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Executive Summary 
This report presents the findings of a hydraulic study conducted to investigate the potential 

of scour at two bridge crossings on the Red River of the North. The study utilized high-tech river 

surveying equipment, including an autonomous vehicle, to evaluate the hydraulic conditions of 

each site. The objectives of the study were to identify any scour-related issues that could pose a 

risk to the bridge structure, assess the feasibility of constructing a bridge at the identified crossing 

sites, and demonstrate the effectiveness of using an autonomous vehicle for survey equipment 

deployment on water. The study involved several field trips, during which the high-tech equipment 

was deployed to collect data and perform hydraulic modeling and analysis.  

The results of the field measurement using HYCAT indicated no serious scour holes found 

at the two bridge sites. However, there is evidence of the streambank failures occurred at the left 

bank of Highway 200 Bridge site near Halstad, MN.  A scour is potentially developing at the 

vicinity of the central pier at Highway 17 Bridge near Grafton, ND.  

Hydraulic modeling requires an up-to-date flood frequency analysis to be performed. This 

study followed the Bulletin 17C procedures and has revealed some serious increase in the flood 

quantile estimates for the two sites. The site’s 100-year flood estimate increased significantly from 

56,000 cfs to 81,246 cfs.  The hydraulic modeling using HEC-RAS shows the Highway 200 bridge 

deck is submerged under a 100-year flood condition and seriously overtopped under a 200-year 

flood. On the other hand, the Highway 17 Bridge is expected to be not inundated under a 100-year 

and a 200-year flood. Additionally, the study coincided with a major flood event in 2022 that 

occurred during the observation periods, allowing for further validation of the study's findings.  

Scour modeling using the routine in HEC-RAS provides a comprehensive assessment of 

each crossing site, highlighting the hydraulic characteristics and any potential scour under 

contraction, pier scour, and abutment scour considering relevant physical features. Model outputs 

presents recommendations for the design and construction of a bridge at each site based on the 

hydraulic conditions identified. Overall, the hydraulic study conducted not only provides valuable 

insights into the feasibility of constructing a bridge at the investigated crossing sites but also 

demonstrates the effectiveness of using an autonomous vehicle for survey equipment deployment 

on water. The findings of this study will assist in the design and construction of safe and reliable 

bridge structures, reducing the risks to human life and infrastructure in the event of severe flooding.
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1. Introduction 
 

Bridge scour is a leading cause of bridge failure in the United States (Richardson and Davis, 

2001). Scour refers to the erosion caused by water of the sediments or in-situ soil materials 

surrounding a bridge foundation. The loss of sediments and soil particles is attributed to the impact 

of turbulent water movement that creates shear effects around the interface of water and the bridge 

foundation, such as bridge piers and bridge abutments. Any significant loss of materials around 

piers and abutments may undermine the structural integrity of a bridge structure via foundation 

failure mode. The outcome can be catastrophic, involving total or partial loss of the bridge 

superstructure. To mitigate these failures, Federal Highway Administration has outlined the design 

of bridges according to scour expectations and to monitor existing bridges for scour formation in 

its publication “Evaluating Scour at Bridges, 5th Ed. HEC No.18 (Arneson et al., 2012). This 

manual includes several techniques for estimating scour depth using empirical scour equations for 

live bed scour, clear water scour, and local scour at piers and abutments; however, floating debris, 

such as tree trunks and large ice blocks, will effectively narrow bridge openings during the spring 

snow melting period. This dynamic condition, which adds complexity to the problem, may result 

in increased flow velocity and scour formation. 

The factors causing scour can depend on flood flow quantiles, frequency of flooding, and 

in North Dakota, the formation of ice jams. The occurrence of bridge scour at each site is unique 

and will change over time. This makes it imperative for state DOTs to continually monitor bridges 

for any potential formation of scour that is considered detrimental. It is prudent to evaluate existing 

bridges for vulnerability even without any known significant scour (Mueller and Wagner, 2005). 

2. Problem Statement 
 The Bridge Division of the NDDOT has expressed concerns about the potential existence 

of scour holes in the proximity of two highway bridge crossing sites along the Red River of the 

North: (A) Bridge 0017-140.372 crossing the Red River East of Grafton, ND (48°24'47.56"N 97° 

8'15.99"W) and (B) Bridge 0200-415.724 near Halstad, MN (47°21'9.40"N 96°50'39.84"W). The 

exact locations of the bridges are shown in Figures 1 and 2. The two study sites are hereafter 

referred to as (a) Highway 17 Bridge near Grafton and (b) Highway 200 Bridge near Halstad. 

N 
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Figure 1. Location of Study Site at Highway 17 Bridge near Grafton, ND. 

 

  
Figure 2. Location of Study Site at Highway 200 Bridge near Halstad, MN. 

N 

N 
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 The complex and dynamic nature of scour formation is exhibited along the Red River, 

especially during snowmelt-triggered flooding events. Regular bridge site inspections for potential 

scour formation are essential.  

In addition, there are also additional complexities such as the occurrence of tree trunks 

brought down by flood flow that got stuck at the upstream side of bridge piers. The reduction of 

effective flow area may increase the contraction scour potential. Figure 3 shows the view of the 

central pier of Highway 200 Bridge near Halstad. Notice the high number of logs jammed at the 

bridge pier. This problem needs to be investigated on a case-by-case basis. 

 

 
Figure 3. A log-jam formed at the upstream side of the double column central bridge pier of 

Highway 200 Bridge near Halstad. 

3. Project Objectives  
The main objectives of this project are: 

(1) collect detailed bathymetry and velocity data for two bridge sites located along the Red River 

of the North using pre-programmed routes, 

(2) assess the bathymetric and velocity data to make inferences on scour potential for any scouring 

feature found in the bathymetric mapping, and 
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(3) build and calibrate an HEC-RAS model of the river’s reach for the bridge crossing sites and 

make predictions for scour potential under different flooding conditions: 100-year, 200-year, and 

bridge-overtopping. 

