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1. INTRODUCTION 
 
1.1 Background 
 
The Colorado Department of Transportation (CDOT) intends to replace the State Highway 
96A (4th Street) bridge over the Arkansas River in Pueblo, Colorado.  Ayres Associates is a 
member of the design team led by Figg Bridge Engineers.  Ayres Associates submitted a 
Floodplain and Drainage Assessment Report (FDAR) for the project in December 2001 
(Ayres Associates 2001) and submitted a Preliminary Bridge Hydraulics Report for the 
project in May 2003 (Ayres Associates 2003).  In January 2006 the design team began the 
final design of the project.  Ayres Associates has performed studies regarding the hydrology, 
river floodplain hydraulics and design hydraulics in support of the final design effort.  This 
report documents those studies. 
 
1.2 Site Location 
 
The project site is located on S.H. 96A, or 4th Street, near Pueblo’s Central Business District.  
The route crosses over the Arkansas River and an extensive rail yard facility between the 
intersections with Abriendo Avenue and Midtown Circle Drive.  Figure 1.1 is a site location 
map. 
 
 

Project SiteProject Site
 

 
Figure 1.1.  Site location map (excerpt from USGS 7.5-minute quadrangle). 
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2. HYDROLOGY  
 
2.1 Drainage Basin Description 
 
The Arkansas River drains a watershed of approximately 4,790 square miles at the project 
site.  The watershed ranges in elevation from over 14,300 feet at the continental divide to 
about 4,650 feet at the project site.  Pueblo Reservoir, constructed in 1976, provides storage 
for water conservation and for flood control upstream of the project site.  The U.S. Bureau of 
Reclamation (USBR) owns and operates the reservoir.  Operational rules limit the discharge 
rate for releases into the Arkansas River downstream.  By these operational rules, the 
maximum release discharge would be approximately 6,000 cfs for reservoir inflow floods up 
to and including the 500-year flood. 
 
There is limited drainage area tributary to the Arkansas River between Pueblo Reservoir and 
the bridge site, with major contributions from Goodnight Arroyo and Wildhorse Dry Creek.  
Because of the regulation afforded by Pueblo Reservoir, local inflows are the predominant 
source of flood flows in the Arkansas River at the bridge site.  Goodnight Arroyo flows into 
the Arkansas River from the south (right) side, with an approximate tributary area of 6 square 
miles.  Wildhorse Dry Creek flows into the Arkansas River from the north (left) side, with an 
approximate tributary area of 87 square miles.  Flood flows typically occur as a result of 
intense thunderstorms.  Flood durations in Wildhorse Dry Creek are typically 20 hours or 
less.  A map of the Goodnight Arroyo and Wildhorse Dry Creek drainage basins, taken from 
a U.S. Army Corps of Engineers Floodplain Information Report (USACE 1969) is included in 
Appendix A.   
 
2.2 River Channel and Floodplain 
 
The Arkansas River reach of interest for this study runs from the confluence with Wildhorse 
Dry Creek to a diversion structure roughly 800 feet downstream of the bridge site.  This 
reach was channelized by the construction of a floodwall in 1924 following the devastating 
1921 Pueblo flood.  The concrete-lined floodwall forms the left limit of the floodplain and 
protects the downtown area of Pueblo from flooding due to the Arkansas River.  The right 
limit of the floodplain through the study reach is comprised of a natural bluff that runs parallel 
to the low flow channel.  Between these two constraints the floodplain cross section has 
relatively flat cross slopes.  A low-flow channel occupies the leftmost one-third to one-half of 
the floodplain width.  Figure 2.1 shows a typical cross section in the study reach.  Figure 2.2 
is a summary of the geomorphic characteristics of the study reach.  In Figure 2.2, the chapter 
and section references in the first column refer to the Federal Highway Administration 
document HEC-20 "Stream Stability at Highway Structures" (Lagasse et al. 2001). 
 
The low flow channel bed consists mainly of gravel and cobble material.  Vegetation in the 
floodplain is characterized by grasses near the channel while weeds and bare soil cover the 
right overbank area downstream of the bridge.  Upstream of the bridge, willows and small 
trees line the right overbank causing an increase in roughness. 
 
According to the Flood Insurance Study prepared by the Federal Emergency Management 
Agency (FEMA 1986) the floodplain contained by the floodwall is capable of carrying a 
discharge of over 100,000 cfs.  Pueblo Reservoir’s construction in the 1970s, however, 
decreased the flood flows in the channel to a point where the capacity is not likely to be 
exceeded.  Information from the FIS and from the Bureau of Reclamation suggests that the 
capacity of the floodwall at the bridge project site far exceeds the capacity required for the 
100- or 500-year flood, when the effects of Pueblo Dam are considered. 
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Figure 2.1.  Cross section (looking downstream) of Arkansas River near S.H. 96A. 

