landscape construction. The influence of the engineering treatment on the river flood discharge capacity is examined, and the treatment effect is verified by a hydraulic scale model. After implementation of the comprehensive river regulations, the flood control safety of the city and river ecological environment are found to be significantly improved, with the hidden danger of dust storms eliminated. The treatment project incurs environmental, social, and economic benefits and preliminarily achieves the coordination and mutual promotion of river regulation and urban development.






Keywords:


sustainable idea; flood control; ecology restoration; ecological elasticity; river health; greenway; synergy regulation; city adjacent to river; riverfront environment












1. Introduction


Ecological restoration and maintenance of the flood-carrying capacity of a river are two essential features required to guarantee river health, which provides harmony between the river and humans [1,2]. Since the 1980s, the downstream channels of many rivers in Northwest and North China have diminished, or even disappeared, due to intercepted runoffs from reservoirs built in the upstream parts of the rivers [3]. On one hand, this has decreased the streambed formation function and the flood-carrying capacity of the channels; on the other hand, river ecological environments have worsened, as shown by the drying of watercourses, degradation of vegetation, and reduction in the biological population, leading bare river sediment to become sources of sandstorms. In addition, these effects have led to regional groundwater lowering and an imbalance between the exploitation and supplementation of water resources. In recent years, construction of waterfront city areas adjacent to rivers has developed rapidly, and the population density along the banks and beaches has increased constantly [4]. These factors have increased the burden associated with flood control and flood inundation loss. Furthermore, the discharge of urban sewage and wastewater to the river, disordered sand mining in the river, and damage to natural river landscapes all have serious negative impacts on flood control, river dredging, floodplain ecological environments, and waterfront city environments [5,6]. A flood control project with low security and a poor river ecological environment restricts the construction development of a waterfront city. At the same time, the weakness in construction development within the waterfront city leads to a lack of sufficient investment in flood control engineering and ecological environmental regulation.



Presently, improving the river ecological environment has become a key aspect of sustainable development in many riverfront cities. Determining how to deal with the various contradictions and how to coordinate the relationship between the city and adjacent river are extremely important and urgent problems. These problems incorporate determining how to ensure that flood carrying capacity is preserved, how to repair the river ecological environment, how to improve the living environment and create ideal development conditions for the city near the river, and how to make the comprehensive river regulations and city construction form a mutually reinforcing and benign development mechanism [7,8].




2. Research Status


Many researchers, starting from Leopold and Langbein [9] et al., have studied natural bed adjustment mechanisms that create and maintain balance. In the 1960s, Qian Ning conducted research on the river equilibrium state under human influence from the angle of dissipation of the energy distribution, and then put forward the maximum entropy (minimum energy consumption rate) theory on the dissipative river system [10,11,12]. After the 1970s, along with large-scale river transformation, some river ecosystems deteriorated to different degrees. Since then, researchers have analyzed the negative effects of water conservancy projects on river ecological systems from different perspectives and proposed that the pressure on river ecological systems should be relieved, various kinds of environmental factors should be compensated, and the original functions of the rivers should be restored. From this, concepts of “river restoration” and corresponding engineering technology have begun to appear [13,14,15,16]. River ecological recovery requires a balance between water ecosystem health and sustainability. Moreover, an improved planning method for water engineering must be developed, in which the diversity of the biotic community and biodiversity should be taken into account. The requirements related to ecosystem remedy and overall landscape design should be considered.



Domestic and other scholars worldwide have also presented the concept of “green ways” formed by vegetation [17,18]. “green ways” include community paths and habitat corridors that do not hinder wild animals from seasonal migration and also permit movement from urban waterfronts to riparian areas that are far from the city. This concept has comprehensive functions. green ways should be important components of the restorative development of the urban waterfront. Because they are recreational and natural, the combination of various green ways and open spaces creates a riverside urban green framework. It has been suggested that green ways should form a multilevel network system, through which the city and the adjacent river system are organically connected.



“Living by water” is a basic rule of human survival and development. The contradiction between being close to water and being far from water has haunted us. Focusing on how to manage the relationship of being inseparable and independent from rivers, scholars and experts have conducted research from different perspectives. However, theoretical research and engineering practices remain inadequate on problems such as how to conform to river flood control standards appropriately, how to manage the construction of flood control works in cities, and how to choose the source of capital properly [19,20].




