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Abstract

:

In recent years, the frequency of flooding damage has increased owing to torrential rains caused by abnormal weather and rising sea levels, which can be attributed to global warming. In particular, in the case of low-tide rivers, when a high tide and critical rainfall occur simultaneously, the flood damage will increase due to the increased external water level. The establishment of a disaster prevention plan through a simulation of existing inequality streams may be suitable for general rivers; however, it is inadequate for considering the effects of tide changes over time, such as those in a reduced tide stream. Therefore, in this study, an optimal operation plan is formulated based on unsteady flow simulations in regions where a large number of hydraulic facilities are installed, and an optimal river management plan is derived for the flood season. For the Ara Waterway (Ara Stream) and Gulpo Stream managed by the Korea Water Resources Corporation, various hydraulic facilities (weir, inverted syphon, etc.) are operated in conjunction with the West Sea to mitigate the continuous flood damage. In that context, a West Sea drainage gate has been installed. Correspondingly, it is necessary to optimize the flood exclusion capacity by deriving an optimal operation plan because it directly affects the water level in hydraulic facilities such as the Right No. 1, Left No. 1, and flood gates, which are the most important drainage structures for the Gulpo Stream operation. Herein, through a trial-and-error method, an optimal operation plan is derived to reduce the flood frequency in the Ara Waterway and Gulpo Stream.
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1. Research Background and Purpose


The aim of this study was to derive an optimal operation plan for rivers intertwined with complex water structures based on unsteady flow simulations of the Gulpo Stream basin. Note that the study target area experiences frequent flooding. In particular, as the flow in this river is directly influenced by the Han River, a tidal stream, considering an unsteady flow simulation is essential. The factors inducing flooding in this area can be outlined as follows.



1.1. Location and General Characteristics of the Han River Basin


Yellow rocks (such as tuff and rhyolite) formed owing to intrinsic activities are distributed in the high mountainous areas surrounding the basin of the Gulpo Stream [1]. Daebo granite is distributed at the foot of the mountain, and gneiss and schist are distributed in the hilly areas. Among these formations, tuff is generally poorly weathered. Moreover, urbanization is actively in progress in the Daebo granite area and is widely implemented at the foot of the mountain in the western part of the basin.



The riverbed slope of the Gulpo Stream is approximately 1/200 to 1/800 in the upstream section, and the middle and downstream sections have extremely gentle slopes at 1/5000 to 1/15,000 [1]. Agricultural land with an elevation (EL) of approximately 5.0 m is lower than the flood level of the main stream in the Han River during flooding. In addition, small rivers such as the Wontong and Cheongcheon Streams originating from Incheon City merge and flow northward in the Jung-dong area of Bucheon City. However, the width of the river suddenly narrows in Moksu, causing the flow from the upstream to slow down and accumulate (Figure 1).




1.2. Installed Pump Capacity


Six 965 mm pumps were installed at the Singok pumping station in 1925 for the irrigation of the Gimpo plain and forced drainage of domestic water during floods [1]. In March 1973, the existing facilities were demolished, and five 2000 mm pumps were installed for pumping and drainage. The current exclusion capacity is 38 m3/s. The exclusion capacity of the temporary drainage pump station in the Gulpo Stream is 18 m3/s. Considering the planned flood volume (100 years frequency) of up to 1188 m3/s based on the Ara Stream junction after the renovation of the Gulpo Stream, the volume of 1132 m3/s cannot be excluded as the Han River flows through the pump station [2].




1.3. Urbanization of Watersheds


Owing to rapid urbanization in the middle and upper streams of the Gulpo Stream in the Gulpo Stream basin, the paved area of asphalt and concrete has widened significantly; this area can deteriorate the underground penetration capacity. The same is true for the erosion of surrounding agricultural land owing to the coverage of rivers in the middle and upper reaches and expansion of urban areas. As the Ara Stream Basin is geographically adjacent to Seoul City, it is sensitive to the intensity of urbanization, and consequently, the lowlands of rivers in this area where wetlands were formed in the past have now undergone rapid urbanization.




1.4. Influence of External Water Level of the Han River


The Gulpo Stream is directly affected by the water level of the main stream of the Han River because it connects to the left bank downstream of the Han River at a distance of 2.3 km downstream of the Haengju Bridge [1]. Most of the rivers flow in low-lying areas with extremely gentle slopes; therefore, when the water level in the main stream of the Han River rises, the floodgates are closed, and water drainage is only dependent on forced drainage pumps, thereby extending the flooding period [3].