4. Methods and Innovations 
The central theme of this project is to make use of a state-of-the-art watercraft called 

HYCAT in measuring underwater bed features and current conditions in river channels around 

bridges and to identify any potential scour-related issues. The system allows the collection of 

bathymetry data remotely since the HYCAT is equipped with battery-powered thrusters, an 

onboard computer, M9- Acoustic Doppler Current Profiler (ADCP), GPS, and a radio 

communication system.    UND was able to acquire an HYCAT system in 2019 under a Major 

Research Instrument (MRI) grant (PI: Howe Lim, Co-PI: Greg Vandeberg, Taufique Mahmood, 

and Jeff VanLooy). Point clouds generated from water depth data collected during streambed 

surveys are used for 3-D bathymetric mapping. High-resolution mapping would reveal the 

existence of scour hole formations. Appendix A shows a brief description of the use of HYCAT 

in bathymetry data collection in this project. 

Conventional sounding techniques, including single or multiple sonar beam systems to 

collect depth information, are only suitable for general bathymetric mapping purposes. These 

techniques do not yield real-time result visualizations, and no velocity measurements are made. 

Since velocity data is necessary to understand the dynamics of long-term sediment transport and 

design countermeasures (Lagasse et al., 2009), a more robust data collection method is required. 

Scour observations may be limited to the time period of the project. It is not comprehensive 

unless scour potential under extreme flood conditions can be assessed. Since the issue of scour at 

bridge site has been well studied and models are available, a large part of the project would be to 

carry out bridge hydraulic modeling making use of the bathymetry data collected by HYCAT.  

5. Progress of Project: Tasks and Activities 
 This section reviews the proposed project deliveries and execution of the project tasks.  

5.1 Proposed Deliverables 
 

In the project proposal, the following deliverables were listed: 
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Task 1: A preliminary description and characterization of the bridge sites after the initial site visits. 

This report will highlight the bridge hydraulic structure aspects and identify potential sites for 

basecamps and HYCAT launch sites. 

Task 2: UND will coordinate with the NDDOT for field collection days and the task will be 

considered complete when all the data for Phase 1 is collected. 

Task 3: A preliminary report on the Task 2 field trip findings will be delivered to the NDDOT.     

This report will include a preliminary analysis of the data used for plotting the 3-D bathymetry 

model within the study boundary. This information may be used by the NDDOT for planning 

purposes or to propose remedial design options, if necessary. 

Task 4: The team will build and calibrate hydraulic models, including bridge scour components, 

in HEC-RAS. The digital model will be delivered to the NDDOT as part of the final report. 

Task 5: UND will coordinate with NDDOT on the status of any remedial work and the field 

collection days. The task will be considered complete when all the data for Phase 2 is collected. 

Task 6: A final report will be delivered to the NDDOT in an electronic format summarizing the 

project's findings. The report will include the literature review on equipment and data collection 

techniques, site descriptions, HYCAT data collection, bathymetry and velocity plots, HEC-RAS 

scour predictions, and comparative results in case countermeasures are introduced by the NDDOT 

during the project period. The bathymetry collected within the project boundary by HYCAT will 

allow creation of a mesh which is essential in HEC-RAS 2D bridge modeling. 

5.2 Project Timeline 
 

The project commenced on September 16, 2021, after a budget of $ $79,996.00 was 

allocated by NDDOT. The project was intended to terminate on March 1, 2023. However, due to 

the PI’s unexpected workload increase in late 2022 through spring 2023 academic semester, a no-

cost extension of the project was granted with an agreed final project termination date as July 31, 

2023.  

5.3 Project Personnels 
 

UND Team: Under the supervision of the PI, Dr. Yeo Howe Lim, several graduate students 

were involved as team members at various stages of the project. Ms. Vida Atashi and Mr. Mike 
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Rosati are the Ph.D. students who were involved throughout the duration of the project. Vida has 

worked as an HYCAT specialist maintaining the collection of bathymetry data, post-processing of 

bathymetry data, and providing cross-sectional data for HEC-RAS modeling. Mike Rosati helped 

in field logistics, GPS surveying of bridge structures and important benchmarks, and correlating 

water edge datum for each field trip.  Mr. Innocent Anosike and Mr. Daniel Iancu are the other 

master’s students who participated in a few field trips.  

NDDOT Team: Mr. Andrew (Andy) Ayash of NDDOT was involved in overseeing the 

project right from the beginning of the project. When Andy transitioned to another role in NDDOT 

in 2022, Ms. Amy Beise, the Materials & Research Division Engineer of NDDOT, followed up on 

the project execution and played an important role in ensuring the completion of the project. Mr. 

Matt Kurle of NDDOT expressed great interest in the project. Both Andy and Amy traveled on 

separate occasions to meet UND project team members at the Highway 17 Bridge site near 

Grafton. All officers from NDDOT have provided very valuable suggestions during the field trips 

and as well as at the project progress presentations.  

5.4 Project Tasks and Activities Implemented 
 

The followings summarize the activities that were carried out by the project team: 

5.4.1 Field Trips 

Field trips that were carried out since the start of the research project in September 2021 

are summarized in Table 1 below. On every field trip, safety was a major consideration. Since the 

project team was operating close to the Red River, life jackets were worn whenever possible.  For 

logistic and safety purposes, at least three people in a team was allowed to travel.  
 

Figure 4 illustrates the designed or intended navigation path for the HYCAT while Figure 

5 shows the path executed by HYCAT autonomously. Supplemental paths were added via remote 

joystick control. The watercraft under windy conditions and facing strong current may not be able 

to navigate exactly right on the planned pathway as defined by GPS waypoints. However, it is 

perfectly normal and fine because the purpose of defining the pathway is to provide a guide so that 

the bathymetric data can be collected with a good spread for the study area. 
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Table 1. Field Trips Made by Project Team. 
 