3. Theory and Methods


3.1. Basic Theory


3.1.1. The Concept of Comprehensive Regulation


In recent years, some researchers have advocated the idea of “maintaining river health”. These ideas are based on the reality of humans using the river and seeking a balance between environmental protection and water resource development. On this basis, river management decisions determine the corresponding engineering measures required [21,22,23,24].



1. Systematic river flood control must be established. The relationships between upstream and downstream areas, left and right banks, urban and rural areas, and flood diversion and detention and protection areas must be well managed. Considering the influence of the urban section channel project on upstream and downstream flooding [25], the protective relocation of residents in river floodplains must be handled well.



2. The relationship between social development of cities adjacent to rivers and river ecological environment renewal and improvement must be dealt with well. The vitality and charisma of rivers are embodied in the harmony between the watershed and human settlements. In addition, the input and output efficiencies need to be considered simultaneously [26,27].




3.1.2. Main Factors Influencing River Health


River runoff situation: In recent years, the shortage of river water resources is the major reason for the lack of life-energy in rivers. Human activity factors have had greater influences than natural factors [28,29,30].



River habitat condition: The deterioration of river habitat conditions have directly affected the stability of river ecosystem biodiversity and productivity for the past few years. Fragile ecosystem resilience may lead to different degrees of river ecosystem damage.



City construction disturbance regime: Massive changes to the river environment caused by city construction often places pressure on the river ecological system, leading to varying degrees of destruction to the river ecological system [31].



Restorative ability of the ecological environment: The range, degree, and trends associated with ecological environment recovery are all related to the characteristics of the river system and the extent of the surrounding environment adjustment. Moreover, the ability to restore habitats is conditional and limited.





3.2. Research Methods


3.2.1. Investigation and Evaluation of the River Ecological Environment and Health Status


Initially, the hydrology, geography, ecological environment, and social conditions should be fully investigated. The factors influencing river flooding and the ecological environment should be analyzed. Then, the water resources, environmental pressure, and ecological elasticity of the basin should be evaluated to understand the river’s health status and lay the foundation for the regulation plan. The flood control capacity and environmental quality can be improved synchronously through river regulation and ecological restoration.




3.2.2. Comprehensive Regulation Plan for Keeping Harmonious Relations


Comprehensive regulations that encourage harmonious relations between city and river should include the following aspects:



	
Combined with city construction, there should be a modern flood control building project.






To ensure that levee construction and city planning complement each other, an ecological dike structure with high standards should be adopted. The new dike can be a safety barrier for city flood control together with an essential part of the city’s traffic system. At the same time, it can extend the city to the riverside through a green way.



	2.

	
Combined with environmental management, a river ecological restoration project should be conducted.







On the premise of ensuring flood release safety, a suitable ecological water conservation project can be constructed to lessen the pressure on the river ecosystem by restoring wetlands and planting trees and grass. The restoration project should be based on geomorphic features and rely mainly on the natural succession process to achieve the goal of ecological restoration. The diversity of the biotic community can be regarded as the main criterion for ecological restoration [32,33,34,35].



	3.

	
Combined with landscape construction, the waterfront environment should be improved.







Flood control engineering and ecological restoration engineering should incorporate natural and human landscapes along the margins of the river. The naturally vegetated areas, green roads, gardens, waterfront platforms, artificial lakes and islands, wetland parks, and public cultural facilities should be built comprehensively to make river banks attractive to the residents of the adjacent city and form a beautiful landscape to increase the rate of city development [36,37,38,39].




3.2.3. Feasibility Study of the Comprehensive Regulation Scheme


To ensure the scientific nature and feasibility of the regulation plan, it is also necessary to carry out comprehensive research on the river reach under consideration. First, based on similarity theory, a hydraulic scale model should be established to study the efficacy of various training schemes and their impacts on the river reach. Second, hydraulic modeling with different floods and different boundaries should be performed to determine the feasibility of the comprehensive regulation schemes.