Various studies on urban flood management have been undertaken. In Korea, Lee at el. developed an optimal model which would help to decide an adequate capacity and location according to the numbers of the facilities that need to be installed [4]. For this optimal technique, Harmony Search (HS) is utilized, and the SWMM is constructed accordingly for the better interpretation of the hydraulic and hydrological processes. Additionally, the sensitivity analysis was performed which was considered to determine the optimal positions of storages. The developed optimal model has been simulated, and it has determined the positions according to the different numbers of the facilities which need to be installed. In Shin et al. study, applicable LID techniques are analyzed and implemented using LID modules of the Storm Water Management Model (SWMM), which is the model for urban stormwater-runoff management in the project area [5]. The 1D and 2D hydraulic modeling with HEC-RAS has been done by Brunner et al. [6]. Later, Romali et al. presented the application of HEC-RAS model to the development of floodplain maps for an urban area in Segamat town in Malaysia [7]. Ewelina et al. analyze in-stream restoration structures impact on hydraulic condition and sedimentation in the Flinta river [8]. Effects of implementing LID practices are also assessed and reviewed. Another method for reducing urban flood was performed by Choo et al. [9]. This research models the effects of three flood reduction methods involving Oncheon River, Suyeong River, and the Hoedong Dam, which is situated on the Suyeong. Additionally, study on operating drainage pump stations considering downstream level to reduce urban river flood damage has been done [10].



Other operation plans for flood reducing has been carried out outside the country. Blazkova and Beven applied a continuous simulation approach to the estimation of flood frequency for a dam site in a large catchment (1186 km2) in the Czech Republic [11]. The models used allow for the simulation of both high intensity and low intensity rainfall events, and snowmelt events, over subcatchments in contributing to the flood frequency distribution. The methodology is implemented within a Generalised Likelihood Uncertainty Estimation framework and fuzzy rules method was used for assessing the risk of potential flood peak within a risk-based dam safety assessment. Jang researched on flood area, the duration of flooded and surcharged on the study area [12]. Without rainwater stored tank, the area of flooded and surcharged on reference area is similar to the area of reference region. However, with rainwater stored tank, the area of flooded and surcharged on reference area is much reduced compared to without rainwater stored tank. According to SWMM simulation results, the rainwater stored tank is located closer to site is more effective for the reduction in duration of flood and surcharged and flow rate.



Additionally, Chen et al. introduced a simplified urban stormwater inundation simulation model based on the SWMM and a geographic information system (GIS)-based diffusive overland-flow model [13]. Estimation of urban runoff peak and volume is a fundamental step in determining the transferring capacity of urban drainage systems. Rabori and Ghazavi studied on estimating urban flooding of a semi-arid area (Zanjan city in the northwest of Iran) was to present an application of the SWMM [14]. The performance of an urban drainage system in the study area was also investigated. According to the results, SWMM is an effective tool for urban flood estimation in a semi-arid area.



Studies about flood and overflow causing damage to structures along the rivers or dams due to various flow has been done. Karami et al. investigated the effect of transient flows caused by flood or gates operation on the bearing capacity of water tunnels [15]. Karakouzian et al. studied the impact of unsteady flows on concrete pipes and damages that occurred in pipes joints [16].




1.5. Purpose of the Study


The purpose of this study was to establish management regulations for the left-bank side of the Gulpo Stream facilities, right-bank side of the river, and connection between the drainage gates and the connected river Ara Stream to promote rapid and stable flood treatment at the Gulpo Stream.





2. Methodology


2.1. Selection of the Calculation Method


The unsteady flow analysis model considered in this study was the one-dimensional Hydrologic Engineering Center River Analysis System model, version 5.03. The HEC-RAS model can perform non-uniform and unsteady flow simulations. The method adopted to determine the water-surface curve for irregular water-surface profile was analyzed using an unsteady flow analysis; a total of three frequencies were analyzed. In particular, the planned frequencies of the Gulpo and Ara Streams are 30, 50, and 100 years, respectively. The one-dimensional model HEC-RAS (version 5.03) was used to analyze the unsteady flow, and the outline of the method adopted for calculating the unsteady flow in the HEC-RAS is as follows.



The unsteady flow model HEC-RAS analysis of the flow in the stream was interpreted by using continuous and Saint-Venant equations in the form of partial differential equations of the two physical laws governing the flow in the stream, i.e., the mass conservation law and momentum conservation law. The solutions to the continuous equation and momentum equation were obtained by applying the finite difference method (Preissmann’s weighted four-syllable method).



The continuity equation describes the law of mass conservation for a one-dimensional system, as follows:


    ∂ A   ∂ t   +   ∂ S   ∂ t   +   ∂ Q   ∂ x   −  q l  = 0  











In the above,  A  denotes the river area,  x  denotes the flow distance,  t  denotes time,  Q  denotes the flow rate,  S  denotes the storage volume, and    q l    denotes the side inflow per unit flow distance.



The momentum equation indicates that the rate of change in the momentum is equal to the external force acting on the system.


    ∂ Q   ∂ t   +   ∂  (  V Q  )    ∂ x   + g A  (    ∂ z   ∂ x   +  S f   )  = 0  











Here,  z  denotes the depth,  g  denotes the gravitational acceleration,    S f    denotes the friction slope, and  V  denotes the water velocity.



Preissmann’s weighted four-point implicit scheme uses grid flow regions at regular intervals to evaluate the time and distance. It is constructed as a differential equation with variables in the current time zone and next time zone, which are then combined. The Newton–Raphson method of nonlinear differential equations differentiates between continuous equations and momentum equations.




2.2. Model Selection


The HEC-RAS model data established by the Gulpo Stream Master Plan [1] and Ara Stream Master Plan [2] were acquired and used to further reflect the specifications and operation plans of major structures such as sluice gates, weirs, and pump stations, which are not reflected in the existing river master plan.