Date Site Purposes Deployment 

of HYCAT 

10/15/2021 Grafton site Inspection of the bridge site and created a 

temporary walkway for launching HYCAT 

No 

10/22/2021 Grafton site Launched HYCAT to collect bathymetric data, 

flow depth, and flow velocities 

Yes 

10/29/2021 Grafton site Launched HYCAT to collect bathymetric data, 

flow depth, and flow velocities; surveyed bridge 

structure 

Yes 

11/05/2021 Halstad site Site inspection; launched HYCAT to collect 

bathymetric data, flow depth, and flow velocities; 

surveyed bridge structure 

Yes 

04/08/2022 Grafton site Discharge and bathymetric data were collected 

using HYCAT 

Yes 

04/27/2022 Grafton site Flood discharge measurement using HydroBoard*; 

performed by dragging across the river by walking 

across the bridge. The flood flow condition 

exceeded the safe operating range of HYCAT. 

No 

05/06/2022 Grafton site Flood discharge measurement using HydroBoard No 

06/12/2022 Grafton site Flood discharge measurement using HydroBoard No 

06/17/2022 Halstad site Flood discharge measurement using HydroBoard No 

08/03/2022 Halstad site launched HYCAT to collect bathymetric data, flow 

depth, and flow velocities 

Yes 

 
* A note on the operating limit of HyCAT and HydroBoard: HYCAT depends on the battery 
powered thrusters to propel and a differential thrust system to steer. There is a limit on the 
maximum water velocity that it can operate safely. The practical safe limit adopted by the research 
team is around 10 ft/s. When the limit is exceeded, we use a HydroBoard for discharge 
measurement. Hydroboard is an unsinkable floating board made of closed cell foam on which 
Sontek M9 ADCP can also be mounted to provide a moving boat solution for discharge 
measurement by dragging it across a river section bridge and a 16 ft/s water velocity limit is 
recommended.  
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For each deployment of HYCAT, an Emergency Return Point (ERP) must be established 

using a software control. It will allow the HYCAT to navigate autonomously back to the ERP 

should there be any anticipated issue, such as the level of battery power being low for subsequent 

operation.  

 
 

Figure 4. Planned navigation pathway at the site of Highway 17 Bridge near Grafton. 
 

 
 

Figure 5. HYCAT’s autonomous route at the site of Highway 17 Bridge near Grafton. 
 

Figure 6 is a depiction of a pathway plan for HYCAT navigating the river channel around 

the Highway 200 Bridge near Halstad. This site has a large pile of floating debris formed in front 

streamwise of the middle bridge pier, which introduced difficulties in making use of the 

Emergency Return Point (ERP) Programmed Pathway 
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autonomous mode of operation. As a precaution, remote manual navigation control was used in 

navigating around the pier and debris pile.  

   

 Figure 6. A HYCAT’s navigation route at the site of Highway 200 Bridge near Halstad. 
 
Figure 6 shows the path for one field collection. We had two visits to this site. In general, all the 

collected  x, y, z cloud points are merged together and the software is used to fit a surface model 

to the cloud points. It is akin to making several topographic surveying trips and combing the data 

points collected to get a topographic map plotted. 

5.4.2 Project Presentations 

Three project presentations were made and attended by NDDOT officers via Team 

Meetings on these dates: (a) 12/03/2021, (b) 06/26/2022, and (c) 09/19/2022. The PI also presented 

the project to the 2023 NDDOT Annual Research Advisory Committee Meeting held online via 

Team Meeting on 10/24/2022. 

5.4.3 Project Files Processing 

A set of bathymetric data collected at the site of Highway 17 Bridge near Grafton was sent 

to Mr. Andrew Ayash of NDDOT on 08/05/2022. The files contain points defining the streambed 

surface. Each point is represented by x, y, and z values, where x is the Easting in meter, y is the 

Northing in meter, and z is the elevation in feet. A final new set of digital files is now processed 

and presented as part of the digital components of this final project report.  

Emergency Return point (ERP) 
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5.4.4 Hydraulic and Scour Modeling 

 After the bathymetric data are processed, cross-sectional data of the sites are created which 

in turn allows the creation of bridge hydraulic models and scour analysis. A great amount of time 

was spent on this aspect of work which is described in detail later in Section 7 and 8. 

.  
Figure 7. Bathymetry of the study site at Highway 17 Bridge near Grafton. 
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Figure 8. Bathymetry of the study site at Highway 200 Bridge near Halstad. 

Central bridge pier #7 

Streambank failure 

Elevation (ft) 

Pier #8 

Pier #6 

Pier #9 
Pier #10 



Use of HYCAT: Streambed Scours at North Dakota Bridges 12 

6. Field Investigation Results  

6.1 Bathymetric Data for the Bridge Sites 
 

Getting accurate bathymetric data of the Red River of the North around the two bridge sites 

involving the use of HYCAT is one of the greatest tasks as far as this project is concerned. This 

section discusses the results of the bathymetric data collection. 

6.2 Bathymetry Interpretation 

6.2.1 Bathymetry of Highway 17 Bridge near Grafton. 

In the zoom in bathymetry plot of Figure 9, it can be seen that on the east side of the pier, 

there are patches of area (colored green) having lower elevation, between 758 to 761 ft. The bottom 

of the current pier foundation cap was set at 757.9 ft. So, if the potential scour area gets larger, the 

pile cap may be exposed. By reading the engineering drawing of the bridge dated 2/22/2013, it is 

noted that the rip-rap layer around the center pier was replaced.   

6.2.3 Descriptions of the Data Files   

Several sets of bathymetric data files were collected by HYCAT in each field trip. These 

are essentially x-y-z data points representing the submerged streambed surface. The elevation data 

are tied to NAD83 and the Universal Transverse Mercator (UTM) Grid are used. These data are 

processed using ArcGIS Pro and stored as Excel- CSV files. Each Excel file is related to each site: 

Highway 200 Bridge near Halstad: File name: Halstad-complied.csv 

Highway 17 Bridge near Grafton: File name: Grafton-complied.csv 

Each Excel file includes 3 columns: X data is the location or Easting in meter, Y data is the location 

or Northing in meter, and Z data is corrected elevations based on GPS measurements to NAD83, 

in feet. 