4. Research Object (Typical River Reach Adjacent to a City)


4.1. Overview of the Research Project


The Luanhe River is located in a semiarid area of North China, where there is a large difference between peak discharge and base flow. Qian’an City is located on the left bank of the middle part of the Luanhe River. After the river enters Qian’an Basin from Dong Gorge, its longitudinal slope decreases and the river broadens, so it is a typical braided river. Affected by the landform, the upper part of the main stream is divided into three channels: the east, west, and middle tributaries. The area between the left channel and right channel is the flood diversion area of the Luanhe River, and there are 19 villages in this area. In the lower segment of the main stream, the river bed narrows, and the three branches become unified due to the limitations set by the mountains on both sides of the river (Figure 1). Luanhe River is an important supply of surface water and groundwater for the city adjacent to its east tributary and plays irreplaceable roles in climate adjustment and the urban environment.




4.2. Current Environment in the Research Area


In recent years, rivers in the region have at times entirely lost flow, and sediment deposition has reduced the size of river channels. The flood transfer capacity has also decreased owing to the sedimentation of river beds caused by water shortages and human activities. Groundwater is also scarce in the study area (Figure 2). The wide floodplain has turned into barren sandy land, which is the source of seasonal spring sandstorms. The river ecological environment has deteriorated.





5. Research Results (Comprehensive Regulation in River Reaches Adjacent to the City)


5.1. Research Results of the Current Environmental Quality in the Research Region


To study the ecological environmental quality of the region, a survey and analysis were conducted, mainly using the following three environmental indicators.



	
Expression model of the ecological elasticity index:


  C S  I  e c o   =   ∑  i = 1  n    S i     e c o    W i     e c o     ,  



(1)










Here,    S i     e c o     represents the characteristic elements within an ecosystem.    W i     e c o     is the corresponding weight value of element i.



	2.

	
Resource bearing index expression mode:


  C S  I  r e s   =   ∑  i = 1  n    S i     r e s    W i     r e s     ,  



(2)











Here,    S i     r e s     is the resource component and n = 4.    W i     r e s     is the corresponding weight value of element i.



	3.

	
Environment hosts exponential expressions:







The environmental carrying capacity includes the water, air, and soil environments:


  C S  I  e n v   =   ∑  i = 1  n    S i     e n v    W i     e n v     ,  



(3)







Here,    S i     e n v     is the environmental component and n = 3.    W i     e n v     is the corresponding weight value of element i.



By referring to relevant research materials, the weight values used for each expression were determined through an expert evaluation method. The expert evaluation method, also known as the brainstorming method, is commonly used in decision-making processes involved in operations research. It is used to design tables based on the knowledge, experience, and discipline of experts, and the experts determine the weight value of each element in the model calculation based on their own specialty (Table 1).



The survey found an ecosystem resilience index CSIeco value of 39.06 in this area, indicating that capabilities of resisting external forces and undergoing ecosystem recovery are poor. The water resource carrying index CSIres value was found to be 21.34, which can be seen as a low bearing capacity level. The environment carrying capacity index CSIenv was found to be 36.75, which indicates a low level of resources and environmental carrying capacity, indicating weak pressure and a low load level (see Table 1). The flood levee standard for Qian’an City area near the original Luanhe River left bank is very low and some individual sections are incomplete, while there is almost no dike on the right bank. The control project system is imperfect, and the regulation line arrangement is unreasonable. Therefore, the sudden flood threat to city has increased, and the ecological environment quality in the city has deteriorated owing to the condition of the river. This has restricted the development of the waterfront city. The relationship between the river and the adjacent city needs to be improved through comprehensive control.




5.2. Principles and Schemes Involved in Comprehensive Regulation


5.2.1. Basic Principles of the Comprehensive Regulation


Based on the characteristics of the Qian’an reach of the Luanhe River, river flood control should be combined with ecological regulation and city development. Comprehensive regulation measures, including engineering, ecology, and management, could aid river control and ecological restoration and improve the environment during the city’s development, with the aim being to form a harmonious and mutual promotion relationship between the city and the river. During the comprehensive regulation of the river, unity among environmental, economic, and social benefits should be pursued [40].