The model provided in the river master plan is an unequal flow model, and the state of the flow does not change over time. When establishing the plan in this research, the water level change over time must be considered by linking the Ara and Gulpo Streams. Thus, a four-part model was obtained from each river master plan to construct a water level change review over time. Figure 2 presents the overall flow of this study.





3. Analysis of the Study Target Area


3.1. Selection of the Research Target Area


The Gulpo Stream basin (including the Ara Stream) is a low-lying area with approximately 70% of the water level below EL 25 m, making natural drainage of water impossible when the water level of the main stream in the Han River rises. Thus, water drainage is primarily dependent on forced drainage by drainage pumps. Urban areas account for 52.2% of the total area of the basin, and forest land and agricultural land account for 12.8% and 21.6%, respectively. The average slope of the basin is 4.5°, indicating a gentle-slope basin, and the average elevation of the basin is EL 27.9 m. Several lowlands below EL 10 m are distributed downstream of the Gulpo Stream.



A total of 67% of the Ara Stream basin is a low-lying area below EL 30 m, and if the water level in the main stream rises, natural water drainage becomes impossible. Thus, water drainage in this area mainly depends on forced drainage by a drainage pump.



Urban areas occupy 49% of the total area of the Ara Stream basin, and forest and agricultural land occupy 23.5% and 14.6%, respectively. The average slope of the basin is 9.6%, and the average altitude of the basin is EL 35.1 m. Additionally, several lowlands below EL 10 m are distributed downstream of the Gulpo Stream.




3.2. Hydrological Analysis


Various types of water data such as precipitation, water level, flow rate, evaporation rate, wind, sediment discharge, and water quality are available; however, in this study, we focused on meteorological stations, rain, and water level stations (Figure 3).



3.2.1. Meteorological Observatory


Our investigations revealed that no meteorological observatory was located within the task basin. Accordingly, data were used from the Incheon and Seoul meteorological observatories located near the task basin.




3.2.2. Rainfall Observatory


Three jurisdictions of the Korea Meteorological Administration, three jurisdictions of the Ministry of Land, Infrastructure, and Transport, and one jurisdiction of the Korea Water Resources Corporation have been established and are operated. Recently, the Ministry of Public Administration and Security established blue-chip observation stations in each city, county, and township office to conduct disaster prevention operations. However, the observation year was short, and only major heavy rain events were investigated.





3.3. Establishment of External Tide Water Level Conditions


The wave velocity is important factor in flow model. To consider wave velocity to the unsteady flow model, the mean high water level of spring tide was applied. This is because the mean high water level of spring tide was used for design condition and operation rule for West Sea Drainage Gate. In this study, to ensure consistency with previous studies, the mean high water level of spring tide was selected as the estuary tide level. In addition, to estimate the tidal curves over time for calculating the unsteady flow, the average tidal change in a 12 h and 25 min period was applied to the cosine curve, i.e., the time interval to the next high rise from the west and south coast of Korea. The unsteady flow simulation was performed by delaying the estimated tidal curves by 1 h (Figure 4).



Figure 5 and Table 1 shows the sub-area locations and the input data of unsteady flow model. The CP0 is integrated with CP0 and GP1; GP2 is integrated with GP2 and GP3; GP4 is integrated with GP4, GP5, and GP6; GP7 is integrated with GP7, GP8. The West Sea drainage gate is located at AP0. The inverted syphon gate is located at AP4. The AP6 is just before connecting waterway, and GP2 is downstream of connecting waterway.





4. Model Analysis


To derive an optimal operation plan for river facilities downstream of the Gulpo Stream, the main structures located in the Ara and Gulpo Streams needed to be reflected in the collected rainfall runoff model and simulated in HEC-RAS according to the operation plan of each structure. Therefore, the floodgates and drainage pump stations were reflected in the constructed model and simulated. The specifications and operation plans of the primary structures reflected in the constructed model are presented in Figure 6 and Table 2.



The specifications and operation plan of major structures such as floodgates, weirs, and pump stations that were not reflected in the river master plan were additionally reflected in this model. Previously, both rivers simulated independently were linked operated in this research. The model provided in the river master plan is a non-uniform flow model that does not change the state of flow over time. When establishing operation plan, it is necessary to consider the change in water level over time and build an unsteady model that can simulate the operation time of the flood control facility. Therefore, an unsteady model that can review the water level change over time for both rivers was constructed. Table 3 shows the summary comparison of original and proposed method.



4.1. Model Establishment and Verification


The model was validated for both non-uniform flow and unsteady flow applied with actual rainfall event (5 July 2012 and 22 July 2017) which has caused damage to study area. For non-uniform flow, flood elevation data (from river master plan), water level, and flow velocity (from observatory) were checked. Additionally, for unsteady flow, water level, flow velocity was checked. In particular, the flow rate, flow velocity, and discharge at the part of Gyulhyun Weir passing to the connection channel passage were confirmed. The probability rainfall by duration was calculated by adopting the Huff distribution using a report from the Korea National Disaster and Safety Research Institute [17]. The probability rainfall for each duration and frequency is shown in Table 4. After the verification, model establishing and reviewing 1-5 rounds has been processed.



