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Presenter
Presentation Notes
Good morning. My name is Rachel Tereska and I work for NTM Engineering near Harrisburg, Pennsylvania. Today I will be presenting an innovative application of two-dimensional hydraulic modeling for a transportation project, which included a channel relocation and dual structure replacement. For this project, we used the TUFLOW software within SMS for the hydraulic modeling.



SR 0422 BRIDGE REPLACEMENTS 
 Project background 
 Existing  

 Bridges 
 Floodplain characteristics 
 Embankment erosion 

 Proposed 
 Culvert  
 Channel relocation 

 2D model 
 Input 
 Results 

 Conclusions 

Presenter
Presentation Notes
I will give a brief overview of the project background, the existing and proposed conditions, the 2D model, and our conclusions.



PROJECT BACKGROUND 
 Major PennDOT corridor in western PA 
 Transportation improvements 

 Safety issues 
 Structural deficiencies 
 Flooding 
 Erosion control 
 Future maintenance 

Presenter
Presentation Notes
This transportation project was performed for the Pennsylvania Department of Transportation’s District 10-0. SR 0422 is a major arterial in western Pennsylvania, connecting the Counties of Indiana, Armstrong, Butler, and Lawrence. The project site - which is located northwest of Indiana in Armstrong Township, Indiana County – is considered a major PennDOT corridor in western Pennsylvania with an ADT in excess of 13,000 vehicles per day.

The purpose of this project is to address transportation deficiencies, including issues of safety, structural deficiencies, flooding, erosion control, and future maintenance. 



EXISTING BRIDGES & FLOODPLAIN 
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Bridge #2 

Presenter
Presentation Notes
Within the project area, Curry Run flows from east to west, parallels SR 0422, and then crosses under SR 0422 and Cunningham Road. An Unnamed Tributary to Curry Run flows from south to north, crosses under SR 0422 and makes confluence with Curry Run north of SR 0422. The main structure over Curry Run is labeled as Bridge #1. The bridge over the Unnamed Tributary to Curry Run is labeled as Bridge #2. 

*CUE BRIDGE #1*
Bridge #1 is a single-span reinforced concrete slab bridge. It is being replaced due to structural deficiencies. It is the larger of the two structures and conveys Curry Run under SR 0422. It has a span of 16 feet with an average underclearance of 5.5 feet.

*CUE BRIDGE #2*
Bridge #2 is a single-span reinforced concrete T-beam. Bridge #2 has a much smaller hydraulic opening – with a span of 15 feet and an average underclearance of less than 3 feet. While Bridge #2 conveys the Unnamed Tributary to Curry Run in low flow conditions, it also serves as a relief bridge for Curry Run during high flood events.



EMBANKMENT  
EROSION 
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Presenter
Presentation Notes
There are several areas that have experienced significant erosion, particularly along the SR 0422 roadway embankment.

First, let’s look at the area immediately upstream from Bridge #2. The streambank and roadway embankment have been eroded due to the existing alignment of Curry Run and the sharp bend in the channel as it nears SR 0422. As shown here, riprap has been placed as a countermeasure to protect the roadway embankment.

Once Curry Run makes the bend at  Bridge #2, it parallels the SR 0422 embankment for 400 feet in an entrenched channel. High velocities in this narrow, straight reach have caused erosion along the roadway embankment and have been an ongoing maintenance issue. As pictured here, the left streambank has gabions protecting the road embankment between Bridge #1 and Bridge #2.

Lastly, bank erosion was also noted on the right bank, immediately upstream of Bridge #1, due to the steep grade and 90 degree bend as Curry Run turns to pass under Bridge #1. 



PROPOSED CULVERT & CHANNEL RELOCATION 

Presenter
Presentation Notes
The proposed project includes replacing both existing structures with a twin cell culvert on a new stream alignment, which will significantly improve the hydraulic performance of the proposed SR 0422 crossing. The proposed structures will provide increased load carrying capacity, standard lane widths, and a safer crossing for the traveling public. The project also involves roadway improvements, including the addition of a westbound left turn lane at the SR 0422/Cunningham Road intersection and improving the existing sag curve near Cunningham Road. 

Curry Run will be relocated to cross SR 0422 near existing Bridge #2. A 54” pipe will be added as a drainage feature in the location of Bridge #1. The proposed stream realignment will eliminate the sharp bends upstream of Bridges #1 and #2, as well as alleviate the erosion conditions on the north side of SR 0422 between the existing roadside fill and the adjacent hillside. A swale will be provided along the north side of SR 0422 sloping towards the 54”pipe to convey flow for higher flood events. A channel block will be constructed in the abandoned Curry Run channel, on the upstream right overbank of the proposed structure, to prevent low flows from inundating the upstream swale. The proposed channel relocation will also include modifications to the confluence with the UNT to Curry Run.