 
2.3 Flood History 
 
Several major floods have afflicted Pueblo throughout its history.  Large floods are known to 
have occurred in the study reach in 1864, 1893, 1894, and 1921 (the flood of record).  The 
1921 flood occurred in early June and was caused by intense thunderstorms in the foothill 
region to the west.  Some of the floodwaters came from Wildhorse Dry Creek, which saw an 
estimated peak discharge rate of 24,000 cfs.  The Arkansas River discharge peaked at 
103,000 cfs.  Accounts of the 1921 flood indicate that the Arkansas River, Fountain Creek, 
and Wildhorse Dry Creek all reached flood stage at different times during the event. 
 
2.4 Hydrologic Study Approach 
 
Flows in the study reach of the Arkansas River come from three main sources: Goodnight 
Arroyo and Wildhorse Dry Creek, which are unregulated, and the Arkansas above Wildhorse 
Dry Creek, which is regulated by Pueblo Reservoir.  The operation rules for Pueblo Reservoir 
prevent large flood discharge releases from the dam.  According to a discharge summary 
table provided by the USBR (see Appendix A) the extent of flood control provided by Pueblo 
Reservoir depends on the hydrologic method used.  All but two of the seven methods, 
however, support that the reservoir releases a maximum of 6,000 cfs until at least the 500-
year event.  The local inflows, therefore, provide the dominant portion of peak flows in the 
Arkansas River through the study reach.   
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Figure 2.2.  Summary of study reach geomorphic characteristics. 
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2.4.1 FEMA FIS Hydrology 
 
The USACE Flood Plain Information Report (USACE 1969) presented peak discharge rates 
of 19,600 cfs for the Intermediate Regional Flood (equivalent to the 100-year flood) and 
49,500 cfs for the Standard Project Flood (larger than the 500-year flood).  The 100- and 
500-year flows listed in the FEMA FIS for Wildhorse Dry Creek are 19,500 and 39,500 cfs, 
respectively.  For the reach of interest on the Arkansas, the FEMA FIS uses a peak 
discharge rate of 20,000 cfs for the 100-year flood and 40,000 cfs for the 500-year flood.  In 
setting these peak discharge rates, the FIS essentially assumes that the maximum 6,000 cfs 
release from Pueblo Reservoir would not occur at the same time as the peak Wildhorse Dry 
Creek discharge.  In September 2001 the USACE published an Environmental Assessment 
report (USACE 2001) for a fisheries restoration project on the Arkansas River between 
Pueblo Reservoir and Fountain Creek.  The hydrologic analysis for that effort adopted the 
100- and 500-year flows from the FEMA FIS.  
 
2.4.2 Hydrologic Method Comparison 
 
The hydrologic study approach for the S.H. 96A bridge replacement project was to check the 
FEMA peak discharge rates against other established hydrology methods. The flood 
frequency relationship reported in the FEMA FIS for Wildhorse Dry Creek was checked using 
four methods including:  
 
• Colorado Department of Natural Resources Technical Manual 1, "Manual for Estimating 

Flood Characteristics of Natural-Flow Streams in Colorado" (McCain and Jarrett 1976) 

• USGS Water Resources Investigations Report 99-4190, "Analysis of the Magnitude and 
Frequency of Floods in Colorado" (Vaill 1999) 

• USGS Water Resources Investigations Report 87-4094, "Techniques for Estimating 
Regional Flood Characteristics of Small Rural Watersheds in the Plains Region of 
Eastern Colorado" (Livingston et al. 1987) 

• Natural Resources Conservation Service TR-55, "Urban Hydrology for Small 
Watersheds" (NRCS 1986) 

 
The first three of these methods are regional regression equations that use the drainage 
basin area to compute various recurrence interval peak discharges.  The fourth is a well-
established methodology for small watersheds based on the principles of the NRCS National 
Engineering Handbook 4.  Equations and calculations for each of the four check methods are 
presented in Appendix A.  To aid in providing input to the four check methods, the drainage 
basin for Wildhorse Dry Creek was delineated digitally on georeferenced USGS quadrangle 
maps.  The drainage basin area was found to be about 87 square miles.   
 
2.4.3 City of Pueblo Modeling Comparison 
 
In addition to comparing peak discharge rates against common methodologies, recent 
rainfall-runoff modeling performed for the City of Pueblo’s Master Drainage Plan (Sellards 
and Grigg 2006) has been completed for both Goodnight Arroyo and Wildhorse Dry Creek.  
The hydrologic analysis was performed using SCS hydrologic methods with the SCS Type 
IIa rainfall distribution.  The storm hydrographs for both watersheds were provided by the 
study subcontractor, Northstar Engineering.  The digital hydrographs for Goodnight Arroyo 
and Wildhorse Dry Creek were added to form a combined storm hydrograph.  
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The operating rules for Pueblo Reservoir are designed to limit the river discharge to 6,000 cfs 
at the USGS Avondale gage, downstream of the confluence with Fountain Creek, east of 
Pueblo.  The reservoir releases are reduced as flows on Fountain Creek increase.  Based on 
conversations with the Bureau of Reclamation, the reservoir releases may not be adjusted 
immediately for locally contributed flows between the reservoir and the Avondale gage.  
Consequently, an assumed 6,000 base flow release from Pueblo Reservoir was added to the 
digital storm hydrographs for Goodnight Arroyo and Wildhorse Dry Creek to obtain a 
cumulative storm discharge. 
 