4.1.1. Establishing and Reviewing Models between 1–5 Rounds


Round 1: Key contents of the 1st model review



	-

	
The duration of the flood volume based on rivers needs to be same




	-

	
The west sea tide level needs to be applied to the tide level curve




	-

	
A section must be added to the downstream side of the West Sea drainage gate (model stabilization aspects)




	-

	
A West Sea drainage gate must be used according to operation rules




	-

	
The opening and closing speed of the floodgates is recommended to be 0.5 m/min




	-

	
The volume up to the embankment of the Cheonbyeon Reservoir must be calculated




	⇛

	
Round 1 result: A comparative review between the master plan and unsteady flow flood level is required after supplementing the improvement points.







Round 2: Key contents of the 2nd model review



	-

	
Modifying the location and elevation of the inlet




	-

	
Reviewing the maximum water level occurrence point in the tide and Ara stream (1 h delay)




	-

	
Comparison with the master plan after reviewing the starting point flood level




	-

	
Deletion of unnecessary cross-section (model stabilization aspect)




	⇛

	
Round 2 result: The duration of rainfall applied to the flood calculation is 7 h for the Gulpo Stream and 8 h for the Ara Stream.







Round 3: Key contents of the 3rd model review



	-

	
Modification of flow divergence at the Gulpo estuary




	-

	
Choose as a basic model after supplementing the problem




	⇛

	
Round 3 result: The inflow to the estuary of Gulpo Stream is different from the input value, so the structure operation plan needs to be reviewed after modification.







Round 4: Key contents of the 4th model review



	-

	
Comparison of the water level with the master plan of the river




	-

	
The Right No. 1 drainage gate must be used as per operation rules.




	-

	
Simulations of reservoirs with stage-storage curves based on the elevation of agricultural land in the southern and northern watersheds of the relocating channel




	-

	
Review of submersible water gates at EL 4.5, 5.0, and 5.5 m, and right eye drainage gates at EL 4.7, 5.0, and 5.5 m




	⇛

	
Round 4 result: Nine operational plans are designed based on the current model, along with nine operational plans based on the agricultural land storage effect model.







Round 5: 5th model (basic model properties)



	-

	
Minimization of errors in the model




	-

	
Combined review of the operation plans for the structure(s)




	-

	
Development of a study model for the flood level in the Gulpo Stream








4.1.2. Study on the Effect of Storage of Agricultural Land


To examine the operational plans of the major structures in the selected basic model, a model review was conducted while considering the flooding of agricultural land sections in the southern and northern basins.



In addition, the flooding allowance sections of the southern and northern basins were considered equally in the Gulpo Stream Master Plan, and the flooding capacity was calculated in this study as the storage of the same basin.



The stage-storage curve of the flooding allowable section was applied to the model by classifying the numerical elevation model of the basin and agricultural land section for land use, followed by a calculation up to EL 7.0 m equivalent to the embankment of the basin.



Under the above conditions, the farmland storage effect was reflected in the unsteady flow HEC-RAS model, the characteristics of the major flood sections were analyzed, and a final operation plan review model was adopted based on the final model considered to closely resemble the actual conditions during flooding.




4.1.3. Establishment Status of the Final Review Model


To review the operation plan, the characteristics of each major point in the finally selected unsteady flow HEC-RAS model and those of the structure operation plan were summarized through the above-described construction model review.



The particular focus of the model construction was to designate a hydrologic operation type so that each drainage gate and weir could be operated as precisely as possible when constructing the model. A total of two hydrologic operation types were applied in the final model, as follows.



	-

	
Elevation-controlled gates: These gates were operated when the water level at a specific point (one point) reached an operating condition level.




	-

	
Rule-based gates: These water gates were operated sequentially under specific conditions (specific water level, specific time, etc.).







The actual operation plan of the pump station was applied. The other structures reflected the specifications of the structure in the model without any changes and were constructed to allow the flow of water according to the change in the water level (Figure 7).






5. Optimal Operation Plan


An additional plan review was conducted to establish an operation plan for a structure for which an operation plan was not specified and to lower the water level in the case of a flood. Regarding the frequency of the review, a planned frequency of 100 years was reviewed first, along with frequencies of 30 and 50 years.



To select a review case for each facility, nine review cases were adopted within an EL range of 4.5–5.5 m, based on the operation level of the Right No. 1 and submersible gates of the tangerine prefectural opening level at EL 4.70 m. In addition, the prerequisites for the operation of the Right No. 1 drainage gate were considered as the conditions for operation when the water level continued to rise after the opening of the Gyulhyun Weir. The basic direction of the operation plan is summarized in Table 5.



5.1. Operation Plan of the Right No. 1 Drainage Gate and Inverted Syphon Gate


The overall review direction reflected the drainage system of the Gyulhyun Stream during flooding, and the review was conducted while focusing on the Right No. 1 drainage gate and inverted syphon gate, i.e., locations where an operating system was not established. When reviewing the operation plan, nine cases were selected and reviewed based on the above set of basic directions (Figure 8).



The water level was reviewed from the upstream (5 + 788) section of the Right No. 1 drainage gate water level impact section to the inverted syphon gate (3 + 293) section, and the water level impact section of the inverted syphon gate was reviewed from the upstream section (0251) of the inverted syphon gate.