6.2.4 Supplementary Topographic Data 

Supplementary topographic data on a much larger scale are collected. These include 

LiDAR data and general topographic maps for the study areas. Figures 11 and 12 show examples 

of US Topo maps at 1:24,000 scale being used to cross check the river cross section data obtained 

by LiDAR. 
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Figure 9. Detail bathymetry around central bridge pier of Highway 17 Bridge near Grafton. 
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6.2.2 Bathymetry of Highway 200 Bridge near Halstad. 

 
Figure 10. Detail bathymetry around central bridge pier of Highway 200 Bridge near Halstad. 

 

 

 
Figure 11. Use of US Topo map in checking cross-sectional data obtained by LiDAR at Highway 17. 
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Figure 12. Use of US Topo map in checking cross-sectional data obtained by LiDAR at Highway 200. 

6.3. Water Velocity and Discharge Data Collection 
 

It has been known that extreme flood flow presents the greatest threat to the integrity of 

any bridge structure and associated appurtenances. A good understanding of the flow condition at 

each bridge site would be essential in a bridge inspection.  

For the research project, it was coincidental that we encountered one of the most extreme 

floods in history passing through the area. The Red River of the North reached flood stage at Grand 

Forks (USGS Stream Gage 05082500) on April 22th, 2022 and peak discharge of 64,800 cfs 

occurred on April 26th, 2022. The project team took many discharge measurements at the site of 

the Highway 17 Bridge crossing Red River near Grafton.  

Table 2 shows the summary of the flood flow measurements making full use of a rubber 

dinghy called HydroBoard. The M9 was transferred from the HYCAT and mounted on the 

HydroBoard which has a separate GPS unit.  

The consecutive measurements of discharge spread over many days are plotted in Figure 

13 to form a flood hydrograph. The measurement of flow velocities using M9 is shown in Figure 

14. The maximum velocity recorded in the period of measurements was found to be 7.06 ft/s with 

a flow of 47,144 cfs through the river section on 4/27/2022. The limit of water velocity for safe 
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operation of HYCAT is recommended as at 4 knots, which is 6.72 ft/s.  It means the project team 

decided not to use HYCAT for that day’s measurement was the right call. 
 

Table 2. Flood Flow Measurements at Highway 17 Bridge near Grafton in 2022. 
 

Date Discharge 
(cfs) Duration Time No. of 

Sample 
Mean Speed 

(ft/s) 
Maximum 

Velocity (ft/s) 

6/12/2022 19,385.4 8:47 11:52 527   3.47 
6/12/2022 19,324.3 7:29 12:00 449   
5/27/2022 27,439.9 9:05 11:29 545 0.052 4.04 
5/27/2022 27,895.1 7:42 11:36 462 0.48 
5/7/2022 36,843.3 7:51 15:01 471 1.392 4.92 
5/7/2022 35,647.2 19:16 14:53 1156 0.126 
4/27/2022 47,144.3 8:04 14:20 484 0.347 7.06 
4/27/2022 44,816.8 11:13 11:48 673 0.652 
4/8/2022 13,362.1 2:21 14:50 141 0.68 

2.69 
4/8/2022 13,220.7 2:45 14:18 165 0.857 
4/8/2022 13,161.1 2:16 14:14 136 0.817 
4/8/2022 13567.3 1:54 14:12 114 0.86 
4/8/2022 12868.3 2:52 14:53 172 0.713 

 
 

 
 

Figure 13. Measured Flood Hydrograph at Highway 17 Bridge Site Near Grafton. 
 

It is of interest to compare the measurements of flood peak discharges at three locations 

during the 2022 spring flood. Table 3 illustrates the comparison of the discharges measured. 
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Table 3. Comparison of Flood Peak Discharges in Spring Flood of 2022 
 

River Section Date of peak Peak Discharge (cfs) Note 

Halstad -USGS Station 04/27/2022 25,700  

Grand Forks-USGS Station 04/27/2022  64,300 Combined flow from Red 
River and Red Lake River 

Grafton-bridge measured 
by UND’s team 

04/27/2022 47,144 Attenuation effect of 
channel routing 

 

 
Q 

(cfs) 

V 
max 
(ft/s) 

Cross Section with Velocity Cells 

13,250 2.69 

 
Date: 4/8/2022 

44,820 7.06 

 

Date: 

4/27/2022 

36,250 4.92 

 
Date: 5/7/2022 

27,700 4.04 

 

Date: 

5/27/2022 

19,500 3.47 

 

Date: 

6/12/2022 

Figure 14. Discharge Measurement at Highway 17 Bridge Site Near Grafton 
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7. Bridge Hydraulic Modeling and Analysis  
  

Bridge hydraulic modeling and analysis is an essential exercise to be conducted for a bridge 

site inspection and assessment, focusing on understanding the hydraulic conditions of the bridge 

site under extreme flood conditions. The flood quantiles of extreme events such as the 100-year 

and 200-year floods are to be determined first through flood frequency analysis.  Then, the flood 

quantiles are loaded in computational hydraulic models prepared specifically for each site. This 

section describes these aspects of work being performed in this project. 

7.1 Bridge Hydraulic Modeling Method 
 

The structural components of the bridges are represented in bridge hydraulic modeling 

through a popular hydraulic modeling software HEC-RAS version 6.3.1 (Hydrologic Engineering 

Center, 2022). The software allows users to model the hydraulic conditions of river systems 

including the presence of hydraulic structures such as bridges, culverts, and spillways. For the 

modeling of the performance of bridge structures under scour potential investigations, extreme 

flood quantiles are needed. This can be found via flood frequency analysis of known streamflow 

records. In addition, the geometry of the river channels, bridge structural components, abutments, 

and highway embankments must be defined.  

7.2 Bridge Structural Drawings and GPS Surveying 
 

Two sets of historical engineering drawings were provided by NDDOT. The major features 

of the bridges that are relevant in creating the hydraulic model for the bridge crossing sites were 

extracted, such as the bridge pier location, width of pier members, etc. Figures 15 and 16 shows 

portions of the drawings that provide critical information for creating the bridge hydraulic models.   