The hydrologic and hydraulic floodplain modeling performed by Northstar Engineering for 
Wildhorse Dry Creek assumed that all of the 100- and 500-year storm runoff would be 
confined to the channel and be conveyed to the Arkansas River.  However, Ayres Associates 
review of the floodplain mapping for Wildhorse Dry Creek showed the potential for a portion 
of the 500-year to be conveyed around the levee/floodwall and flow through the rail yards.  
Approximately 3,600 feet upstream of the Arkansas River confluence, a lateral channel 
enters Wildhorse Dry Creek from the east (in line with 15th Street).  At this location, the 500-
year floodplain is shown to extend up to 1,000 feet east of the Wildhorse Dry Creek channel.  
The south bank elevation of the lateral channel is approximately equal to the 500-year water 
surface elevation in the Creek.  Therefore, it is supposed that the left overbank portion of the 
500-year discharge (east of Lowell Avenue) could overtop the lateral channel south bank, 
and be conveyed to the rail yard.  The hydraulic modeling for Wildhorse Dry Creek was not 
made available to Ayres Associates, so a conservative estimate was made that half of the 
difference between the 100- and 500-year discharges would be conveyed to the rail yard.  
The 100-year discharge in Wildhorse Dry Creek is 8,885 cfs; the 500-year discharge is 
14,452 cfs.  Half of the difference is approximately 2,800 cfs, which has been adopted as the 
500-year discharge rate for the rail yard area.  
 
2.4.4 Selection of Design Flow Rates 
 
The values determined by Technical Manual 1 method differed only slightly from the FEMA 
FIS discharges while the other four methods were above and below the FEMA FIS values as 
shown in Figure 2.3.   
 
For compliance with the City of Pueblo and FEMA floodplain development regulations, the 
evaluation of river hydraulics for water surface elevation profiles should be performed using 
the FEMA FIS discharges.  The City Pueblo and Pueblo County are in the process of 
preparing revised hydrology and floodplain delineations that would be based on the City of 
Pueblo Master Plan hydrology in the study area, but the formal submittal of this work has 
been delayed beyond 2006.  Also, conversations with the FEMA study contractor have 
indicated that changes to the FEMA FIS discharges this reach of the Arkansas River are not 
anticipated. Consequently, the values published in the current FEMA FIS will be used for the 
evaluation of river water surface profiles, and floodplain development regulation compliance.   
 
For the hydraulic design of the bridge – including scour evaluation and design of erosion 
countermeasures - the design discharge was taken from the City of Pueblo rainfall-runoff 
modeling for the Master Plan study, combined with releases from Pueblo Reservoir.  It is 
desired to base the hydraulic design calculations on the most defensible hydrologic 
modeling.  The City’s rainfall-runoff modeling was performed to a much more detailed level, 
that when combined with reservoir releases represents the most detailed evaluation of the 
tributary watershed.  The addition of a full 6,000 cfs release from Pueblo Reservoir builds 
some additional conservatism.  Table 2.1 and Figure 2.4 summarize the flood-frequency 
relationship adopted for this study. 
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Figure 2.3.  Comparison of flood-frequency curves from FEMA and four other methods. 

 
 
 
 

Table 2.1.  Flood-Frequency Relationship. 
Arkansas River Peak Discharge  

(cfs) 
Rail yard Discharge 

(cfs)  Recurrence 
Interval  

(yrs) General Modeling and 
FEMA compliance 

Hydraulic Design 
and Analysis 

Hydraulic Design  
and Analysis 

10 7,000 N/A N/A 
50 14,000 N/A N/A 

100 20,000 20,500 N/A 
500 40,000 24,500 2,800 
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Figure 2.4.  Adopted flood-frequency curves. 
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3. DESIGN CRITERIA  
 
The design of the proposed replacement bridge must comply with certain regulations and 
criteria.  This chapter explains the various hydraulics-related criteria pertinent to this project. 
 
3.1 Design Frequency and Freeboard 
 
According to CDOT standard criteria, adequate vertical freeboard height must be provided 
between the water surface elevation for the design flood event and the low chord of the 
structure.  The required freeboard height is a function of the peak discharge rate and 
velocity.  If the 500-year flood were selected as the design event for this project, the 
computed freeboard criteria would be about 4.5 feet.  The computed 500-year water surface 
elevation is more than 17 feet below the top of the floodwall.  The lowest low chord elevation 
of the proposed bridge over the river is above the top of the floodwall.  The proposed design, 
therefore, provides ample freeboard even for a 500-year design frequency. 
 
3.2 FEMA Regulatory Compliance 
 
The Arkansas River reach of interest is designated by FEMA as an approximate Zone A 
flood hazard area.  The Zone A designation means that it is within the 100-year floodplain but 
no detailed hydraulic study was performed for that reach.  Because no detailed study was 
performed, there is no regulatory floodway in the study reach. 
 