After reviewing the level at each condition, the level considered to be the most stable target level in the two gates (Right No. 1 drainage gate and inverted syphon gate) was adopted as the final operation plan. Details regarding the target level are summarized as follows. Figure 9 and Table 6 shows frequencies of 30-, 50-, and 100-year results.



As a result of the water level review derived according to the conditions, when CASE 1 to CASE 3 were divided into the A group, CASE 4 to 6 into the B group, and CASE 7 to 9 into the C group, the observed level of the inverted syphon gate was B group < A group < C group, and the observed level of the Right No. 1 drainage gate was similar to that of the C group. Comparing the water level differences between the comparison targets, Group B, with the lowest water level observation group for the inverted syphon gate, was at EL 5.00 m (CASE 4, 5, 6); the highest water level observation group was at EL 5.82 m (CASE 7); and the highest number of observations for the Right No. 1 drainage gate was at 7 m (CASE 7).



According to the above water level review, Group B was considered as the most advantageous group for the inverted syphon gate, and Group C was considered as the most advantageous group for the Right No. 1 drainage gate. Group C was considered as the least stable for inverted syphon gate.



Table 7 shows the review of water level results and adoption of operation plan. As a result, B Group shows the most stable water level in the inverted syphon and right No. 1 water level influencing section. Among B Group, CASE 4, which has the lowest water level at Right No. 1 drainage gate was adopted as the final operation plan. The comparison of original and proposed method is shown in Table 8. The result show that approximately average of 0.3 m flood water level has been reduced compared to the original method. However, some sections such as connecting waterway (CP0) showed flood water level higher.




5.2. Operation Plan of the Left No. 1 Drainage Gate


Based on our discussion regarding “Round 5,” a quantitative review was not conducted for the Left No. 1 drainage gate. However, the river status was reviewed according to the “Master Plan for 9 Rivers, including the Geomdan Stream” [18].



Subsequently, in connection with the operation plan of the facility located in the Gulpo Stream (Right No. 1 drainage gate, inverted syphon gate) derived through the quantitative analysis, a level that could be operated as smoothly as possible was adopted.



As a result of the quantitative analysis, the operating level of the Right No. 1 drainage gate was adopted as EL 4.70 m, and the operating level of the submersion gate of the subject water observation point in the figure review model was adopted as EL 5.00 m. The scope of the Left No. 1 drainage gate was selected according to “Round 5.” In addition, the same prerequisite considered for the Right No. 1 drainage gate, which stated that the Gyulhyun Weir opening should be preceded, was adopted for the Left No. 1 drainage gate.



In addition, the Gyulhyun Stream was included in the Gulpo Stream basin; therefore, the flow rate of the Gyulhyun Stream was generally excluded; however, it could vary depending on the rainfall pattern. As such, the primary purpose of operating the Left No. 1 drainage gate was to manage the Gulpo Stream without affecting the Gyulhyun Stream. The operation level of the Left No. 1 drainage gate was adopted by conducting the above reviews.



The scope of the Right No. 1 drainage gate is EL 4.00–5.35 m. The final operating water level was adopted from the operation level of the Left No. 1 drainage gate which is the same as or higher than EL 4.70 m, and it must be closed before it reaches Gyulhyun bridge EL 5.35 m. Therefore, EL 5.00 m, the water level that can prevent bridge flooding, was adopted as the final operating water level.




5.3. Optimal Operation of Hydraulic Facilities


For the efficient operation of river facilities located in the Ara and Gulpo Streams in the event of flooding, operation plans were derived for the Right No. 1 drainage gate and inverted syphon gate, which were previously undefined. The operation regulations for three river facilities located in each river were included, as follows (Table 9, Table 10 and Table 11).



<Operation Plan of the Right No. 1 Drainage Gate>



◈ Purpose



The Right No. 1 drainage gate is normally kept open to maintain the Gulpo Stream joining the Han River and to prevent flood damage to the upper region of the Right No. 1 drainage gate (with the inverted syphon closing the flood gate in case of a flood).



◈ Operation Method



After the opening of the Gyulhyun Weir, the drainage gate is closed when the flood volume increases, and the upstream water level of the Gyulhyun Weir rises; the drainage gate is opened in consideration of the inverted syphon and Gyulhyun Weir upstream water levels.



◈ Exceptional Provisions



If the downstream water level of the Right No. 1 drainage gate is higher than the upstream water level of the Gyulhyun Weir during flood control, the drainage gate can be opened to prevent flooding in the lowlands.



<Operation Plan of Left No. 1 Drainage Gate>



◈ Purpose



The Left No. 1 drainage gate is normally kept open to maintain the Gyulhyun Stream joining the Gulpo Stream; however, the gate is closed to prevent flood damage to the Gyulhyun Stream section.



◈ Operation Method



After the Gyulhyun Weir is opened, the drainage gate is closed when the upstream water level of the Gyulhyun Weir increases and reaches a certain level, and the drainage gate is opened when the level of the Left No. 1 drainage gate is higher than the Gyulhyun Weir level.