The major positions are noted and cross-checked by using GPS surveys during the field trips. The 

features include the bridge abutment and piers. Another important task that was done is to relate 

the known survey benchmarks found on the bridge with the river water surface at the time of 

bathymetry survey. This is a backup effort since the GPS onboard HYCAT also provides the 

coordinate and elevation values. 
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Figure 15. Engineering drawing showing elevation view of the Highway 200 Bridge near Halstad. 

 

 

 
Figure 16. Engineering drawing showing elevation view of the Highway 17 Bridge near Grafton. 

 

 

7.3 Flood Frequency Analysis 
 

Flood frequency at two locations along the Red River of the North are determined, using 

the latest Bulletin 17C procedure (U.S. Geological Survey, 2019). The two sites with sufficient 

flood records are used. One is at the project site of Highway 200 Bridge near Halstad where USGS 

has maintained a stream gauging station (station number: 05064500). The other site is at Grand 

Forks (station number 05082500). HEC-SSP software published by USACE is used in the analysis 

which yields the results as depicted in Tables 4, 5, and 6. The frequency curves are shown in 

Figures 17, 18, and 19 respectively. 
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Table 4. Flood Frequency Analysis – Halstad (05064500) – 1942 -2021. 
 

Exceedance Probability 0.01 0.005 
Return Period 100-Year 200-Year 
Quantile Estimate (cfs) 81,247 98,778 
Confidence Limit-_Lower (cfs) 57,526 64,208 
Confidence Limit _Upper (cfs) 115,915 145,931 

 
 

Table 5. Flood Frequency Analysis – Grand Forks (05082500) – 1882-2021. 
 

Exceedance Probability 0.01 0.005 
Return Period 100-Year 200-Year 

Quantile Estimate (cfs) 106,924 125,213 
Confidence Limit-_Lower (cfs) 83,619 93,264 
Confidence Limit _Upper (cfs) 144,991 178,858 

Table 6. Flood Frequency Analysis – Drayton (5092000) – 1941-2021. 
 

 

Exceedance Probability 0.01 0.005 
Return Period 100-Year 200-Year 

Quantile Estimate (cfs) 113,297 127,501 
Confidence Limit-_Lower (cfs) 87,206 93,038 
Confidence Limit _Upper (cfs) 155,945 185,133 

 

 

 
Figure 17. Flood Frequency Curve for Halstad, MN. 
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Figure 18. Flood Frequency Curve for Grand Forks, ND. 

 

 
Figure 19. Flood Frequency Curve for Drayton, ND. 

 

 

The Highway 200 Bridge site is located along the Red River in between Grand Forks and 

Drayton. The distance measured streamwise from the site to Drayton as compared with the distance 

between the site and Grand Forks located in the upstream side is in the order of 1:3. The flood 

quantile estimated for the Highway 17 Bridge site near Grafton is shown in Table 6.  
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Table 7. Flood Frequency Analysis – Highway 17 Bridge Site near Grafton. 

 

Exceedance Probability 0.01 0.005 
Return Period 100-Year 200-Year 
Quantile Estimate (cfs) 111,704 126,929 
Confidence Limit-_Lower (cfs) 86,309 93,095 
Confidence Limit _Upper (cfs) 153,207 183,564 

 

For the hydraulic model of bridge Hec-RAS model, these flood flow quantiles are used for 

simulating flow conditions and determining the scour potential. As a summary the flood quantiles 

to be used in hydraulic modeling are summarized in Table 8. 
 

 Table 8. Selected Flood Quantiles for Hydraulic Modeling. 
 

 Quantile Estimate (cfs)  
Project Study Sites 100-Year Flood 200-Year Flood 
Highway 17 Bridge near Grafton 111,704 126,929 
Highway 200 Bridge near Halstad 81,247 98,778 

 

Judging by the written information found in the 1997 engineering drawing of the bridge at 

Highway 200 near Halstad, which is exhibited below in Figure 20, the designed flood quantile for 

a 50-year flood was 45,000 cfs while the 100-year flood was cited as 56,000 cfs.  

In comparison with the new flood frequency analysis using Bulletin 17C procedure based 

on the extended flood record series (from 1997 until 2021), the 100-year flood discharge for this 

bridge site has increased from 56,000 cfs to 81,247 cfs as shown in Table 8. This near 45% 

increase in flood discharge estimate means there is a very significant increase in flood risk. In fact, 

the bridge was designed for 50-year flood (45,000 cfs) and the bridge deck was kept just above the 

100-year flood level of 867.21 ft (discharge of 56,000 cfs) as defined in 1997. The corresponding 

return period for 56,000 cfs is only 35 years instead of 100 years when using the latest flood 

frequency curve as presented in Figure 17.  

The flood quantile estimated for every site change with time as more flood records are 

collected. Hence, it is important to be aware of the possible increase in flood risk as shown in the 

case of the Highway 200 Bridge. An effort to do periodic assessments on all bridges in the 

flood risk aspect is highly recommended.  
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Figure 20. Hydraulic Design Data Derived in 1997 for the Highway 200 Bridge near Halstad. 
 

Cross sections of the Red River on the upstream and downstream sides of the bridges were 

derived from the surface terrain model which was created based on an integration of bathymetry 

collected by HYCAT, LiDAR terrain data, and features found on US Topo maps.  

7.4. Hydraulic Model Calibration and Output 
 

 Flood level at the bridge sites is an important aspect of bridge performance assessment. 

The hydraulic model can provide the information needed. The bridge at Highway 200 has a USGS 

stream gauge and the flood levels were recorded. The historical flood level at this location was 

used to calibrate the model for this site. The main values used to tune the model to match the 

historical flood levels are the values of Manning’s n in the main channel and flood plain areas. The 

Manning’s n values are assumed to be similar at the Highway 17 Bridge site.  

 HEC-RAS model simulation using different return period floods are established and the 

results are available in various forms of plots and data tables.  

7.4.1 Highway 17 Bridge near Grafton under 100-year flood condition (111,704 cfs) 

The model is established using the information collected from the sites. Manning’s n of 

0.04 is selected for the overbank areas based on the calibration value obtained at the Highway 200 

site, which are also covered with crops. The main channel is smooth without rifles and pools, and 

a Manning’s n value of 0.03 is selected, similar to the calibration done for the Highway 200 site. 