Because the location of the project is in a Zone A flood hazard area without a regulatory 
floodway, FEMA and City of Pueblo floodplain compliance requires that the proposed bridge 
would cause no more than a 1.0 foot rise in the 100-year water surface profile over natural 
(no-bridge) conditions. 
 
3.3 Designing the Bridge to Resist Scour 
 
Scour criteria have been derived from the Federal Highway Administration document HEC-
18, "Evaluating Scour at Bridges," and the CDOT Drainage Design Manual (2004). The 
bridge should be designed to withstand and accommodate the predicted scour depth from a 
100-year flood.  This means that the design should meet all appropriate structural and 
geotechnical safety factors after the removal of the streambed material to the predicted scour 
depth.  The designers should consider the increased unsupported length of the piers and 
foundations.  The lateral force exerted on the piers by the high-velocity flow should also be 
considered.  The bridge is designed to prevent failure of the structure (with all safety factors 
at least equal to 1.0) under the predicted 500-year scour conditions. 
 
3.4 Minimizing Impacts on Channel Stability 
 
The replacement structure should not decrease the overall channel stability in the subject 
river reach.  Adverse impacts to the stability of the floodwall must be avoided. 
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4. RIVER HYDRAULIC ANALYSIS 
 
Steady-state hydraulic analyses of the Arkansas River in the project area were performed 
using HEC-RAS v3.1.3, a 1-dimensional hydraulic simulation program developed and 
maintained by the Hydrologic Engineering Center of the U.S. Army Corps of Engineers. HEC-
RAS was also used to perform a hydraulic analysis of the UPRR & BNSF rail yards to assess 
the 500-year event scour potential at the rail yard piers.  
 
4.1 Existing Bridge   
 
The existing S.H. 96A (4th Street) Bridge, which spans the Arkansas River, and Union 
Pacific (UPRR) and Burlington Northern Santa Fe (BNSF) rail yards is approximately 1,070 
feet long.  The bridge also spans the Arkansas River floodwall that separates the River from 
the two rail yards.  Where the bridge crosses the floodwall, the low chord is about 5 feet 
above the top of the floodwall.  The west abutment of the bridge is located on top of a natural 
bluff that defines the right bank of the Arkansas River floodplain.  The road elevation at the 
west abutment location at the top of the bluff is approximately 4717 feet.  The east abutment 
of the bridge is located on fill at the east edge of the UPRR & BNSF rail yards.  The road 
elevation at the east abutment is approximately 4693 feet. The existing structure in the 
Arkansas River floodplain (between the floodwall and the bluff) is a single, 3 foot-wide 
vertical wall pier with a triangular shaped nose.  Figure 4.1 is a photograph taken from 
upstream of the bridge looking downstream from the top of the floodwall.  An aerial photo of 
the bridge and surrounding area is shown in Figure 4.2.  Five piers are located in the two rail 
yards that occupy most of the 726 feet between the floodwall and the left abutment.  The rail 
yard piers are 5-column bents that have 3 feet by 4 feet bent caps.  
 

 
Figure 4.1.  Looking downstream at existing S.H. 96A bridge over Arkansas River. 



  Ayres Associates 4.2

Arkansas River

SH 96A (4th Street)

UPRR & BNSF Rail Yards

Arkansas River Floodwall

Bridge

 
                  Figure 4.2.  Aerial photograph of existing bridge and surrounding area.   
                                      Arkansas River flows from left to right in the photograph. 

 
4.1.1 Flow Patterns 
 
As discussed previously, the predominant portion of the flow in the Arkansas River during the 
100- and 500-year events comes from Wildhorse Dry Creek.  Wildhorse Dry Creek has a 
levee on its left (east) bank ties into the Arkansas River floodwall, which begins at the 
confluence.   
 
The existing floodplain at the bridge location has a low flow channel approximately 132 feet 
wide beginning on the left side at the toe of the floodwall and a right overbank area that is 
approximately 91 feet wide from the main channel to the toe of the bluff on the west side.  
The USACE Arkansas River Fisheries Habitat Restoration (FHR) project (USACE 2003) had 
only a minor impact on the present conditions in the project area, which have been 
incorporated into the current hydraulic modeling.  
 
4.1.2 Hydraulic Modeling Approach 
 
Ayres Associates developed a hydraulic model of the Arkansas River from approximately 
1,200 feet downstream of the existing bridge to approximately 1,000 feet upstream.  The 
downstream limit of the model is approximately 300 feet downstream of the Historic 
Arkansas River of Pueblo (HARP) diversion structure and is located at the crest of Drop #2 
from the Arkansas River FHR Project.  This location of the downstream starting water 
surface elevation allowed the analysis to assure that a reasonable variation in tailwater 
depths below the HARP diversion structure would have a minimal impact on model results at 
the bridge.  The downstream water surface elevation (WSEL) or boundary condition was set 
for each modeled discharge by HEC-RAS as the critical depth. 
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The geometry for the model cross sections in both the Arkansas River and the rail yards was 
developed in Microstation from topographic mapping supplied by Abel Engineering, Inc.  The 
mapping included channel bathymetry for the low flow channel and incorporates the FHR 
project construction.  Model cross sections were placed at locations to represent changes in 
roughness, channel width, depth, and variations in overbank configuration likely to impact 
hydraulic properties at the bridge.  Cross section locations are displayed over an aerial photo 
in Figure 4.3.  Reach lengths between cross sections and overbank elevations were also 
obtained from the project topographic mapping in Microstation.  Channel lengths were 
measured along the channel thalweg, and overbank reach lengths were measured from the 
appropriate overbank center of conveyance at each cross section. 
 