The Gyulhyun Bridge, located near the Left No. 1 drainage gate, is at EL 5.35 m (below the planned flood level of EL. 6.96 m), but its elevation cannot be improved owing to problems such as the incorporation of farmland; hence, it is specified in the Gyulhyun Stream River Master Plan.



<Operation Plan of the Inverted Syphon Gate>



◈ Purpose



The inverted syphon gate is normally kept open to maintain the Gulpo Stream joining the Han River and to prevent flood damage to the inverted syphon section downstream of the Singok pump station in case of flooding.



◈ Operation method



The gate is normally opened or closed according to the level of the gate operation standard in the case of a flood.





6. Conclusions


To establish regulations on the management of river facilities downstream of the Gulpo Stream, a basic survey and field survey were conducted on the Right No. 1 drainage gate, Left No. 1 drainage gate, and inverted syphon gate, which lack previously established operating standards. Based on the investigated data, a case-by-case scenario unsteady flow model using HEC-RAS was constructed and simulated to formulate a management plan for river facilities during the planned frequency (100-year frequency) of rainfall.



To maintain consistency with the basic river plan when establishing the operation plan, consultations were conducted through workshops with the implementer of the basic river plan. The review conditions were different, but the contents of the river operation did not conflict.



Through a total of five model review meetings, a model was ultimately adopted considering the effect of agricultural land in the southern and northern basins and was judged to reflect the actual reservoir conditions of the basin during floods.



The final operation plan of CASE 4 was adopted and was deemed capable of guiding the operation of the Right No. 1 drainage gate, Left No. 1 drainage gate, and inverted syphon gate according to the actual water level situation.



	-

	
The Gyulhyun weir is open at EL 4.70 m.




	-

	
If the water level continues to rise after the opening of the Gyulhyun weir, the Right No. 1 drainage gate is closed at EL 4.70 m.




	-

	
The inverted syphon gate is closed at EL 5.00 m.







Compared to original method, proposed method showed flood water level about 0.3 m in Ara stream and about 0.2 m in Gulpo stream reduced. This is because original method is based on non-uniform flow. The calculation of flood discharge in original method based on cumulative watershed while proposed method calculates each sub-watershed flood discharge. The connecting waterway however, showed higher flood water level. This is due to the data original method used. It did not consider some parts (starting from inverted syphon, about 300 m) resulting assumption of water level in certain points. This is why this paper suggest to integrated information and treat as one model.



This study is expected to help prioritize structural measures to reduce flood damage, develop guidelines for structural measures, and establish institutional grounds for hydraulic facilities from torrential rains. However, as a limitation of this study, the rainfall distribution effects greatly on the results. Future research will examine various rainfall distribution effects on hydraulic facilities.
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Figure 1. Gulpo and Ara Stream Location (a,b), Soil Map SCS Classification (c), Slope Distribution (d), Land Use (e). 
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Figure 2. Research Flowchart. 
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Figure 3. Hydrological Observatory Locations. 
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Figure 4. External Tide Water Level Curve. 
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Figure 5. Sub-watershed of Gulpo and Ara Stream. 
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Figure 6. Locations of Major Structures. 
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Figure 7. Final Model Selection. 
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Figure 8. Review Model Target Level Observation Point. 
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Figure 9. CASE 1-9 and Water Level Results of 30-, 50-, and 100-Year Frequency. 
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Table 1. Summary of Main Input Data.






Table 1. Summary of Main Input Data.





	
Stream

	
Stream Area

(km2)

	
Stream Length

(km)

	
Stream Width

(m)

	
Concentration Time

(h)

	
Storage Coefficient

	
Average Slop

(∘)

	
Design Flood Discharge

(m2/s)

	
Design Flood Level

(EL.m)

	
Embankment Height

(EL.m)

	
Curve Number

(CN)




	
Left

	
Right






	
Ara

	
AP0

	
3.90

	
3.78

	
244

	
0.83

	
1.83

	
5.5

	
1480

	
4.96

	
6.50

	
6.50

	
98




	
AP1

	
13.42

	
5.03

	
132

	
1.00

	
2.19

	
5.5

	
1480

	
5.40

	
6.75

	
6.75

	
91




	
AP2

	
5.46

	
3.66

	
97

	
0.81

	
1.79

	
5.5

	
1415

	
5.75

	
7.02

	
7.02

	
87




	
AP3

	
7.40

	
3.20

	
131

	
1.15

	
2.53

	
5.5

	
1395

	
6.40

	
7.60

	
7.60

	
83




	
AP4

	
7.25

	
4.80

	
8.0

	
0.96

	
2.12

	
5.5

	
112

	
6.85

	
4.60

	
4.60

	
90




	
AP5

	
9.35

	
3.03

	
66.8

	
0.73

	
1.61

	
5.5

	
141

	
6.71

	
8.51

	
7.95

	
90




	
AP6

	
2.13

	
5.65

	
22

	
1.08

	
2.37

	
5.5

	
40

	
6.55

	
7.30

	
7.30

	
97




	
CP0

	
29.97

	
19.63

	
103.7

	
3.23

	
2.12

	
6.8

	
1243

	
7.33

	
8.54

	
7.93

	
89




	
Gulpo

	
GP2

	
39.11

	
25.93

	
78.5

	
3.87

	
1.99

	
5.5

	
865

	
9.23

	
9.20

	
9.48

	
92




	
GP4

	
29.60

	
28.42

	
63.9

	
4.00

	
1.47

	
5.5

	
386

	
10.12

	
10.19

	
10.39

	
92




	
GP7

	
12.25

	
14.17

	
64.7

	
1.89

	
0.95

	
2.7

	
234

	
11.19

	
10.02

	
10.41

	
91
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Table 2. Structural Specifications and Operation Plans.
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Type