The bed slope varies between 0.0001 and 0.0002 using the bathymetric data collected from the site 

as well as from regional estimates. Figure 21 shows the bridge model being depicted and 

configured in HEC-RAS.  
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Figure 21. HEC-RAS Bridge model for Highway 17 Bridge near Grafton. 

 

 

It can be seen from Figure 22 that the water surface (WS PF1-blue line) is at the bridge 

deck level under the 100-year flood flow condition. Another perspective is the streamwise flood 

profile plot shown in Figure 22.  The bridge deck is half submerged. 

 

 
Figure 22. Cross-sectional view of Highway 17 Bridge near Grafton under 100-year flood. 
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Figure 23. Streamwise flood profile plot of Highway 17 Bridge near Grafton under 100-year flood. 

 

 Each line in Table 9 shows the hydraulic parameters of flow at each cross-section. In this 

case, the water surface elevation at the immediate upstream side of the bridge is 807.10 ft and 

806.82 at the downstream side of the bridge. 

Table 10 shows the summary of bridge data output from the modeling. It is of interest to 

note that the velocity inside the bridge opening is around 9.6 ft/s and 9.68 ft/s. The Froude number, 

a ratio of velocity to wave speed, is at 0.25. This means the flow is still under subcritical flow 

condition.  
 
 

Table 9. Flood Profile of Highway 17 Bridge near Grafton under 100-year flood. 
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Table 10. Summary of bridge output data for Highway 17 Bridge near Grafton under 100-year flood. 

 

 

 

7.4.2 Highway 17 Bridge near Grafton under 200-year flood condition (126,929 cfs) 

The following diagrams and tables are similar to the previous section except that the flood 

flow has been increase to 126, 929 cfs corresponding to a 200-year flood flow condition. 

Figure 24 shows that the flood level (blue line) is still slightly below the top of the bridge deck. 

Another perspective view of the flood profile is shown in Figure 25. 

 

  
Figure 24. Cross-sectional view of Highway 17 Bridge near Grafton under 200-year flood. 
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Figure 25. Streamwise flood profile plot of Highway 17 Bridge near Grafton under 100-year flood. 

 

 

 
Table 11. Streamwise flood profile plot of Highway 17 Bridge near Grafton under 200-year flood. 
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Table 12. Summary of bridge output data for Highway 17 Bridge near Grafton under 200-year flood. 
 

 
 

7.4.3 Highway 17 Bridge near Grafton under extreme flood >200-year flood condition 
(140,000 cfs) 

 Since the 200-year flood at Highway 17 Bridge does not overtop the bridge deck, an extra 

exercise is conducted to see what is the flood discharge that will create an overtop flow condition. 

A discharge of 140,000 cfs is shown to create this condition as shown in the following Figures 26 

and 26. A supercritical flow is formed on top of the deck, ie., with very high velocity. 

 
Figure 26. Cross-sectional view of Highway 17 Bridge near Grafton under extreme flood (140,000 cfs). 
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Figure 27. Streamwise flood profile plot of Highway 17 Bridge near Grafton under extreme flood (140,000 cfs). 
 

7.4.4 Highway 200 Bridge near Halstad under 100-year flood condition (81, 247cfs) 

Flood flow at the Highway 200 Bridge near Halstad is placed under a 100-year flood flow 

condition. This is not good as compared with the Highway 17 Bridge near Grafton. The bridge 

here gets overtopped in this 1% chance scenario. Figure 28 shows the flood level as above the 

deck, and Figure 29 shows another perspective. The flood level is at 870.95ft as shown in Tables 

13 and 14. 

 

 
Figure 28. Highway 200 Bridge near Halstad under 100-year flood condition (81, 247cfs). 
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Figure 29. Streamwise flood profile plot of Highway 200 Bridge near Halstad under 100-year flood. 

 
 

Table 13. Flood profile of Highway 200 Bridge near Halstad under 100-year flood. 
 

 
 

Table 14. Summary of bridge output data for Highway 200 Bridge near Halstad under 100-year flood. 
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 This bridge at Highway 200 was designed to take care of a 50-year flood, as discussed 

earlier in section 7.3. The other factor was the increase in flood quantile estimates using the latest 

data and flood frequency analysis. It can be seen in Table 14 that the flow velocity and Froude 

numbers are not high as the bridge opening is large enough. The limiting factor is top of the bridge 

deck is set at around 870 ft while the sofit is set at 867 ft, which was considered then as the 100-

year flood level (referring to Figure 15). 
 

7.4.5 Highway 200 Bridge near Halstad under 200-year flood condition (98,778 cfs) 

The bridge is now placed under a 200-year flood condition. An overtopping condition is 

expected since the 100-year flood has already overtopped the top of the deck. Figures 30 and 31 

show the massive overtopping flow over the deck and highway embankment by around 5.57 ft, as 

read from Tables 15 and 16. 

 

 

 
Figure 30. Highway 200 Bridge near Halstad under 200-year flood condition (98,778 cfs). 
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Figure 31. Streamwise flood profile plot of Highway 200 Bridge near Halstad under 200-year flood (98,778 cfs). 
 

Table 15. Streamwise flood profile plot of Highway 200 Bridge near Halstad under 200-year flood. 
 

 
 

 

Table 16. Summary of bridge output data for Highway 200 Bridge near Halstad under 200-year flood. 

 

0 500 1000 1500 2000
820

830

840

850

860

870

880

Bridgehalstad       Plan: 200-Year Flood    6/4/2023 

Main Channel Distance (ft)

El
ev

at
io

n 
(ft

)

Legend

EG  PF 1

WS  PF 1

Crit  PF 1

Ground

River 1 Reach 1

Flood water surface 

Bridge deck 

Central pier 



Use of HYCAT: Streambed Scours at North Dakota Bridges 33 

 

8. Scour Modeling and Analysis  
 

Potential streambed scour of the Red River at the bridges can be assessed based on 

hydraulic modeling. The scour model are based on the Colorado State University’s Equations or 

CSU equation.. Grain size distribution of soil collected at the river bed are essential data needed 

for the computation. In HEC-RAS, the scour computation is done in routine called Perform 

hydraulic design computations.  