 
Figure 4.3.  HEC-RAS model cross section locations. 

 
Channel and overbank roughness estimates were based on field investigation and 
photographs taken on the January 24, 2006 site visit and results from a grain roughness 
analysis using Strickler (1923) and Limerinos (1970).  Manning’s roughness coefficient 
values for the main channel were set between 0.021 and 0.027, while the overbanks 
included roughness values for the concrete floodwall of 0.014, 0.035 in grassy areas, and 
0.06 in moderately vegetated areas of willows and shrubs and 0.08-0.1 for mature tree 
covered areas upstream of the bridge. 
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The modeling for the analysis of the natural, existing, and proposed bridge were performed 
for the 10-, 50-, 100, and 500-year FEMA flow rates to verify compliance with both FEMA and 
City of Pueblo floodplain regulations.  For the hydraulic design and evaluation of the bridge 
structure, scour depth, and bluff slope erosion protection, the 100- and 500-year design flow 
rates were modeled.  
 
4.1.3 Hydraulic Performance of Existing Bridge 
 
Appendix B contains cross section plots and a detailed table of results from the existing 
conditions HEC-RAS models.  Table 4.1 summarizes the results of the hydraulic analysis of 
existing conditions for the FEMA discharge rates.  The water surface elevations in Table 4.1 
were taken from River Station 1253, which is a cross section located about 15 feet upstream 
of the existing bridge.  The velocity values were taken from the cross section just inside the 
bridge at the upstream face.  The existing conditions model was prepared not only to assess 
the impacts of proposed design, but to determine the impacts that the existing bridge has 
over the natural (no-bridge) conditions.  Water surface elevations immediately upstream of 
the bridge, at river station 1253, for the FEMA 100-year discharge were 4670.99 and 
4672.12 feet for the natural and existing conditions, respectively.  The model results indicate 
a water surface elevation increase of 1.13 feet upstream of the bridge, which is not within 
established criteria.  Figure 4.4 displays a water surface profile plot for 100-year FEMA flows 
representing existing conditions and no-bridge conditions.  The flow passes through critical 
depth over the crest of the diversion structure in all of the floods that were modeled. 

 
Table 4.1.  Summary of Results from HEC-RAS Model of Existing Conditions at RS 1253. 
Recurrence 

Interval  
(yrs) 

WSEL at  
RS 1253  
(ft-NAVD) 

Main Channel Avenue 
Velocity at Bridge  

(fps) 

Right Overbank Velocity  
at Bridge Pier  

(fps) 
10 4668.24 7.19 5.16 
50 4670.61 10.47 8.26 

100 4672.12 12.64 10.36 
500 4676.49 17.14 14.97 

 
4.2 Proposed Bridge   
 
4.2.1 Alternative Selection 
 
Alternative bridge designs and configurations were not considered in the final phase of this 
project. In the preliminary phase of this project three separate layout options were analyzed, 
with respect to hydraulic conditions and scour depth, and based upon that analysis the Long 
Span Layout 3 was chosen as the preferred alternative (Ayres Associates 2003).  
 
Hydraulically, the Long Span 3 option was desirable because it only places one pier in the 
Arkansas River floodplain and that pier is located in the right overbank where velocities are 
substantially lower than in the main channel.  These lower velocities produce less scour and 
allow for simpler water control operations during construction.  
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 Figure 4.4.  Comparison of the No-Bridge and Existing Condition Water Surface Profiles for  
                    the 100-year FEMA discharge. 
 
4.2.2 Proposed Bridge Geometry 
 
As shown in Figure 4.3, the proposed bridge will have parallel east- and west-bound bridges 
located immediately west of the existing bridge.  Each bridge will be 54 feet wide, and carry 
two lanes of traffic and a sidewalk.  The total bridge length will be 1,137 feet with 5 spans.  A 
single pier for each bridge (Pier 2) will be located in the Arkansas River floodplain between 
the bluff and floodwall, but is located outside of the river channel on the overbank.  Pier 3 will 
be located immediately east of, and on the back side of the floodwall, and will be dry for the 
500-year event.  Piers 4 and 5 span a minor channel in the rail yard area that would convey 
runoff that would circumvent the Wildhorse Dry Creek levee.  The piers are each rectangular 
with a width of 3.83 feet.  Flow patterns for the proposed condition will be essentially the 
same as for existing conditions. 
 