	
Structure

	
Operation Plan






	
Gate

&

Weir

	
West Sea Drainage Gate

	
Specifications: 12.5 × 9.5 @ 4

Open: Ara stream > West sea level

Close: Ara stream < West sea level

    Ara Strea ≤ EL. 2.7 m




	
Gyulhyun Weir

	
Specifications: 51.4 × 1.5 @ 2

Open: Gyulhyun weir upstream water level > EL. 4.7 m

Close: Gyulhyun weir upstream water level < EL. 4.1 m




	
Inflow Culvert Rubber Weir

	
Specifications: 8.5 × 1.5 @ 1

Open: rubber weir upstream water level > EL. 4.6 m

Close: rubber weir upstream water level < EL. 3.5 m




	
Inverted Syphon Gate

	
Specifications: 3.0 × 3.0 @ 2

No operation plan




	
Right No. 1 Drainage Gate

	
Specifications: 3.5 × 3.0 @ 2No operation plan




	
Left No. 1 Drainage Gate

	
Specifications: 2.0 × 2.0 @ 2

No operation plan




	
Pump

Station

	
Singok Pump Station

	
Capacity:   7.60    m 3  / s ×   5

Run: Gyulhyun stream water level ≥ EL. 5.0 m

Stop: Gyulhyun stream water level ≤ EL. 0.98 m




	
Gulop Stream Pump Station

	
Capacity:   4.50    m 3  / s ×   2 ,   2.25    m 3  / s ×   4

Run: Gyulhyun stream water level ≥ EL. 5.0 m

Stop: Gyulhyun stream water level ≤ EL. 0.91 m
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Table 3. Summary Comparison of Original and Proposed Method.
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	Original Method
	Proposed Method





	Model

Characteristics
	Individual model (non-uniform flow): no simulation of floodgate, weir, and pump station.
	Connecting model (unsteady flow): simulation of floodgate, weir, and pump station is possible.



	Model

Components
	One Ara Stream and three Gulpo Steam model: total four model independently working.
	One integrated model containing both streams.



	Input Flood

Discharge
	Peak flood discharge for each point
	Time series of flood discharge for each sub-watershed



	Reflected

Facilities
	Bridges, drop structures
	Bridges, drop structures, inverted syphon, reservoirs, pump stations, gates, drainage gates



	External Boundary Water Level

Conditions
	Han River: not considered

West Sea: the mean high water level of spring tide fixed value
	Han River: 100-year frequency flood water level

West Sea: external tide water level curve
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Table 4. Probability Rainfall for Each Duration and Frequency.
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Observatory

	
Frequency

(Year)

	
Probability Rainfall by Duration (mm)




	
60 min

	
120 min

	
180 min

	
360 min

	
540 min

	
720 min

	
1080 min

	
1440 min






	
Incheon

	
20

	
77.7

	
114.7

	
137.5

	
181.7

	
214.4

	
241

	
268.9

	
294.7




	
50

	
89.9

	
133.5

	
160.1

	
212.2

	
251.5

	
284

	
317.5

	
349.6




	
80

	
96.2

	
143.1

	
171.6

	
227.7

	
270.3

	
305.9

	
342.2

	
377.4




	
100

	
99.2

	
147.6

	
177.1

	
235.1

	
279.3

	
316.2

	
354

	
390.7




	
200

	
108.3

	
161.6

	
194

	
257.8

	
307

	
348.3

	
390.2

	
431.6




	
Seoul

	
20

	
85.5

	
125.9

	
159.9

	
207.4

	
234.3

	
257.3

	
302.8

	
335.9




	
50

	
98.9

	
146.4

	
187.1

	
242.6

	
273.1

	
300.9

	
356.8

	
397.6




	
80

	
105.7

	
156.8

	
201

	
260.5

	
292.8

	
323

	
384.3

	
429




	
100

	
108.9

	
161.7

	
207.5

	
269

	
302.1

	
333.5

	
397.3

	
440.5




	
200

	
118.9

	
177

	
227.8

	
295.2

	
331.1

	
366

	
437.6

	
489.9
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Table 5. Operation Plan Setting Proposal.
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Structure

	
Frequency

	
Water Level

Range

	
Prerequisites and Reasons

for Scope Adoption






	
Gyulhyun Weir

	
30 Year,

50 Year,

100 Year

	
EL. 4.70 m

	
The actual operating level of the facility that is operated (when opened).




	
Right No. 1 Drainage Gate

	
EL. 4.70 m

~

5.50 m

	
Closed when water level rises continuously after Gyulhyun weir is opened.

Even after the opening of Gyulhyun weir, the operation simulation from the time the water level rose again to EL. 4.70 m, the open water level of Gyulhyun weir.