5.2.2. River Health Assessment


First, based on the characteristics of the riparian zone ecosystem in the Qian’an reach of the Luanhe River, the concept of a healthy river was defined scientifically, and an evaluation index system established. The health hierarchy in the beach ecosystem was divided, and the environmental quality of rivers and beaches was evaluated and analyzed using GIS spatial stack analysis technology support. A flowchart for the study is shown in Figure 3.




5.2.3. Finance Channels for Construction Funds


The regulation of the Qian’an reach of Luanhe River should be closely combined with the planning of urban development near the river, and an integrated renovation program for flood prevention and ecology should be conducted. Funds should be raised for river training from urban construction, taking advantage of the benefits of flood control and the environment to promote the development of the city.




5.2.4. Comprehensive Regulation Schemes


The regulation plans for the Qian’an reach were designed according to the principle noted above. Individual projects are shown in Figure 4, and this is divided into three specific schemes.



	
The levee construction scheme combined with urban traffic network: The embankment was designed with high standards, including enhanced flood control (for levee height), expanded traffic requirements (for levee width), and augmented environment protection (for ecological levee). The sturdy embankment can resist a 50-year recurrent flood; the six-lane broad embankment was designed as a main riverside road in the city’s traffic network through the green way connecting the city and the river; and the green embankment was designed with ecological slope protection materials (such as gabion mesh and grass), forming a beautiful landscape near the river.



	
The river ecosystem restoration construction scheme: The five-stage rubber dams were designed for water conservancy to restore the ditch braided wetland. On the basis of dredging and improving the capacity of river channels, the floodplain wasteland regulation and the green ways along the river channel were designed with high standards to increase the production capacity of the river ecosystem and the biodiversity of the river environment and to restore the ecology elasticity of the river system.



	
The natural and cultural riverside landscape construction scheme: The artificial Huangtai lake and six leisure islands on the lake were designed on the basis of the safety of flood discharge. Scenic river locations and cultural facilities for citizen leisure were developed, and the retreat road was designed to allow citizens to escape flooding. The barren wasteland near the river was changed into high-value urban development land by designing a beautiful environment near the river.








5.3. Study on the Comprehensive Regulation Schemes by Hydraulic Modeling


5.3.1. Constructing the Hydraulic Scale Model


The simulated river is 27 km long and is wide and shallow. The design of the model takes into account the length of the river, test site, water supply capacity, model roughness technology, and flow pattern similarity requirements. According to the gravity similarity and turbulent resistance similarity criteria, a distorted model was designed. The plane geometric scale λl of the overall model was determined to adopt 490. The depth scale λh was 70, so the geometric distortion was η = 7. The velocity scale λv (λv = λh1/2) was approximately 8.37 and Manning roughness scale values λn (λn =λh2/3/λl1/2) approximately 0.77. The two scenarios of the model are called Case S1 (before regulation) and Case S2 (after regulation) (Figure 5).



The flow discharge in the experiment was controlled by an E-mag electromagnetic flow meter, and the flow velocity was measured by a propeller current meter. Surface flow velocity fields were acquired using the VDMS measurement system based on buoy flow measurements. The boundary materials of the river model determined by the roughening test met the model roughness requirements of the trough and beach. Through verification of the historical flood mark, the model was found to meet the requirements of similar resistance (see Table 2).




5.3.2. Results of the Hydraulic Model Test


To investigate the flood characteristics of the studied reach, experiments were conducted using the two river scenarios: Case S1 and Case S2. The design flood was constructed using two standards: a flood return period of P1 = 10% (Q1 = 9000 m3/s) for general town (today’s Qian’an city); and P2 = 2% (Q2 = 19,000 m3/s) for larger cities considering the future development of Qian‘an city.



In Case S1, the river flood performance showed that water flow was divided into left and right branches, and the split ratio of the left bank near city was higher when the flow velocity was 3–4 m/s. The flow was scattered and unstable.