4.2.3 Hydraulic Modeling Approach 
 
The proposed condition was modeled in HEC-RAS to determine and compare its impacts on 
the  water surface elevations for the FEMA discharges, and to provide hydraulic design 
information for the bridge used for the structural design of the bridge, computing maximum 
scour depths, and design of bluff slope protection. 
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The hydraulic modeling approach for proposed condition is essentially the same as 
discussed for existing conditions except for changes in bridge geometry.  Those changes in 
bridge geometry included removing the existing bridge from the model and entering new 
bridge structure elements for the proposed bridge layout. As shown in Figure 4.3, the 
proposed bridge is modeled between cross sections 1252 and 1405. 
 
4.2.4 Hydraulic Performance of Proposed Conditions 
 
Appendix B contains cross section plots and a detailed table of results from the proposed 
condition HEC-RAS model. Table 4.2 summarizes the results of the hydraulic analysis of the 
proposed conditions.  Figure 4.5 displays a water surface profile plot for 100-year FEMA 
flows representing no-bridge and proposed conditions.  Appendix E contains a copy of the 
complete Bridge Hydraulics Information Sheet for proposed conditions 
 

Table 4.2.  Summary of Results from HEC-RAS Model of Proposed Conditions at RS 1406. 
Recurrence 

Interval 
(yrs) 

Proposed Water Surface 
Elevation at RS 1406 

(ft-NAVD) 

Main Channel 
Average Velocity  

at Bridge (fps) 

Right Overbank Velocity at 
Bridge Pier 2 

(fps) 
10 4668.10 7.24 1.98 
50 4670.48 10.61 3.16 

100 4672.15 12.58 4.17 
500 4677.00 16.50 6.29 

 
4.2.5 Comparison of Water Surface Profiles for FEMA Compliance 
 
The results of the HEC-RAS hydraulic model for the 100-year event FEMA discharge 
indicate that the proposed condition would result in a lower flood profile compared to the 
existing condition.  The proposed condition flood profile would be slightly higher than the 
natural condition (a maximum rise of 0.2 feet), but would be below the allowable rise of 1.0 
feet in a Zone A floodplain.  A comparison of the water surface profiles is provided in Table 
4.3. 
 
     Table 4.3.  Comparison of Water Surface Profiles on the Arkansas River at the 4th Street 
                       No-Bridge for the, Existing, and Proposed Conditions. 

100-year FEMA discharge WSEL (ft-NAVD) Difference in WSEL (ft)  
Cross Section No  

Bridge 
Existing  
Bridge 

Proposed 
Bridge 

Proposed –  
No Bridge  

Proposed – 
Existing 

Crest of HARP Diversion Weir 
338 4669.6 4669.6 4669.6 0.0 0.0 
450 4671.3 4671.3 4671.3 0.0 0.0 
637 4671.2 4671.2 4671.2 0.0 0.0 
821 4671.2 4671.2 4671.2 0.0 0.0 

1060 4670.9 4670.9 4670.9 0.0 0.0 
1160 4671.0 4671.0 4671.0 0.0 0.0 

Existing Bridge 
1253 4671.0 4672.1 4671.0 0.0 -1.1 

Proposed Bridge 
1406 4671.9 4672.6 4672.1 0.2 -0.5 
1570 4672.6 4673.1 4672.7 0.1 -0.4 
1826 4673.6 4673.9 4673.7 0.1 -0.2 
2102 4674.4 4674.6 4674.5 0.1 -0.1 
2383 4674.7 4674.9 4674.8 0.1 -0.1 
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  Figure 4.5.  Comparison of the No-Bridge and Proposed Condition Water Surface Profiles  
                      for the 100-year FEMA discharge. 
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5. STABILITY AND SCOUR ASSESSMENT  
 
5.1 Channel Description  
 
A description of the channel, including geomorphic factors, is provided in Section 2.2 and 
Figure 2.2.  The low-flow channel bed material is comprised of coarse gravel and small 
cobbles.  A concrete-lined floodwall is at the left bank of the low-flow channel and forms the 
left limit of the floodplain. The right overbank is mostly vegetated with grasses and weeds.  A 
tall, steep, natural bluff forms the right floodplain limit. 
 
The rail yard area east of the floodwall potentially conveys a flow of about 2,800 cfs that 
could bypass the east Wildhorse Dry Creek levee in a 500-year flood.  Much of the rail yard 
area is covered with railroad tracks.  The proposed piers in the rail yard will be placed 
between tracks in areas of bare earth.  The left edge of active flow in the rail yard will be 
defined by a small rise of existing high ground between the loop ramp road and the rail yard.  
The right edge is defined by the back side of the Arkansas River floodwall. 
 
5.2 Scour Assessment 
 
Ayres Associates conducted a full scour assessment of the proposed design, which has only 
one pier in the Arkansas River floodplain, and two piers subject to 500-year flows in the rail 
yard.  The following sections discuss the potential scour components and Ayres’ approach to 
assessing the scour potential.  
 