 

8.1 Soil Data Collected and Grain Size Distribution 
  
Table 17. Grain size distribution of soil sample taken at the Highway 17 Bridge near Grafton. 
 

Sieve Size 
Sieve Size 

(mm) 
Material Retained 

Gram             % 
Cumulative 
% 

% Finer   

3/8 inch 9.5 0 0 0 100   
No. 4 4.75 326.15 36.74 36.74 63.26   
No. 8 2.36 289.63 32.62 69.36 30.64   
No. 16 1.18 148.77 16.76 86.12 13.88   
No. 30 0.6 58.63 6.60 92.72 7.28   
No. 50 0.3 23.48 2.64 95.37 4.63   
No. 100 0.15 11.54 1.30 96.67 3.33   
Pan 0 29.59 3.33 100 0   
Total  887.79 100   D50 D95 
      3.78 mm 8.85 mm 

 
Table 18. Grain size distribution of soil sample taken at the Highway 200 Bridge near Halstad. 

 

Sieve Size 
Sieve Size 

(mm) 
Material Retained 

Gram             % 
Cumulative 
% 

% Finer   

3/8 inch 4.75 19.91 4.83 4.83 95.17   
No. 4 2.36 86.41 20.95 25.78 74.22   
No. 16 1.18 103.38 25.07 50.84 49.16   
No. 30 0.60 68.07 16.50 67.35 32.65   
No. 50 0.30 50.41 12.22 79.57 20.43   
No. 100 0.15 34.79 8.44 88.01 11.99   
Pan 0.00 49.46 11.99 100.00 0.00   
Total  412.23 100   D50 D95 
      1.22 mm 4.73 mm 
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8.2 Hydraulic Design -Scour Analysis - Highway17 Bridge site near Grafton  
  

Scour analysis was performed on Highway 17 Bridge under 100-year and 200-year flood 

flow conditions. Contraction scour, pier scour, and abutment scour are the three types of scours 

evaluated individually and the overall combination of the scour effects are determined.  

8.3.1 Scour Analysis - Highway17 Bridge site near Grafton under 100-year flood  

 The output of the scour analysis is summarized in a plot shown in Figure 32. The total 

scour line is the extent considering all the contributions from scour components.  

 
Figure 32. Predicted scour depth at Highway17 Bridge site near Grafton under 100-year flood. 

 
Table 19. Scour Report for Highway 17Bridge site near Grafton under 100-year flood. 

 

 

Total scour line 
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8.3.2 Scour Analysis - Highway17 Bridge site near Grafton under 200-year flood  

 

 
 

Figure 33, Predicted scour depth at Highway17 Bridge site near Grafton under 200-year flood. 
 

 
Table 20. Scour Report for Highway 17 Bridge site near Grafton under 200-year flood. 
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8.3.2 Scour Report for Highway200 Bridge site near Halstad under 100-year flood 

 
Figure 34. Predicted scour depth at Highway 200 Bridge site near Halstad under 100-year flood. 

 
 

 

 

 

Floating debris around center pier, 

of height 15 ft  and width 30 ft 
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Table 21. Scour Report for Highway 200 Bridge site near Halstad under 100-year flood. 
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8.3.4 Scour Report for Highway200 Bridge site near Halstad under 200-year flood 

 
Figure 35. Predicted scour depth at Highway 200 Bridge site near Halstad under 200-year flood. 
 
 

  

Floating debris around center pier, 

of height 15 ft and width 30 ft 
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Table 22. Scour Report for Highway 200 Bridge site near Halstad under 200-year flood. 
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9. Summary and Discussions  
 

(a). Field measurement of bathymetry 

 A streambank failure is shown on the left bank at the site of Highway 200 Bridge near 

Halstad. A potential scour may potentially be developing near the central pier of the Highway 17 

Bridge near Grafton. HYCAT has proven its capability to measure bathymetry, velocity and flow, 

 

(b). Flood levels under 100-year and 200 -year floods 

 The flooding conditions at the two bridge sites as modeled by HEC-RAS are shown in 

Table 23. 
 

Table 23. Summary of major flood modeling results. 
 

Flood 

Quantile 

Highway 17 Bridge near Grafton Highway 200 Bridge near Halstad  

Flood Elevation vs 

Deck Elevation (ft) 

Discharge (cfs) Flood Elevation vs 

Deck Elevation (ft) 

Discharge (cfs) 

100-year 806.82   / 807.81 111,704 870.95  / 870.00 81,247 

200-year 808.17   / 807.81 126,929 875.55 / 870.00 98,778 

 

 Flooding of the Highway 200 Bridge near Halstad is likely to be more prevailing given the 

deck datum being set low as the bridge was designed for 50-year flood.    

(c). Flood frequency updating 

Updating the flood frequency analysis for existing bridges and compare the impacts on the 

previous flood design is getting critical as more data on flood are available. The flood quantile for 

the Halstad site jumped by almost 45% for the 100-year flood discharge estimate. An effort to do 

periodic assessments on all bridges in the flood risk aspect is highly recommended. 

 

(d). Good Practice to keep old records especially old bathymetry 

If any bathymetry data is available at the time the bridge was constructed, we can compare 

elevation data to see if there is any scour around the bridge. However, the only information we 

could obtain was the engineering drawings with a few cross-sectional plots. 
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(e) HYCAT operational issues 

(i)  To have good access to the river  

It is essential to identify a gradual footpath that allows personnel to launch the HYCAT, which 

weighs 115.5 lbs, on the river. HYCAT can be carried by at least two persons. On a slope that is 

rough with loose rocks and generally steep, it is best to provide a temporary walkway for safety 

reasons and also to avoid scratching the sensitive M9 sensor surfaces. This was the situation the 

project team encountered at the Highway 17 Bridge site near Grafton. A temporary walkway was 

constructed using abandoned pallets found nearby. Figure 36 shows the setup. The full 

specifications of HYCAT is: Length: 5.9 ft (1.8 m). Beam: 2.83 ft (.86 m). Draft (when the antenna 

is down): .5 ft (.15 m). Weight: 53 kg (115.5 lbs). 