PROPOSED CHANNEL TYPICAL SECTION 
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Presenter
Presentation Notes
The relocated Curry Run typical section will consist of a meandering channel with a 6”-deep low flow channel inside a 16’-wide channel with 2:1 side slopes – consistent with the existing stream channel geometry. The proposed geometry was developed as a surface and incorporated into the hydraulic model for proposed conditions.



 Complex hydraulic conditions 
 Multiple opening hydraulic scenario during high flow 

events 
 Curry Run reverses the flow direction in Bridge #2 during 

high flood events 
 90° bend upstream of Bridge #1 
 2D flow characteristics in the 100-year floodplain 
 Proposed stream realignment 

 

2D MODEL 

Presenter
Presentation Notes
The H&H study used a two-dimensional (2D) finite difference analysis to model the complex hydraulic conditions at the site and to better define the areas that are impacted by the proposed project. The hydraulics at the site are complicated due to:
the multiple opening hydraulic scenario during high flow events,
Curry Run reverses the flow direction in Bridge #2 during high flood events,
the 90° bend upstream of Bridge #1, 
2D flow characteristics in the 100-year floodplain, and
the proposed stream realignment.




Upstream Boundary 
(Flow vs. Time) 

Bridge #1  
(Flow Constriction) 

Bridge #2  
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2D MODEL INPUT | GRID & BOUNDARIES 

Presenter
Presentation Notes
The TUFLOW software within SMS was used to create the 2D hydraulic model. The study limits include Curry Run, UNT to Curry Run, Bridge #1, Bridge #2, and the Cunningham Road bridge. Contour data developed from a detailed site survey were interpolated to a 4-foot Cartesian grid, covering an area of approximately 0.11 square miles. 

The downstream limit of the model is approximately 1100 feet downstream of Bridge #1, within a straight, uniform reach of Curry Run. The water surface elevations for the  downstream boundary condition was estimated using HEC-RAS cross sections and assuming normal flow depth elevations.
 
Two upstream limits were established: one on Curry Run and one on the UNT. Design peak discharges were applied to the upstream “flow vs. time” boundary conditions.



MATERIAL ROUGHNESS 
Channel (Curry Run) 0.030 
Channel (Tributary) 0.035 

Cropland 0.050 
Gravel 0.025 

Dense Woods 0.080 
Pasture 0.025 

Lake 0.030 
Road 0.015 

Rock Gabions 0.020 
Proposed Floodplain* 0.050* 

Proposed Swale* 0.030* 

2D MODEL INPUT | EXISTING MATERIALS 

Presenter
Presentation Notes
Material properties used in a 2D hydraulic model are applied spatially to the surface. In general the 2D material property coefficients (i.e., Manning’s “n” coefficients) are slightly lower than those used in a 1D model. Roughness coefficients for the stream channel and overbanks were applied in the hydraulic analysis based on site observations and aerial photography. Manning’s n values were selected according to the HEC-RAS Hydraulic Reference Manual.



2D MODEL INPUT | PROPOSED MATERIALS 

Presenter
Presentation Notes
The same material properties were applied to the existing and proposed models, but the proposed materials were modified to reflect: 
roadway widening, 
upstream swale, 
Curry Run channel realignment, 
downstream Curry Run floodplain, and 
a realigned channel for the UNT to Curry Run.



 Proposed twin cell 
 25’-5 ½” primary cell, depressesd 12” with 8” alternating 

baffles 
 25’-5 ½” overflow cell with 18” weir 
 PA Type 10M Bridge Barrier 

 

2D MODEL INPUT | PROPOSED STRUCTURE 

Presenter
Presentation Notes
Three hydraulic structures are coded into both the existing and proposed models. The existing and proposed bridges were modeled as two-dimensional structures using layered flow constrictions. The proposed 54-inch pipe culvert was modeled using a one-dimensional network. 

This is the elevation view of the proposed twin cell culvert. It is comprised of a primary cell and overflow cell. The primary cell conveys low flows and is depressed 12 inches below the streambed with 8-inch baffles. The overflow cell conveys flow when the 18” weir is overtopped. The culvert superstructure consists of the top slab, curb, and guiderail.

Like a bridge, the twin cell culvert characteristics were applied to a two-dimensional layered flow constriction coverage. The abutments were coded directly into the bathymetry to approximate the total span. The weir located at the upstream edge of the overflow cell was also coded directly into the bathymetry. 



 2D layered flow constriction 
 Assign % blockage and form loss coefficient (FLC) per layer 

2D MODEL INPUT | PROPOSED STRUCTURE 
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Presentation Notes
Layered flow constrictions are a modeling tool within TUFLOW to model hydraulic structures. Each layer is assigned a depth, percent blockage, and form loss coefficient to represent the characteristics of each layer.