5.2.1 Degradation Potential 
 
Degradation is a vertical lowering of the channel bed that takes place over a long segment of 
the channel and over a long time frame.  Where degradation is occurring, it can be discerned 
by such observations as multiple terraces within the flood plain, eroded, vertical or 
oversteepened banks along the low-flow channel and a lowering trend in the bed elevations 
reported in recent bridge inspections.   
 
The subject reach of the Arkansas River does not show signs of degradation.  The diversion 
structure downstream acts as a grade control structure, and appears to have prevented any 
degradational trend in the reach since its construction.  The potential for degradation in the 
project reach is low as long as the diversion structure remains in place and functional. 
 
Field photographs from the construction of the concrete weir structure indicate that it was 
founded on piles.  Therefore, that structure is unlikely to fail as a result of a single flood.  A 
scour-resistant claystone shale bedrock horizon exists a few feet below the surface.  The 
presence of the bedrock suggests that even if the diversion structure did fail during a flood, it 
is unlikely that the resulting headcut could migrate the entire distance from the structure to 
the bridge (over 800 feet) during the same event.  Therefore, the risk of a headcut 
threatening the bridge because of a failure of the downstream diversion structure is low. 
 
5.2.2 Lateral Migration Potential 
 
Lateral migration is the side-to-side movement of the main channel within a floodplain.  It can 
cause piers that were originally outside the main channel to be captured within the main 
channel and subject them to higher flow velocities and angles of attack.  Lateral migration 
can also undermine abutments.   
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Examination of maps, aerial photographs and ground photographs dating from about 1990 to 
2001 show no evidence of low-flow channel migration in the project reach.  The low-flow 
channel appears to have remained in the same position within the floodplain over that eleven 
year time span. In addition, the completed USACE Fisheries Habitat Restoration Project has 
not appeared to have impacted the low flow channel alignment significantly.  
 
5.2.3 Contraction Scour 
 
Contraction scour is a general lowering of the streambed within the bridge opening 
waterway.  It usually occurs over most or the entire bridge opening.  Contraction scour is the 
result of constrictions in the floodplain flow area caused by the bridge structure and roadway 
embankments.  In the case of the proposed design, minor flow area constriction is caused by 
the placement of a pier in the floodplain and by the fact that the flow is locally shallower in 
the bridge waterway than just upstream. 
 
The contraction scour calculations were performed in accordance with the Federal Highway 
Administration document HEC-18, "Evaluating Scour at Bridges" (Richardson et al. 2001).  
Ayres used discharge rates of 20,500 and 23,500 cfs, respectively for the 100- and 500-year 
scour calculations. 
 
The 100- and 500-year flow velocities exceed the critical velocity for entraining sediment 
across the entire flow width in the project reach.  As a result of the high velocities, live-bed 
contraction scour is expected across the entire bridge waterway.  In live-bed contraction 
scour, sediment is transported into the bridge waterway by the upstream flow and the scour 
results from an excessive sediment transport capacity within the bridge waterway.  The 
computed contraction scour depths for the proposed design are 0.9 feet in the 100-year flood 
and 1.1 feet in the 500-year flood. 
 
5.2.4 Abutment Scour 
 
Abutment scour is localized, deep erosion that occurs at bridge abutments.  It is caused by 
the redirection of flow that is exerted by road embankments and the abutment itself.  In this 
case no abutment scour is expected because the left edge of the floodplain is the floodwall, 
with no bridge abutment, and the right abutment will be located on top of the bluff and will not 
obstruct the flow. 
 
5.2.5 Pier Scour 
 
Pier scour is localized, deep erosion that occurs at bridge piers.  High velocity flow against a 
pier causes an intense, horseshoe-shaped, horizontal vortex at the upstream end of the pier 
and along both sides.  A vertical vortex forms just downstream in the wake of the pier.  The 
horseshoe vortex and wake vortex exert erosive power on the stream bottom at the base of 
the pier.  The depth of pier scour is affected by:  
 
• Velocity and depth of the flow 
• Width of the pier  
• Shape of the pier 
• Attack angle of the flow in relation to the axis of the pier 
• Length of the pier if the flow is not aligned with the pier 
• Competence of the streambed material to resist scour 
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Ayres made the pier scour calculations in accordance with HEC-18.  The velocity and depth 
of flow came directly from the HEC-RAS model results.  The geometric characteristics and 
shape of the piers were derived from the design information supplied by Figg Bridge 
Engineers.  Ayres assumed the flow to be aligned with the pier axes because of the relatively 
straight and uniform planform of the channel and floodplain.  The channel is in a mild bend at 
the bridge site, but the degree of curvature is not so great as to cause the flow to attack the 
pier at a bad angle. 
 
Ayres computed the pier scour from the 100- and 500-year events for piers in the Arkansas 
River floodplain.  The roughly 2,800 cfs that bypasses the Wildhorse Dry Creek levee in a 
500-year flood could cause scour at the piers in the rail yard area.  Ayres therefore computed 
500-year pier scour values for those piers.  The computed pier scour at the single river pier in 
the proposed design was 9.5 and 10.2 feet, respectively for the 100- and 500-year floods.  
 