After carrying out the comprehensive regulation project (Case S2), the discharge capacity in the right tributary was found to be enhanced, and the flow was more concentrated in the deep trough. The flood routed smoothly with the new embankment and was not negatively influenced by the regulating projects. The Huangtai artificial lake stabilized the flow along the left bank adjacent to the city, so the nearby flood level was reduced by 0.1–0.2 m when the flow velocity was 2.5–3.0 m/s. In the design flood conditions, the flow fields at Case S1 and Case S1 are shown in Figure 6 and Figure 7 (velocity obtained by the VDMS measurement system in the model test). A comparison of the flow velocity along the left bank between the two schemes (S1 and S2) is shown in Figure 8. The new embankment was found to resist erosion from flooding characterized by a hydraulic slope of 0.11%. This shows that the regulating measures have improved flood discharge capacity in flood channels (Figure 9 and Table 3), and the lakes formed by multistage rubber dams also showed restored ecological function in the non-flood season. This indicates that the comprehensive regulation scheme is reasonable and feasible.





5.4. Major Measures and Effects of the Comprehensive Regulations


5.4.1. Flood Control and Ecological Restoration Engineering


	
A flood control dike with high standards to prevent 50-year recurrent flooding was constructed. According to river flood regulations, a two-sided dike was constructed, regulating a total length of 50.9 km in the Qian’an reach of the Luanhe River. The new flood control dike expanded the urban traffic network. The left bank (adjacent to city) segment length is 24.2 km and the right bank segment length is 26.7 km. A 5.2 km long dike road was built in the urban section with six lanes and a width of 50 m, which meets the high standards required of urban road construction (Figure 10 and Figure 11). The protection side slope of the dike was constructed with pervious ecological slope protection materials such as gabion mesh and interlocking concrete blocks (Figure 12), and grass planted on the waterfront slope and shrubs planted on the back slope. The new dike became a safe green barrier for flood control as well as a convenient traffic artery of Qian’an City. In order to meet the retreat requirements of residents within the river flood zone before the occurrence of flooding, a 6 km long flood control evacuation road and seven retreat bridges were constructed around the lake which form a green way network connecting the city and river.



	
A ditch regulation project was conducted using various methods, such as cleaning the riverbed, dredging the braided ditch, and rechanneling shrunk streams for the purpose of resolving the contradictions between flood discharge and development in the floodplain. The layout and scale of regulation engineering were determined based on scientific research conducted under the conditions of the design flood. Rectification projects included the right branch diversion at the middle tributary, detention basin construction between two branches, an artificial lake, water diversion projects in the west tributary, also strengthening of the flood carrying capacity by excavation and dredging on the left side of the main channel (Figure 7).



	
Multistage rubber dams were constructed through environmental regulation projects to eliminate the harsh ecological environments of the river and address the shortage of underground water (Figure 12). A cascade control project with five rubber dams was established to supply underground water and transform the sandy wasteland. The formation of water storage bodies can beautify the urban environment and improve local ecological and climatic conditions. Rubber Dam 1 was constructed upstream from the Qian’an valley, where there is a watershed of two branches, similar in shape to a “fish mouth”. Two separating sluices were built in the two branches and were used to control and distribute runoff. The tail water of the final flood was able to flow into the left branch of the planned wetland and artificial lake to achieve flood resource utilization. Rubber Dam 3 is located downstream of the Huangtai artificial lake. It is 330 m long and 2 m high and can store water to form an artificial lake in the left branch. This was done to improve the local environment and eliminate sand dust storms in spring (Figure 13). Rubber Dam 2 is located upstream from the Huangtai lake in the east tributary (near the urban areas), and Rubber Dam 4 is located at the flow intersection downstream from the Huangtai lake. The main role of the two dams is to adjust the water head, restore wetlands, transform sandy wastelands, and improve the river’s ecological environment. Rubber Dam 5 is located at the end of Luanhe River valley to form ecological wetlands. It is 355 m long and 2 m high. The five rubber dams were shown to raise the local river water level appropriately to increase water storage capacity and water area of the river, not only improving the river’s ecological environment but also increasing the water diversion and ecological restoration of the river system significantly. All rubber dams should become flat to discharge water before flooding occurs.