Layer 1 is the hydraulic opening of the structure. The low chord elevation was specified at the four corners of the structure to spatially distribute the low chord elevation. It was assigned an 8% blockage for the vertical wall between the twin cells. The form loss coefficient will be shown on the next slide.

Layer 2 is the superstructure and was assigned a depth equal to the difference between the top of curb and low chord with 100% blockage. A form loss coefficient was applied to Layer 2 to account for the pressure flow effects when water surface elevations exceed the low chord elevation. 

In this scenario, Layer 3 represents the bridge railing. The structure mounted guiderail was coded using a depth equal to the difference between the top of curb and the top of guiderail with 50% blockage and a form loss coefficient.

Above Layer 3, the flow has no form loss coefficient or blockage – and is calculated as weir flow over the structure.



 Interior vertical wall modeled as a pier 

2D MODEL INPUT | PIER COEFFICIENT 

Presenter
Presentation Notes
The form loss coefficient for the vertical wall is treated as a pier. Using FHWA’s HDS-1, Hydraulics of Bridge Waterways, the ratio of the pier area to the gross hydraulic opening (J – on the x-axis) is used to determine the backwater coefficient (delta K – on the y-axis).

For the proposed twin cell, the vertical wall area is 8% of the hydraulic opening, which yields a coefficient of 0.15. The backwater coefficient is then divided by the length to obtain the form loss coefficient in loss per foot length in the direction of flow.

0.15/63.64 = 0.0024



 50- and 100-year results: 
 Backwater decreases 

 Average of 2 feet upstream of proposed twin cell 
 Overtopping reduction 
 Less erosion potential along SR 0422 

 
 Reasons for improved hydraulic conditions 

 Larger hydraulic opening of proposed culvert 
 Existing 125 sf (combined) vs. Proposed 224 sf 

 Improved stream alignment of Curry Run 

2D MODEL RESULTS| SUMMARY 

Presenter
Presentation Notes
The modeling results indicate major improvements in the hydraulic performance of Curry Run at the SR 0422 crossing due to the increased hydraulic opening and improved stream alignment. The proposed hydraulic opening is 80% larger than the combination of the existing hydraulic openings. The backwater elevations were decreased an average of 2 feet upstream of the proposed twin cell. The proposed conditions eliminated overtopping of  SR 0422 and reduced the erosion potential along SR 0422.





100-year Existing Water Surface Elevations (ft) 
& Velocity Vectors (ft/s) 

100-YEAR RESULTS | EXISTING CONDITIONS 

Bridge #1 - 45% 

Bridge #2 - 15% 

Overtopping - 40% 

Velocity 6-10 fps 

Presenter
Presentation Notes
The existing condition results show that the 100-year event creates backwater along the roadway and overtops SR 0422. Bridge #1 conveys approximately 45% of the flow, while Bridge #2 conveys approximately 15% and 40% overtops SR 0422. 



100-year Flow Trace 

100-YEAR RESULTS | EXISTING CONDITIONS 

Presenter
Presentation Notes
This is a flow trace video of the 100-year existing conditions. Curry Run’s flow pattern through the sharp channel bends can be observed, along with the areas of high velocity along SR 0422. For high flow events, Curry Run reverses the flow direction through Bridge #2 and changes the confluence location with the Unnamed Tributary. The majority of the flow is conveyed through Bridge #1 and over the road, while Bridge #2 is a highly inefficient structure. 



100-year Proposed Water Surface Elevations (ft) 
& Velocity Vectors (ft/s) 

100-YEAR RESULTS | PROPOSED CONDITIONS 

54” pipe - 5% 

Twin cell  - 95% 

Velocity 1-4 fps 

Presenter
Presentation Notes
For proposed conditions, the 100-year event passes through the proposed twin cell culvert without noticeable backwater and does not overtop the SR 0422 roadway. Approximately 95% of the flow is conveyed through the proposed twin cell with the balance passed through the 54” drainage pipe. 



100-YEAR RESULTS | PROPOSED CONDITIONS 

100-year Flow Trace 

Presenter
Presentation Notes
This is a flow trace video of the 100-year proposed conditions. With the sharp channel bends eliminated, Curry Run flows through the proposed twin cell structure more efficiently. The majority of the flow is conveyed through the twin cell, with only a fraction of the flow passing through the drainage pipe to the north. The flow trace also shows how drastically the velocities have been reduced along the northern face of the SR 0422 embankment.



100-year Water Surface Elevations Increases (ft)  

100-YEAR RESULTS | EXISTING VS. PROPOSED 

Presenter
Presentation Notes
Due to the improved hydraulic opening and channel realignment, there is a change in the flow distribution downstream of the SR 0422 crossing. For proposed conditions, the majority of the flow is conveyed through the proposed twin cell culvert, which results in water surface elevation increases downstream of the SR 0422 crossing. 