5.2.6 Total Potential Scour 
 
Table 5.1 summarizes the potential scour computed for the proposed design.  The lone pier 
in the Arkansas River floodplain is designated pier 2.  This summary does not account for the 
effects of scour-resistant bedrock, which is discussed in the next section. The detailed scour 
calculations are included in Appendix C. 
 

Table 5.1.  Scour Summary for Proposed Design. 

Pier 

 
Streambed 
Elevation  
(ft-NAVD) 

 
 

Degradation 
(ft) 

 
Contraction 

Scour  
(ft) 

 
Pier 

Scour 
(ft) 

 
Total 
Scour  

(ft) 

Potential 
Post-Scour 
Elevation  
(ft-NAVD) 

100-year Event 
2 4665.3 0.0 0.9 9.5 10.4 4654.9 

500-year Event 
2 4665.3 0.0 1.1 10.2 11.3 4654.0 

 
5.2.7 Scour Resistance of the Underlying Bedrock 
 
A horizon of claystone shale bedrock exists roughly 8 feet beneath ground at the location of 
the proposed pier location, with competent bedrock at a depth of 10 feet.  This bedrock 
material resists scour, but is known to be erodible under certain conditions.  Annandale 
(1999) describes a methodology for estimating the depth of scour in erodible bedrock, as a 
percentage of the unimpeded scour computed by standard HEC-18 methods.  The use of 
this method requires the prior evaluation of the Erodibility Index, as described in the NRCS 
National Engineering Handbook (NRCS 1997).  West & Associates examined the claystone 
shale material at surface exposures and at a sample obtained from a geotechnical boring in 
order to evaluate the Erodibility Index, a dimensionless parameter.  As a result of this 
investigation, West & Associates reported a range of possible values for the Erodibility Index 
from 89 to 151.   
 
Ayres Associates applied the Annandale procedure, using the low end of the range of the 
Erodibility Index (the highest erodibility in the range) determined by West & Associates.  This 
calculation predicts that the scour will not extend below the bedrock horizon. Table 5.2 
summarizes the post-scour elevations modified to account for the scour-resistant bedrock. 
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Table 5.2.  Scour Summary - Proposed Design Considering Scour - Resistant Bedrock. 

Pier 
Streambed 
Elevation  
(ft-NAVD) 

Potential Post-
Scour Elevation 

(ft-NAVD) 

Approximate 
Bedrock Elevation 

(ft-NAVD) 

Adopted Post-
Scour Elevation 

(ft-NAVD) 
100-year Event 

2 4665.3 4654.9 4655.5 4655.5 
500-year Event 

2 4665.3 4654.0 4655.5 4655.5 

 
5.2.8 Rail Yard Pier Scour 
 
The roughly 2,800 cfs that could bypass the east Wildhorse Dry Creek levee in the 500-year 
flood could potentially cause local scour at the two piers in the rail yard.  No flow from 
Wildhorse Dry Creek is expected in the rail yard in the 100-year event.  Ayres computed the 
500-year potential scour at the rail yard piers.  Table 5.3 summarizes the computed 500-year 
scour depth.  Pier 4 is located approximately 375 feet northeast of the back slope of the 
floodwall.  Pier 5 is the next pier to the east, located in an open strip of the yard and 
approximately 150 feet southwest of  
the proposed east abutment.  
 

Table 5.3.  Scour Summary for Rail Yard Piers. 

Pier 
Streambed 
Elevation  
(ft-NAVD) 

Contraction 
Scour  

(ft) 

Pier 
Scour 

(ft) 

Total 
Scour  

(ft) 

Potential Post-
Scour Elevation  

(ft-NAVD) 
500-year Event 

4 4667.4 0.0 3.8 3.8 4663.6 
5 4666.9 0.0 5.5 5.5 4661.4 

 
5.3 Foundation and Countermeasure Recommendations 
 
The foundations of the new piers should be designed to withstand and accommodate the 
predicted scour.  The design should meet all appropriate geotechnical and structural safety 
factors assuming that the 100-year scour has occurred.  The design should prevent failure of 
the bridge, with safety factors set greater than or equal to 1.0, assuming the 500-year scour 
has occurred.   
 
The left limit of the Arkansas River is the concrete-lined floodwall.  Erosion or scour 
countermeasures are not required at that location in conjunction with the proposed design.   
 
The right limit is the natural bluff.  The slope of the bluff below the proposed abutment and at 
the location of the existing bridge will be regraded at a 2h:1v slope, with no significant 
change to the location of the existing bluff toe as part of the project.  Under proposed design, 
the toe of the bluff will not be subjected to any higher velocity or shear stress than under 
existing conditions.  The design of the bluff slope protection is controlled by the slope 
height/length and steepness, rather than velocity and shear stress from the river flows.  At a 
minimum, the bluff slope will be protected by a 6-inch D50 riprap or a permanent turf 
reinforcing mat (TRM) planted with native grasses.  Calculations for the design of the bluff 
slope countermeasures are provided in Appendix D. 
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