	
Inverted Syphon Gate

	
EL. 4.50 m

~

5.50 m

	
Select the scope of review from EL. 4.50 m to review the period before and after Gyulhyun weir operation level.




	
Left No. 1 Drainage Gate

	
-

	
EL. 4.00 m

~

EL. 5.35 m

	
Selection of the range considering the surface height of the Gyulhyun stream basin derived from Round 5 and the shape of the Gyulhyun bridge of the lowest stream.
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Table 6. Summary of Water Level for 30-, 50-, and 100-Year Frequency (EL.m).
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CASE

	
Operation Plan

	
30 Year

	
50 Year

	
100 Year




	
Inverted Syphon

	
Right No. 1

	
Inverted Syphon

	
Right No. 1

	
Inverted Syphon

	
Right No. 1

	
Inverted Syphon

	
Right No. 1






	
A

Group

	
1

	
4.5

	
4.7

	
5.00

	
5.90

	
5.10

	
5.85

	
5.54

	
7.33




	
2

	
4.5

	
5.0

	
4.99

	
5.45

	
5.14

	
5.83

	
5.54

	
7.40




	
3

	
4.5

	
5.5

	
4.98

	
5.51

	
5.14

	
5.93

	
5.55

	
7.44




	
B

Group

	
4

	
5.0

	
4.7

	
5.00

	
5.48

	
5.00

	
5.85

	
5.00

	
7.35




	
5

	
5.0

	
5.0

	
5.00

	
5.46

	
5.00

	
5.84

	
5.00

	
7.42




	
6

	
5.0

	
5.5

	
5.00

	
5.51

	
5.00

	
5.93

	
5.00

	
7.44




	
C

Group

	
7

	
5.5

	
4.7

	
5.00

	
5.07

	
5.00

	
5.26

	
5.82

	
7.10




	
8

	
5.5

	
5.0

	
5.00

	
5.00

	
5.00

	
5.32

	
5.86

	
7.20




	
9

	
5.5

	
5.5

	
5.00

	
5.20

	
5.00

	
5.57

	
5.87

	
7.23
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Table 7. Review of Water Level and Operation Plan Result.
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Group

	
Lowest Water Level (EL.m)

	
Review

(Lowest Water Level is First Place)

	
Final

Operation Plan




	
Inverted Syphon

	
Right No. 1






	
A Group

(CASE 1, 2, 3)

	
5.34

(CASE 1)

	
7.33

(CASE 1)

	
Inverted syphon water level: second place (6.8% higher than first place)

Right No. 1 water level: second place (3.2% higher than first place)

	




	
B Group

(CASE 4, 5, 6)

	
5.00

(CASE 4,5,6)

	
7.35

(CASE 4)

	
Inverted syphon water level: first place

Right No. 1 water level: third place (3.5% higher than first place, 0.2% higher than second place)

	
◎

(CASE 4)




	
C Group

(CASE 7, 8, 9)

	
5.82

(CASE 7)

	
7.10

(CASE 7)

	
Inverted syphon water level: third place (16.4% higher than first place, 8.9% higher than second place)

Right No. 1 water level: first place
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Table 8. Flood Water Level Comparison (100 Year Frequency).






Table 8. Flood Water Level Comparison (100 Year Frequency).





	
Stream

	
Flood Water Level (EL.m)




	
Original Method

	
Proposed Method






	
Ara

	
AP0

	
4.96

	
4.96




	
AP1

	
5.40

	
5.05




	
AP2

	
5.75

	
5.44




	
AP3

	
6.40

	
6.09




	
AP4

	
6.52

	
6.11




	
AP5

	
6.52

	
6.13




	
AP6

	
6.55

	
6.20




	
CP0

	
7.33

	
7.86




	
Gulpo

	
GP2

	
9.23

	
9.01




	
GP4

	
10.12

	
9.91




	
GP7

	
11.19

	
10.92
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Table 9. Right No. 1 Drainage Gate Operation Rule.






Table 9. Right No. 1 Drainage Gate Operation Rule.





	Gate Open/Close
	Operation Rule





	Close
	When the water level rises and reaches EL. 4.70 m after Gyulhyun weir is opened



	Open
	When the upstream water level of the inverted syphon falls and reaches EL. 3.50 m.

When the upstream water level of Gyulhyun weir drops and reaches EL. 4.10 m










[image: Table] 





Table 10. Left No. 1 Drainage Gate Operation Rule.






Table 10. Left No. 1 Drainage Gate Operation Rule.





	Gate Open/Close
	Operation Rule





	Close
	After Gyulhyun weir is opened, the water level of Gyulhyun weir upstream rises and reaches EL. 5.00 m (type of Gyulhyun bridge and below)



	Open
	If the level of the left No. 1 drain gate is higher than the Gyulhyun weir level
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Table 11. Inverted Syphon Gate Operation Rule.






Table 11. Inverted Syphon Gate Operation Rule.





	Gate Open/Close
	Operation Rule





	Close
	When the inverted syphon upstream water level rises and reaches EL. 5.00 m



	Open
	When the inverted syphon upstream water level drops and reaches EL. 3.50 m
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