The increases were anticipated due to the redirection of flow through the proposed twin cell and the channel relocation to the south side of SR 0422. The maximum increase was less than 1 foot and in an isolated location along the new channel alignment.



100-year Water Surface Elevations Decreases (ft)  

100-YEAR RESULTS | EXISTING VS. PROPOSED 

Presenter
Presentation Notes
The flood elevation decreases are plotted on this figure. Red and orange indicate decreases less than 1.5 feet, green indicate increases between 1.5 and 3.5 feet, with the maximum decrease of 4.5 feet in blue. As anticipated, the maximum decrease is located immediately upstream of the proposed twin cell culvert.



100-year Existing and Proposed Floodplain Extents  

Existing 
Proposed 
Existing & Proposed 

100-YEAR RESULTS | EXISTING VS. PROPOSED 

Presenter
Presentation Notes
This display superimposes the existing floodplain limit (in blue) with the proposed floodplain (in red). Areas common to both existing and proposed are in purple. The length of overtopping along SR 0422 was significant in existing conditions and eliminated in the proposed condition. The location of the proposed twin cell structure is also apparent. The proposed floodplain is contained within the existing floodplain, except in the vicinity of the new structure location.



50-year Existing and Proposed Floodplain Extents  

Existing 
Proposed 
Existing & Proposed 

50-YEAR RESULTS | EXISTING VS. PROPOSED 

Presenter
Presentation Notes
Similar to the 100-year results, the 50-year event overtops SR 0422 in the existing condition but no longer overtops in the proposed condition. This is a significant improvement since the 50-year event is the PennDOT design event for a major arterial highway.



 2D Application 
 Model multiple openings and overtopping 
 Account for 2D flow direction in floodplain and split 

channel 
 Reflect different confluence locations for the 50-year and 

100-year events 
 Incorporate the proposed stream realignment 

 Results 
 Accurately calculate hydraulic capacity of existing 

structures 
 Determine required hydraulic opening of twin cell 
 Quantify changes in flood elevations and velocities 
 Evaluate risk and floodplain management criteria 

 

CONCLUSIONS 

Presenter
Presentation Notes
The H&H study used a two-dimensional (2D) finite difference analysis to model the complex hydraulic conditions at the site and to better define the areas that are impacted by the proposed project. 

The results of the 2D hydraulic model were used to:
Accurately calculate the hydraulic capacity of the existing structures
Determine the required hydraulic opening of the proposed twin cell
Quantify changes in flood elevations and velocities, particularly along the roadway embankment in areas with existing erosion issues
Evaluate risk and floodplain management criteria




 
QUESTIONS? 

Rachel L. Tereska, MS, PE 
NTM Engineering, Inc. 

 
INNOVATIVE TWO-DIMENSIONAL 
HYDRAULIC APPLICATIONS 

Presenter
Presentation Notes
That concludes the presentation – are there any questions?



 Proposed twin cell 

2D MODEL INPUT | HYDRAULIC STRUCTURES 

Presenter
Presentation Notes
Three hydraulic structures are represented within the proposed model. The SR 0422 twin-cell box culvert and the Cunningham Road bridge were modeled as two-dimensional structures using a flow constriction layer. The proposed 54-inch pipe culvert was modeled using a one-dimensional network. The twin-cell culvert characteristics were applied to a two-dimensional layered flow constriction coverage similar to the existing hydraulic structures. The abutments were coded directly into the bathymetry per the site survey to approximate the 39.0-foot normal span. The weir located in the overflow culvert upstream was also coded directly into the bathymetry. The low chord elevations were specified at the corners of each culvert to spatially distribute the low chord elevation through the layer. A form loss coefficient (per foot length in the direction of flow) was applied to Layer 1 with 8% blockage to account for the vertical wall between the cells. Layer 2 was assigned using a depth equal to the difference between the top of concrete barrier to the low chord at each corner with 100% blockage. A form loss coefficient was applied to Layer 2 to account for the pressure flow effects when water surface elevations exceed the low chord elevation. The structure mounted guiderail was also coded to Layer 3 using a depth equal to the difference between the top of concrete barrier and the top of guiderail with 50% blockage and a form loss coefficient. Contraction and expansion losses and ineffective flow reaches are not required. 



50-year Existing Water Surface Elevations (ft) 
& Velocity Vectors (ft/s) 

Curry Run 

50-YEAR RESULTS | EXISTING CONDITIONS 



50-year Proposed Water Surface Elevations (ft) 
& Velocity Vectors (ft/s) 

Curry Run 

50-YEAR RESULTS | PROPOSED CONDITIONS 



50-year Water Surface Elevations Increases (ft)  

50-YEAR RESULTS | EXISTING VS. PROPOSED 



50-year Water Surface Elevations Decreases (ft)  

50-YEAR RESULTS | EXISTING VS. PROPOSED 
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