5.4.2. Lake Scenic Engineering for the Non-flood Season


	
Water Storage Projects in the Lake District






This is an important part of typical river ecological engineering, which in this case involved areas including the artificial lake, Lotus Island, and the five star-shape islands. A special embankment protection project was also conducted along the left bank. The excavation of the lake and the filling of islands were conducted according to the natural river regime and the original beach features, using model testing. By using rubber dams in the non-flood season, the water surface maintained an area of 2798 acres, with an average depth of 2–3 m and a maximal depth of 3.5 m in the Huangtai artificial lake. Its storage capacity is as much as 4.3 million m3, forming the rippling lake district (Figure 14). The results of the model test showed that the planned artificial island had little effect on flood discharge, and the left embankment had sufficient strength to prevent flooding. Rubber dams become flat in devastating floods, causing the artificial island to overflow, overtopping naturally, which can guarantee the flood capacity of the river and the safety of the dike.



	2.

	
Wetland Restoration and Renovation Project in the Sandy Wasteland Area







Two large wetland protection areas (wetland parks) around the Huangtai lake and a biological protected area near Dong Gorge were established (Figure 4, Figure 15 and Figure 16). With the rise in water level by rubber dams and the improvement of the flow system by water diversion projects, soil and water conservation projects and partitioned ecological restoration projects were carried out, which included planting trees or grass in the sandy wasteland area of the floodplain. Meanwhile, many green ways were built along the channels. All of these measures greatly improved the river environment.



	3.

	
Landscape Engineering in the Riverfront Region Near the City







A riverfront park with an area of 170,000 m2 was established, forming a beautiful green corridor. Along the riverfront region, many flower terraces, trees, sculptures, landscape stones, monuments, craft lanterns, and various leisure facilities were constructed. This created a riparian quality ecological space accessible both by day and night (Figure 17). The artificial lake and riverfront park complement each other.



By improving the ecological environment of the riverfront, the rapid development of the urban waterfront was promoted, and the river management objective of developing a harmonious relationship between humans and water was realized. The inter-relationships among the city, river, and ecological environment of the river are shown in Figure 18.




5.4.3. Analysis of the Comprehensive Benefits


The degree of development and utilization of land and water resources was determined reasonably through the comprehensive regulation schemes. Since the gradual implementation of the dike project and ecological engineering projects, such as the Huangtai lake and wetland restoration, the river ecological environment improved significantly. There is an abundance of fish in the lake, and the population of fish increased more than tenfold. The area of river wetlands greatly increased, and a large number of birds returned to habitats within the lake district and the river, resulting in the formation of a very beautiful natural landscape and superior ecological environment. The surrounding groundwater level rose significantly, and groundwater resources increased by 80 million m3 in Qian’an City. About 6.5 million acres of riverfront land are now protected from flooding, and 5300 acres of former wasteland transformed into high-value urban construction land. The implementation of the project ensured the safety of river flood control, improved the river and its surrounding ecological environment, and promoted city development. The comprehensive regulation projects not only achieved good economic benefits, but also led to significant environmental and social benefits, which obtained from four aspects are shown in Figure 19. which preliminarily achieved harmony between the river and humans. The goal of harmony between the river and humans has been preliminarily achieved.






6. Conclusions


	
According to the concept of harmony between humans and rivers, the basic theory of comprehensive river regulation adjacent to a city is described. The relations among flood control, environment improvements, and urban development during river regulation should be dealt with carefully. A new financing channel for water conservation construction funds has been recommended in order to obtain sufficient financial support from city development.



	
As a typical case study example, taking a reach of the Luanhe River adjacent to a city in North China, a comprehensive regulation model was proposed based on an assessment of current river health. The schemes included a flood control project, river regulation, ecological restoration, landscape construction, multipurpose road building, and the configuration relationship. The scheme feasibility was studied and verified through a hydraulic scale model test.