  
Figure 36. Temporary walkway built for launching HYCAT on a rocky steep slope. 
 

(ii) Need to have a standby emergency powered boat nearby 

The higher endurance range of HYCAT is stated in the product specification as 2.7 hrs @ 4 knots 

or about 6.75 ft/s. It can go against a higher current speed but positioning the watercraft at a desired 

location can be risky and may pose a danger that it is being swept away by the strong current, and 

out of the line of sight and lost communication contacts. To operate HYCAT in extreme flood 

conditions, it is prudent that a power boat with an operator is prearranged to be on standby. During 

this project, this arrangement was not necessary in flood flow measurements because the bridges 

allow the team members to walk across the bridge pulling a HydroBoard with an M9 mounted on 

it. A strong long rope was used to tie the HyroBoard and dragged slowly by an operator going 

across the river. Another personnel carried a notebook computer, which has a radio communication 

system built in, to collect the M9 data instantaneously. The cross section map with velocity cells 

are processed to provide the total discharge through the cross-section. 
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(iii) New HYCAT update 

The PI Howe Lim was successful in getting an EPSCoR grant to enhance the current HYCAT in 

2023. The enhancements are: 1. adding a water quality Sonde unit, 2. adding a side-scan sonar 

(Hull mounted side-scan sonar), and 3. upgrade the basic Garmin GS system to RTK GPS. The 

enhancement will certainly increase the capability of HYCAT, especially on the installation of the 

side-scan sonar which will allow much higher resolution output of bathymetry data from field 

measurement trips. With this new system upgrade, the opportunity to obtain the bed profile in 

much higher resolution using the side-scan sonar is created. Hopefully, more beneficial studies can 

be carried out by UND’s team of students and faculty.  

 

8. Conclusions 
 

The project has created a good opportunity for the development of a unique method for 

inspecting the integrity status of bridge structure at sites where the hydraulic impacts of extreme 

river flow on bridge structure may lead to contraction scour, pier scour, and local scour. In this 

project, HYCAT installed with an ADCP-M9 has proven to be a very versatile tool in performing 

the general collection of bathymetric data, water depth, velocity, and discharge information.   

For the Highway 17 Bridge site near Grafton, there is a potential area near the central pier 

that may be developing scour.  The bathymetry for the site of Highway 200 near Halstad indicated 

that no prominent local scour features are detected at the vicinity of the central pier except 

weakened slopes along the left abutment area. 

Flooding will be more prevailing at the Highway 200 Bridge near Halstad as the bridge 

deck is overtopped under the simulated flood condition of a 100-year flood. The deck of Highway 

17 Bridge near Grafton is just partially submerged under the 100-year and 200-year floods. 

Flood frequency analysis should be regularly performed and updated for all bridge sites as 

the flood discharge estimated may be drastically increased given the new flood data are gradually 

added to the flood records. 

Historical bathymetry would be kept so that any comparison of bathymetry data is available 

at the time the bridge was constructed, we can compare elevation data to see if there is any scour 
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formation around the bridge has occurred. Historical engineering drawings are valuable assets 

when performing bridge inspections and evaluations. 

More studies of this nature can be performed at a much higher resolution given that the PI 

has obtained an EPSCoR grant in 2023 to upgrade the HYCAT system into a complete system 

equipped with side-scan sonar and other sensors. 
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8. Appendices 
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Appendix A 

A Brief Description on Operation of HYCAT in Bridge Monitoring 
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This project involved using a HYCAT, is an autonomous surface vehicle (ASV), which is 

equipped with a SonTek M-9 ADCP system. The HYCAT-M9 system was purchased under an 

NSF MRI grant (NSF Grant #1828710) awarded to a team led by the PI (Dr. Lim).  

The current capability of UND’s HYCAT are dependent on the equipped  Acoustic Doppler 

Current Profilers which can collect velocity and depth data. It has GPS on board providing GPS 

positioning navigation. Communicate with HYCAT can be done via radio with a control unit to 

be placed on the riverbank. A user can use a joystick to manually control or it moves according to 

a pre-programmed path autonomously. The bathymetry of the streambed can be obtained. In 

addition, it can perform flow velocity-discharge measurements 

Figures shown below the deployment of UND’s HYCAT for discharge measurement. 

HYCAT can navigate on any open water with a GPS positioning system and is controlled by a 

remote-control system via radio communication. 

 

 

 

 

 

 

 

 

 
     (a)         (b) 

 UND’s HYCAT with SonTek M9 ADCP was deployed by a team of UND students on the 

Red River to measure discharge and bathymetric data. (a) the HYCAT navigated near  Highway 

17 Bridge near Grafton, (b)  students checked the status of the HYCAT via a remote-control 

system.       
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Velocity field output from ADCP plotted for one of the flood peak discharge measurements 

taken on April 27, 2022, at Red River near Grafton, ND. The river’s top width was 126 m (415 ft), 

a maximum depth of 13.1 m (43 ft), a maximum velocity of 2.44 m/s (8 ft/s), and a measured 

discharge of 1334.8 m3/s (47,144 cfs). 
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Appendix B 

Regional Flood Frequency Analysis 
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Regional Flood Estimation - An alternative Approach 

Flood peak discharge for 100- and 200-year flows 

 

There are alternative ways to estimate flood quantiles apart from the standard use of 

Bulletin 17 (B or C). One alternative way is through regional flood studies which derive regional 

frequency equations based on known basin parameters such area and slope.   

There is a study complete by USGS for North Dakota: USGS Scientific Investigations 

Report 2015-5096 “Regional Regression Equations to Estimate Peak-Flow Frequency at Sites in 

North Dakota using Data through 2009.” The regional flood frequency equations for three 

identified regions are also made available at the USGS StreamStats website. 

The followings are the results of computation specific for the two study sites: 

 

Highway 200 Bridge Site Near Halstad  
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Highway 17 Bridge Site Near Grafton  
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