	
In the regulated reach of the river, a flood control embankment (taking the urban traffic into account), multilevel rubber dams, an artificial lake, and a riverfront landscape belt were constructed, and river dredging, wetland restoration, and improvement of the layout of green ways were carried out. The engineering practices showed obvious effects of the implementation of comprehensive river regulation. Good economic benefits and significant environmental and social benefits were achieved. The harmony between the river and humans improved, and mutual promotion and coordinated development of the city and the river was preliminarily realized.
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Figure 1. Sketch of the Qian’an reach of the Luanhe River. 
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Figure 2. Distribution of groundwater resources in the Qian’an region. 
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Figure 3. The working procedure used for the river health assessment. 
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Figure 4. The working procedure and specific techniques used. 
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Figure 5. The hydraulic model of the regulated reach of the Luanhe River. (a) The model before regulation (Case S1). (b) The model after regulation (Case S2). 
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Figure 6. Flood field after implementation of the regulations along the Luanhe River for the design flood. (a) The flood field after implementation of the regulations across the whole river (Case S2). (b) Local velocity field of the artificial lake (Case S2). 
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Figure 7. The flow field (water level and velocity) for cases S1 and S2 for the design flood. (a) Case S1; (b) Case S2. 
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Figure 8. Comparison between Case S1 and Case S2 for the velocity along the left bank. 
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Figure 9. Comparison between Case S1 and Case S2 for the water surface along the left bank (two flood frequencies Q1 and Q2). 
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Figure 10. Green dikes adopting ecological slope protection materials. 
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Figure 11. Water storage projects in the Huangtai lake district. 
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Figure 12. Ecological protection slope with different materials. (a) Gabion mesh in the building. (b) Interlocking concrete blocks. (c) Ecological protection slope of the dike. 
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Figure 13. The landscape at Rubber Dam 3. 
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Figure 14. Artificial lake and islands by rubber dams. 
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Figure 15. Wetland restoration projects. 
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Figure 16. Wetland restoration and renovation project in the sandy wasteland area. 
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Figure 17. Scenic area of the riverfront landscape. (a) Cultural landscape. (b) Riverside park. 
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Figure 18. The inter-relationships among the city, river and ecological environment addressed in Luanhe River regulation projects. 
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Figure 19. The economic benefits of the comprehensive treatment project. 
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Table 1. Results of ecological assessment of regional water environment.
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Ecological Elasticity Index

	
Resource Carrying Index

	
Environmental Carrying Index

	
Water Resources Carry Pressure

	
Land Carry Pressure






	
Assignment

	
39.06

	
21.34

	
36.75

	
11.61

	
41.88




	
Assessment level

	
The ability to resist external forces and recover is relatively poor.

	
Water resources have a low carrying capacity

	
The carrying capacity of environmental resources is low.

	
Severe water shortage.

	
There is a large surplus of land resources in the watershed.




	
Overall rating

	
The bearing capacity of the basin has a low load and weak pressure degree

	
Conservation and regulation of water resources is needed, as is land development
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Table 2. Comparison validation of water levels investigated from the past flood mark and measured using the model.
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	Location of the Flood Mark
	Investigated Water Level at the Flood Mark in 1994 (m)
	Measured Water Level at the Flood Mark by the Model (m)
	Error (m)





	Left bank1
	66.74
	66.60
	−0.14



	Right bank1
	63.90
	63.97
	0.07



	Left bank2
	62.43
	62.52
	0.09



	Left bank3
	49.64
	49.77
	0.13



	Right bank2
	49.32
	49.18
	0.16



	Right bank3
	45.88
	45.98
	0.10
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Table 3. Flood level at the left and right banks (P2 = 2%, Q2 = 19,000 m3/s).
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Flood Water Level along the Left Bank

	
Flood Water Level along the Right Bank




	
No.

	
Distance

(km)

	
Zb

(m)

	
Za

(m)

	
Difference (m)

	
No.

	
Distance

(km)

	
Zb

(m)

	
Za

(m)

	
Difference (m)






	
1

	
0.16

	
67.87

	
67.79

	
0.08

	
2

	
4.19

	
64.34

	
64.18

	
0.16




	
3

	
3.91

	
63.51

	
63.52

	
0.00

	
5

	
10.52

	
54.97

	
55.01

	
−0.05




	
4

	
8.74

	
58.36

	
58.35

	
0.01

	
7

	
14.96

	
52.88

	
52.68

	
0.20




	
6

	
13.29

	
53.42

	
53.15

	
0.27

	
8

	
18.18

	
50.11

	
50.10

	
0.01




	
10

	
23.51

	
47.89

	
47.74

	
0.14

	
9

	
22.73

	
49.08

	
48.97

	
0.10








Note: Zb and Za represent the flood level before and after implementation of the regulations, respectively.
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